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With the warning of reducing resource of tree, paper industries are looking for materials to
replace or supply traditional tree material. Non-wood fibers are paid more interesting for
manufacturing paper nowadays. The main purpose of this thesis was to find out non-wood
paper that has been researched and then pick some of them for further evaluation. The
number of non-wood materials and numbers of wood based materials were utilized in this
project. Literature review gives a comprehensiveness of non-wood fibers paper, and
provided a guidance of further evaluation. Mechanical properties including tensile strength,
tear strength and bending stiffness were compared between non-wood fiber paper and wood
fiber paper. Air permeability was measured and die cutting experiments were performed as
well to help the comparison. As a result, Hesperaloe funifera paper based non-wood fiber
had a good performance in each test. Another non-wood fiber paper that made from
sugarcane bagasse had better tensile strength and tear strength than Creamy Hi-Bulk paper
based on wood. Creamy Hi-Bulk paper, Hesperaloe funifera paper and Trayforma paper
have potential in applying to fruit paper bag. These results indicate that non-wood fibers can
serve as replacement of wood fiber paper and gives a reminder for paper industries in Finland
that non-wood fiber materials can be utilized in future production.
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1 INTRODUCTION

Paper and paperboard are commonly used in daily life. Wood is the main resource of pulp
to produce paper and paperboard with good properties. However, as shown in study, the
number of trees is historically low nowadays. Paper industries are looking for a better
solution. Non-wood fibers became a good replaceable and sustainable measurement for
paper industries because of its easy pulping capability, high quality bleaching and for special
types of paper. This paper takes sugarcane fiber and hesperaloe funifera fiber as typical
sample to test mechanical properties comparing to conventional wood fiber. Using

experimental data gives an analysis and guides future development for paper industries.

1.1 Background

Paper and paperboard are commonly usedin daily life for manufacturing of packages,
newspaper, printing paper, tissue paper, multilayer bags and paper composites. For
packaging, most packaging boxes are inclined to use paper and paperboard, because
comparing with plastic, paper and paperboard made from fiber and fiber composite are
considered to be environmental friendly. Based on these demand, wood serves as main
resource of pulp to produce paper and paperboard with good properties. However, with
amount disafforestation, environment will be harmful and this will break the balance of

nature.

A research held by 38 researchers published in Nature pointed out that the exact number of
trees is 3.04 trillion exceeding previous estimate about 400.25 billion. But this is not good
news because the number of trees is historically low nowadays. As shown in figure 1, itis a
map of the whole world to point out biome-level forest density. The green areas in a mean
that data cover the majority of forest ecosystems on a globe scale. b indicates the tree density
of median and interquartile value in the areas of every biome. This figure shows the tree

density all over the world easily and directly. (Crowther et al. 2015, p. 201.)
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Figure 1. Map and data of tree density (Crowther et al. 2015, p. 202).

The research provided a list of the world population and the number of trees as well. The per
capita number of trees is various among different countries. Russia has the largest numbers
of trees with 4461/person, Finland has same number of per capita as Russia, but it has small
population comparing with Russia. China has 102/person, for India, it is only 28/person. The
research gives an alarm for environment that decreasing forest leads to climate warming,
which should be treat carefully. (Crowther et al. 2015.)

Although accurate measures and advanced equipment have been used to reduce the number
of wood, they are not sustainable methods for producing paper and paperboard. Paper
industries and researchers are looking forward to find sustainable and good solution for
future development.



1.2 Challenge

According to CEPI (Confederation of European Paper Industries) in figure 2, the production
of paper and paperboard is 90.9 million tonnes, the consumption of wood to produce these
production is 144.6 million m?in 2015. The tendency of wood consumption in the whole
world can be speculated based on the consumption in Europe. Most trees need more than ten
years to grow as the raw source of pulp. The huge consumption of wood means decrease the
total number of trees. Although some countries like Finland require to replant trees by law
for recovering, there still do not have legal requirement of most countries. Therefore, the
total number of trees must be declined. This is a big challenge for the further development

of paper industries.
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Figure 2. The consumption of wood and production of paper and paperboard (CEPI 2016).

With abundant wood number, paper industry is a pillar industry in Finland. Finish pulp not
only supplies in domestic but also exports to other countries especially in Asia region. This

situation burdens forests capacity heavily. Mets&is an enterprise in Finland and has several
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branch companies in other countries. They strictly abide by the law of replanting a tree if
one tree is cut. In order to evaluate their output, they enlarge the area of forests belonging to
themselves. (Mets&2016.) Most paper companies are thinking about how to deal with the
dwindling of nature source. At the same time, government controls trees” number of cutting
down strictly. It stipulates in detail for area, time and age of tree to protect resource. However,
for other countries and even in Finland, additional solution and different idea should be
pondered over to response unknown future. Diminishing of tree resource and strict

stipulation for cutting are big challenges for the further development of paper industries.

1.3 Question and solution

Paper and paperboard are made from cellulose pulp. Pulp has two main raw materials to
produce, one is wood fiber, and another one is non-wood fiber. Wood fiber comes from trees
and is divided into two categories, softwood and hardwood. Softwood, also known as
coniferous trees, such as spruce, pine, fir and larch, has long and thin fiber, which has ability
in flexibility and folding resistant for paper. Hardwood, also known as deciduous trees, such
as eucalyptus, aspen and birch, has short and thick fiber, which has ability in deflection and
bulk. Softwood and hardwood have their own advantages, combining softwood with
hardwood fibers is commonly used in manufacturing paper with high quality. (Singh 2013,
p. 374.) Non-wood fiber exists in agricultural residue and annual plants. Good pulping
capability and high bleaching quality are advantages of non-wood fiber, at the same time,

properties of it adapt for producing special paper.

How to solve the resource problem is a big question for paper industries nowadays. As shown
in Figure 1, non-wood fiber was used in 2005 about 14.9 million tonnes, around 16.4% of
the total. The data gives a light in solving dilemma. There has big space for non-wood fiber
to raise. Therefore, a good solution for paper and paperboard production is to find more
novel fiber to replace the wood-fiber. And non-wood fiber is a good choice considered by

many researchers nowadays.

Tofanica, Puitel and Gavrilescu (2011, p. 241) studied properties of rapeseed fiber, and
found that rapeseed stalks have similar proportion of constituent to hardwood and common
non-wood. This research indicates rapeseed fiber has potential to be applied in pulping and

producing paper and paperboard. Corcorns capsularis was researched in India and
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researchers focus on various rate of delignification when using soda and soda-AQ
(anthraguinone) treatment. And researcher state that this may be useful for achieving
optimistic conditions of pulping. (Pandey 2012, p. 123-128.) According to Bidin (2015, p.
1-9.), five types of aquatic plant fibers in Malaysia, they are “cyperus digitatus, cyperus
halpan, cyperus rotundus, scirpus frossus and typha angustifolia.” The result shown that
cyperus rotundus, scirpus grossus and typha angustigolia are fit to pulping and papermaking
with satisfying tensile strength, breaking length and low moisture content. (Bidin 2015, p.
1-9.)

1.4 Methods

In Finland, birch, spruce and pine are usually used in paper making. Novel materials of paper
are used little because plenty resource of trees. However, paper industries are tending to
realize non-wood fiber to conform to changes of environment. As mentioned previous, non-
wood fibers are paid much attention. Therefore, this paper will compare and give a

discussion between conventional materials and novel materials.

After acquainting novel non-wood fiber materials from literatures, two non-wood fibers are
chosen as typical material to compare with traditional wood fiber and summarize their
advantages and disadvantages. They are sugarcane fiber and Hesperaloe funifera fiber. The
reason why sugarcane fiber paper and paperboard are chosen is that sugarcane fiber has
appeared in the market. Therefore, it represents commercial non-wood fiber. Hesperaloe
funifera is a type of plant, and it is still in laboratory hand making level. These paper sheets
are provided by Alejandro Rodr guez who is a professor in Spain. The article makes a
literature review of them as well. In order to compare materials in scientific method, some
mechanical properties experiments are designed. These experiments reflect performance
indexes of paper or paperboard sheet that are generally taken into account and evaluated as
basic indexes. Mechanical properties tests include tear strength, bending stiffness, tensile
strength, air permeability etc. based on ISO (International Standardization Organization) and
DIN (Deutsch Industrial Norman) standard of paper sheet and paperboard. In addition, tables

and figures are designed to analyze experimental data preferably.
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1.5 Framing and contribution

The paper will do a literature review of new non-wood fibers last decade years firstly. Then
it will pay attention to sugarcane fiber and Hesperaloe funifera fiber. Realizing what have
been done by other researchers. Thirdly, design the mechanical properties experiments based
on IS0, testing the basic but important index of paper and paperboard such as tear strength,
bending stiffness, tensile strength, air permeability etc. between traditional materials and
new materials. Paperboard of sugarcane will be die cutting as first step of tray to test. Finally,
these data will be compared and indicate what them present. Analysis, discussion will be

followed with the help of figures and tables.

This paper may remind paper industries the risk of resource and environment, and provide
an idea in developing. Scientific and necessary data may give rough and preliminary
comprehension of non-wood paper and paperboard, which render a developing and research
orientation for paper industries.
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2 NON-WOOD FIBERS’ ACHIEVEMENT IN LAST DECADE

This chapter introduces research achievements of non-wood fiber materials of paper abnd
paperboard in last decade. In addition, the achievement of every literature is concluded as
well. Non-wood fibers can be categorized into two types according to source. One is from
agriculture residues, another derives from aquatic plants. The measurement of handmade
paper sheets and data analysis will be introduced to guide the next mechanical properties

tests.

2.1 Used non-wood fibers in research and their properties

Researches of non-wood fiber start from around 1900s. Vegetables from agriculture residues
and plants are focused by researchers to substitute traditional pulping material—wood
cellulose fiber (Hara 1998, p. 1212).

People gradually realized the limitation of resources because conventional wood fiber comes
from trees, and trees need at least ten years be regenerate. Meanwhile, in many countries
especially in Mediterranean countries like Spain, Greece and Italy, the quantity of wood
cannot satisfy the demand of pulp and paper (Ververis et al. 2004, p. 245). Above all paper
is widely used nowadays. Short life cycle plants make up this defect to some extent. Besides,
non-wood fibers have its own preponderance in easy pulping capability, high quality

bleaching and for special types of paper.

Non-wood fiber for paper production mainly derives from two categories. The first one is
from agriculture residues like hemp, flax, jute, wheat and rice straw (Rousu, Rousu & Anttila
2002, p. 85; Ashori 2006, p. 131). Using agriculture residues as raw material for paper
production is alternative methods because of its stable and annual properties. For paper
industries, agriculture residues are easy to obtain and farmers can gain profit for selling.
These methods maximize the utilization of fibers. (Ye & Farriol 2007, p. 54.) The second
one is from aquatic plants, which can be found in lakes, ditches, rivers, ponds and estuaries
(Bidin 2015, p. 1-2). Aquatic plants are suitable for paper producing owing to fiber
dimension, lignin and cellulose content (Ververis et al. 2004, p. 246). Due to massively

growing, they may cause the blocking of irrigation channels and other problems like
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aesthetics and breaking ecosystem (Pimentel 2000, p. 53). Therefore, using them as optional
resource for papermaking is a wise choice. The following chapter makes an introduction of
recently literature review. As mentioned before, two categories of non-wood fiber will be

presented respectively.

2.1.1 Non-wood fiber derives from agriculture residues

Cynara cardunculus L. (cardoon) is a type of crop that always lives in hot and dry climates
(Encinar et al. 2002, p. 27). Its seeds are used in oil production. Flowers are used in
coagulating milk for making cheese. It can be used in pulp making to produce short fiber as
well. Researchers in Portugal studied its potential in paper and paperboard. In table 1, it
points out the two fibers properties including fiber length, fiber width and coarseness. And
cardoon fibers have higher data comparing to eucalypt ones. These have influence in

mechanical properties of paper sheet (Abrantes et al. 2007, p. 2873).

Table 1. Fiber properties of eucalyptus globulus and cynara cardunculus L (Abrantes et al.
2007, p. 2875).

Length Width Coarseness

(mm) ( ) (mg/m)
Eucalyprus globulus 0.763 15.4 0.105
Cynara cardunculus L. K/AQ 0.993 21.9 0.148

0.200%

As the mechanical properties tests show, researchers found that cynara cardunculus L. has
similar properties to wood fibers like eucalyptus globulus but in tests of tensile index, stretch
and burst index, cynara cardunculus L performed better value than eucalyptus ones in
definite range. For paperboard, this species combining with wood fiber (pine) present good
quality in manufacturing liner paper and fluting media. In addition, this non-wood fiber
improves the strength of paper containing secondary fibers (Abrantes et al. 2007, p. 2878.)

Straw is a kind of plant used in paper production in Asia, Africa, Eastern Europe and Latin
America. It is also applied to manufacture high-quality special paper (Hedjazi et al. 2009, p.
27). Hemp and flax began to study early and now become the commercial products of
industries. Hemp and flax straw were researched because they are the most vital fiber crops

in Europe. Garcia-Ubasart et al. (2013, p. 71) added Cel9B that is a new endoglucanase in
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cellulose flax fibers and observed its affection. As a result, Cel9B increases the refining of
flax fibers and thus improves tensile index and air permeability. Habili et al. (2016, p. 1-16)
researched how to modify the structure in flax/paper composite layer. They pointed out that
paper layer is related to permeability to liquid resin. In this article, different proportion of
short flax fiber is applied to improve the permeability of paper. Besides, increasing the rate
of flax in the paper layer reduces the loss of mechanical properties. Another study mainly
aimed at figuring out influence in environment and feasibility from two straw plants used in
paper production. Inputs including fertilizers, pesticides, seeds, energy carries and supply,
machines, maintenance are all analyzed. Then research illustrated both hemp and flax is low-
input and low-impact comparing with other crops but should pay attention to energy
consumption. (Gonzdez-Garc B 2010, p. 923-930.)

In Pakistan, banana is cultivated on 34.9 thousand hectares. Researchers used banana stem
that is often wasted after harvesting in paper production. Because of its good cellulosic
source and low content of lignin after analyzing, it is a good raw material for paper making.
(Hussain & Tarar 2014, p. 36-40.) Tholkappiyan et al. (2016, p. 1350-1363) researched
banana fiber and focused on its parameters like fiber length, fiber volume fraction and
composite thickness and acoustic performance. Banana fibers were used for reinforcement,
recycled paper served as matrix to improve the density of composite. With the bulk density
of 154kg/m3, the noise reduction coefficient ranges from 250 Hz and 4000Hz, the mean

value is 0.55.

Rapeseed is an important crop for its oilseed. It is spread widely for producing animal feel,
vegetable oil for human and even provides power for motor vehicles (Tofanica et al. 2012,
p. 681). Owing to fiber dimension make a big sense of pulp strength, Tofanica et al. (2011,
p. 241-262) studied chemical and morphological characteristics of rapeseed fiber, and found
that rapeseed stalks have similar proportion of constituent to hardwood and common non-
wood fiber. This research indicates rapeseed fiber has potential to be applied in pulping and

producing paper and paperboard.

Corcorus capsularis is a type of agriculture residue and studied characteristics for
manufacturing pulp in India. The study mainly evaluates different rate of delignification

during soda and soda-AQ treatment of corcorus capsularis. Research shown that higher
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delignification was observed when k=14.79 X 10-*/min in soda-AQ treatment with 15%

NaOH, which may give a help for optimizing pulping. (Pandey 2012, p. 123.)

Oil palm is a typical plant in many tropical regions. The kernel and the mesocarp of its fruit
are used in oil production. (Hashim et al. 2011, p. 246.) Besides, it is an edible food
ingredient and environmental biofuel as well (Gillbert 2012, p. 14). In 2009, the production
of palm oil has reached to 43.4 million tons all over the world. Managing this enormous
biomass residue wasting is a serious environmental hazard. (Singh 2013, p. 367.)
Researchers studied the fiber parameter of oil palm, and found that with 83.5% and 49.8%
composition of holocellulose and a-cellulose is suitable for papermaking (Ona et al. 2000,
p. 43). Comparing with aspen, oil palm empty fruit bunch has similar data of fiber length,
fiber diameter, fiber coarseness and lignin. That means oil palm fiber can replace some
hardwood fiber to produce paper and paperboard. (Law & Jiang 2001, p. 13.) Singh et al.
also did a review of oil palm to present recently achievements and pointed out prospects of
future. They indicated that with the development of oil production, the demand of palm oil
will triple by 2050 compared with the year 2000. Transferring biomass residues to useful
materials is a key to protect environment and produce surplus value. Biopulping may play
an important role of paper manufacturing in future. (Singh 2013, p. 368.)

In Iran, sunflower grows in the central and northern regions and produces over 1.255 tons
oil seeds. According to the study, sunflower straw is a promising raw material in making
fluting paper. In this research, sunflower straw was compared with Mazandaran wood using
neutral sulfite semi-chemical method to deal with pulp. In this process, researchers found
the lignin content is very low about 20%. After did properties test of sunflower straw
handsheet, which are density, tensile index, air permeability, ring crush test and burst index
corrugated medium test, data shown that the sheet had higher tensile and higher burst. In
addition, corrugated medium and ring crush tests are in good condition for fluting paper as
well. (Rudi et al. 2016, p. 562.)

Achnatherum inebrains is a representative toxic plant on the grassland in China, due to its
poison, 80% of livestock is killed (Zhao et al. 2013, p. 9). Achnatherum inebrians straw was
studied in China for papermaking to reduce the loss of livestock. Soda, soda anthraquinone

and kraft processes that are common used processes were used in pulping and soda-AQ is
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the best method to pulp yield, however poison characteristic has not influence in producing.
They analyzed the chemical compositions of Achnatherum inerbrans straw that are 18.2%
lignin 70.5% holocellulse and 41.6% alpha-cellulose. The result of mechanical tests of paper
sheet indicated that tensile index was range from 16.58 to 18.11mN/g, similar to oak wood,
bursting index was range of 1.76-2.37kPa m?/g that was close to eucalyptus, and brightness
was range from 40.7-43.1% ISO, like eucalyptus as well. Therefore, Achnatherum inerbrans
straw can be an alternative raw material for pulping and papermaking. (Li, Sun, & He 2015,
p. 193-196.)

Vargas et al. (2012, p. 4161) studied “four types of cereal straws: oats, maize, rapeseed and
barley” in 2012. They used special process that is Specel process to produce 100%
biodegradable and ecological materials. This kind of process is under weak conditions with
100 Chemical characteristics such as alcohol-extractives, ash, lignin, holecellulose and o—
cellulose are observed as well. As most literatures did before, researchers made paper sheets
in laboratory and determined data of beating degree, stretch, tensile index, tear index, burst
index and brightness. In order to evaluate whether these four cereal straws are suitable for
producing ecological containers, wheat used in packing manufacture takes into comparison.
As a result, the data of mechanical properties are similar to wheat. In addition, the costs of
raw material were close, so they can be presented in utilization. In 2015, Vargas et al. (2015,
p. 3682) focused on barley straw to make a research. The distinction between previous
literature and this one was to use soda-AQ process and gave a comparison with wood fiber
like pine and eucalyptus. It turned out that barley straw contents lower cellulose and lignin
compared to pine and eucalyptus, but high contents of cellulose and holocellulose could be
obtained by soda-AQ process. Higher concentration of soda made a big influence in tensile
and burst index that are important to paper sheets. Besides, the properties of barley straw
paper sheets were equal with pine and eucalyptus even wood fibers were pulped with kraft.

Leucaena species is a kind of fast-growing leguminous shrub from America but now grows
in tropical areas. They can survive in bad condition of climatic and soil in the southwest of
Spain except for L. salcadorensis. In a study, organocell process that needs add ethanol and
anthraquinone to the alkaline liquor was used for pulping. By doing this, pulps with high
yield, brightness, strength properties and low lignin content are produced. (Shatalov &

Pereira, 2004, p. 27.) L&pez et al. (2008, p. 4846) also adopt this process to study Leucaena
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species. In their research, they took one and two-year harvest Leucaena species to observe
whose productions are better than poplar tree, willow tree, eucalyntus and robinia. The range
of fiber lengths for Leucaeuna species is 0.77-0.92mm except for Leucaena colinsii. Low
lignin and high holocellulse content are similar to other non-wood fiber. On the whole, the
best plant of this species is two years old Leucaena dicersifolia for papermaking because its
physical characteristics with burst index 0.80 Nm?/kg, tensile index 20.3 kNm/kg and tear
index 1.20 mN/m?2,

2.1.2 Non-wood fiber derives from aquatic plants

short growth cycles, low lignin and sufficient number of aquatic plants are considered as
proper raw material for manufacturing paper. Knoshaug et al. (2013, p. 1123) made a review
of photosynthetic aquatic species for paper production. According to many literatures, they
pointed out that although aquatic species are interested in the production of paper, the use of
real cellulose fiber instead of aquatic biomass as source is little. At the same time, low yield
of cellulose fibers comparing to wood fiber is a defect in commercial using. But researchers
are work harder to improve this situation. Fiber length is a key measurement for papermaking.
In a research, as shown in table 2, the comparison of fiber length for various aquatic, non-
wood and non-aquatic plants is shown. (Ververis et al. 2004, p. 247.)

Table 2. Length and width of cellulose and other fibrous material (Ververis et al. 2004,
p.247).

Species Type Estimated Fiber Notes
fiber length width (nm)
(pm)
Cladophora Seaweed, green NR 20-38
700-2,300 1,600-3,600 Not specified as cellulose
but rather as fibers
Closterium Microalgae, green NR 50
Eichhornia Water hyacinth 1,600 5,500 Not specified as cellulose

but rather a fibrous

mixture of polymers
Gelidium Seaweed, red 500-1,000 3,000-7,000 Not specified as cellulose

rather as “endofibers”

Rhizoclonium Seaweed, green 250-3,300 NR
Tiphus bulrush 270-2,100 9,000 Not specified as cellulose
Zostera Marine eelgrass 1,200-2,600 1,200-2,400

In this table, data was collected by several literatures. According to them, fiber length was

ranges from 0.8 to >2.0 mm. These data give roughness recognizing of different fibers.
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Bidin (2015, p. 1) compared five types of aquatic plant fibers, “they are cyperus digitatus,
yperus halpan, cyperus rotundus, scirpus frossus and typha angustifolia”, which can be easily
obtained in Malaysia. The result shown that scirpus grossus, cyperus rotundus and typha
angustigolia with short and thin fiber that is similar to hardwood fiber are fit to pulping and
papermaking with satisfying breaking length, tensile strength and low moisture content.
(Bidin 2015, p. 1.)

Bidin (2015, p. 1-9) indicated that “slenderness ratio, Runkel ratio and flexibility coefficient
presented tissue stability and made sense to handmade paper. In Malaysia, researchers
collected Eleocharis dulcis, Limnocharis flava, Nymphaea nouchali, Blyxa aubertii and
Cyperus malaccensis as raw materials for papermaking.” The study indicated that Cyperus
malaccensis, Nymphaea nouchali and Blyxa aubertii had good Runkel ratio with 0.30-0.99
and flexibility coefficient with 53.80-80.06, that means they are suitable for paper production.
Cyperus malaccensis that has short fiber combined with Nymphaea nouchali which has long
fiber to produce good quality paper as well. Besides, shrinkage of paper had been researched,
and the result was C. malaccensis < E. dulcis < N. nouchali < B. aubertii < L. flava. This

guides the application of every material. (Bidin 2015, p. 1-9.)

Typha L. fibers were studied through pulping, bleaching to make handsheets. The brightness
of the handsheet was 81%, and the result stated that Typha L. fit to papermaking and had
high-quality properties. (Pat. US20110036525A. 2011, p. 2.) Red seaweed Gelidium was
studied but the yield of usable source was very low at 8-10% for achieving good brightness
over 80% of handsheet. Seo et al. also made a comparison between algae and wood pulp
with same grammage. The result showed that the density and breaking length were lower,
stretch and brightness values were similar while smoothness, freeness and opacity were
higher than wood fiber handsheets. (Seo et al. 2010, p. 2549.)

Table 3 is the conclusion of different non-wood fiber materials shown in this chapter. By

using this table, it is obviously easy to realize research results of non-wood fiber materials.
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Table 3. The conclusion of different non-wood fiber materials.

Non-

wood

fiber
materials

Type Species Results of research Reference
Cynara . . .
Short fiber, mechanical properites Abrantes et al.
cardunculus L.
better than eucalyptus. 2007. p. 2878
(cardoon)
Straw High-quality special pape Hedjazi et al.
ghrqualrly sp hape. 2009. p. 27
Flax Cel9B improves tensile index and  Garcia-Ubasart et
air permeability. al. 2013, p. 71
The rate of flax in the paper layer .
Flax/paper . . Habili et al. 2016.
i have influence on permeability
composite . . p. 1-16
and mechanical properties.
Low-input and low-impact Gonzdez-Garc i
Flax and hemp .
materials. 2010, p. 923-930.
Good cellulosic source and low Hussain & Tarar
content of lignin 2014, p. 36-40.
Banana stem Tholkappiyan et
Improve the density of composite  al. 2016, p.
1350-1363
Have similar proportion of .
. Tofanica et al.
Rapeseed constituent to hardwood and
i 2011, p. 241-262
Agriculture common non-wood fiber.
residues  Corcorus Higher delignification in soda- Pandey 2012, p.
capsularis AQ treatment with 15% NaOH 123.
Can replace some hardwood Law & Jiang
fiber; biopulping protects 2001, p. 13;
Oil palm "> DIOPUIPIG p P
environment and produce surplus  Singh 2013, p.
value. 368.
Low lignin content, higher burst .
) . Rudi et al. 2016,
Sunflower and higher tensile, good 562
condition for fluting paper. p. 50
Tensile index is similar to oak .
Achnatherum Li, Sun, & He

inebrians straw

wood, bursting index and 1SO-
brightness close to eucalyptus.

2015, p. 193-196.

Cereal straws
(oats, maize,
rapeseed and
barley)

Leucaena species

Mechanical properties are similar
to wheat. The properties of barley
straw paper sheets were equal
with pine and eucalyptus.

Vargas et al.
2012, 2015.

Fiber lengths for Leucaeuna
species is 0.77-0.92mm, two
years old Leucaena dicersifolia is
most suitable for papermaking.

L&pez et al. 2008,
p. 4846.
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Table 3 contimues. The conclusion of different non-wood fiber materials.

Type Species Results of research Referrence
Cvperus rotundus With short and thin fiber
)'/p ' that is similar to hardwood -
scirpus frossus and . . . Bidin 2015, p. 1.
o fiber are fit to pulping and
typha angustifolia .
papermaking.
Cyperus
malaccensis, _ Hav.e g?od Run!«.jl ratio and Bidin 2015, p. 1-9.
Nymphaea nouchali  flexibility coefficient.
and Blyxa aubertii
Non-
wood Kk d had Pat
Fit t i
fib Aquatic | TyPhaL. 1o papermaing andnac\)550110036525A.
1ber quatic high-quality properties.
materials plants 2011, p. 2.

Red seaweed
Gelidium

The yield of usable source
was very low at 8-10% for
achieving good brightness
over 80%.

Seo et al. 2010, p.
2549

Algae

Low density and breaking
length, stretch and
brightness values were
similar while smoothness,
freeness and opacity were
higher than wood fiber
handsheets.

Seo et al. 2010, p.
2549

2.2 Pulping methods and mechanical properties of paper and paperboard sheet

Pulping measurements have three main processes: mechanical process, chemical process
and mechano-chemical process. Chemical process is the most commonly used in paper
industries, over 90% (Tran & Vakkilainnen 2008, p. 1). Kraft, soda and soda-AQ all belong
to chemical process and they are mainly methods of chemical process.

2.2.1 Pulping methods
Sodium hydroxide (NaOH) and sodium sulphide (Na2S) are utilized in kraft process to pulp
wood. The basic process of kraft process is shown in figure 3.
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+ Liquor
(NaOH + Nazs)\l

Black Liquor

Figure 3. Kraft pulping process (Tran & Vakkilainnen 2008, p. 1).

About half of the wood is dissolved in the kraft process. These residues like lignin together
with chemicals form weak black liquor as shown in figure 3. Through washing, weak black
liquor is separated from pulping and chemicals in it are reused in next pulping process.
Organics in black liquor serve as a fuel to provide power and steam. (Tran & Vakkilainnen
2008, p. 1.)

Kraft process can produce high strength paper, however due to its chemicals, it will cause
environment pollution. Therefore, a recovery system is brought in to make up this defect. In
figure 4, the recovery process is introduced. Even though the recovery process improves the

harm of environment, the cost of it burdens the paper industries.
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Wood
Lime Kiln ? DiﬂESt‘ET
/ . \ Pulp
White . .
Lime Lime Liquor Washing
Mud J / Weak
ea
— Black Liquor
Causticizing
Plant * Evaporators
Green Water Heavy
Liquor .
\:i e Black Liquor

Smelt Boiler

Figure 4. Recovery process of kraft pulping (Tran & Vakkilainnen 2008, p. 1).

Soda pulping was used widely in the past. The process is same to Kraft method, but its
chemical compound is NaOH. It was replaced by Kraft process because the paper loses
strength due to use Soda pulping. However, without sulfur compound is a good advantage
for this method. Therefore, another process was used based on Soda pulping. With additive
anthraquinone, Soda pulping can vyield higher pulping comparing to Kraft pulping and
traditional one. It is called Soda-AQ pulping. Besides, anthraquinone improves viscosity as
well. (Almeida & Gomide 2013, p. 53.) As shown in table 4, Kraft pulping, Soda pulping

and Soda-AQ pulping is compared by experimental data.
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Table 4. Comparison in Kraft, Soda and Soda-AQ methods (Almeida & Gomide 2013, p. 56).

Sample H-Factor EA % Kappa Bﬁl-":éf;_:"5= Seroonnd ;:{ - oul ;:“ EAR =L
Kraft-control 633 200 179 355 534 01 335 1231 9.0
Soda-control 2070 250 181 334 495 01 496 862 126
Soda-AQ0.015% 2064 2235 182 323 502 01 302 067 02
Sods-AQ0.03% 2011 213 182 302 21 02 322 953 17
Sods-AQO0.06% 2028 205 1830 312 527 02 529 1026 6.9
Sods-AQ0.12% 2088 190 179 298 37 03 4.0 1023 4.9
Soda-AQ0.24% 2053 183 135 289 45 03 35.0 1039 35
Sods-AQ0.36% 2037 183 179 291 47 03 35.0 1034 338
Soda-AQ0.48% 2032 175 179 297 537 04 540 1005 4.7

In this table, Soda with 0.12% AQ yields higher than that for Kraft-control. With 0.36% AQ,
Soda gives higher screened yield comparing to Kraft and Soda methods. Although AQ
improves viscosity, it is still not enough to exceed Kraft-control. (Almeida & Gomide 2013,
p. 56.)

In studies, three methods are all used, but Soda-AQ has been mostly interested. Tofanica et
al. (2011, p. 241) studied properties of rapeseed fiber using Kraft pulping process. Daud et
al. (2015, p. 2047) produced pulping of oil palm leaf and corn stalk through Soda methods.
Vargas et al. (2012, p. 4161) used Soda-AQ pulping method for produce the pulp of barley
straw, they adopted TAPPI (Technical Association of the Pulp and Paper Industry) standard
to guide steps. Ates et al. (2008, p. 4153) adopted three pulping process including Soda-AQ

to do their research about the characterization of Paulownia elongota.

2.2.2 Mechanical properties of paper and paperboard sheet

For paper and paperboard, mechanical properties are commonly used in experiment for
testing quality and performance. Tensile index, burst index, tear index air permeability are
data of mechanical properties and are used widely in studies. Brightness is optical property
of paper and paperboard. In literatures, standards of TAPPI, ISO and UNE (Una Norma

Espanola) are widely used.
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Tensile strength is the highest force that sample can stand without breaking. The tensile
index is the tensile strength divided by the grammage. Tear strength is the mean force of
tearing from an initial cut of paper or paperboard. It protects situation from defect of paper
like hole, tear or stick. Tear index is the ratio of the tear strength and the grammage of the
sample. Brightness is a coefficient to reflect light absorption. Air permeability is got by
measuring the time of air through the sample. ISO-brightness is measured in the wavelength
area 457nm and the reflectance factor. Burst index is the ratio of the burst strength and the

grammage of sample to indicate the highest vertical force of paperboard from test machine.

Density, air permeability, tensile index and burst index are tested of sunflower paper sheets,
data shows that the sheet had higher burst and higher tensile. In addition, corrugated medium
and ring crush tests are in good condition for fluting paper as well. (Rudi et al. 2016, p. 566.)
Achnatherum inebrains did mechanical tests of paper sheet of tensile index, bursting index
and brightness and gave a conclusion that Achnatherum inerbrans straw can be an alternative
raw material for pulping and papermaking. (Li, Sun, & He 2015, p. 196.) Leucaena species
were test and compared among different plant of this species. As a result, the best plant of
this species is two years old L. dicersifolia for papermaking because its physical
characteristics with tensile index 20.3 kNm/kg, tear index 1.20 mN/m? and burst index 0.80
Nm?/kg. (Lépez et al. 2008, p. 4853.)

2.3 Analysis of data

Most literatures make an analysis of data by comparing. After testing basic properties of
paper or paperboard, they did a table to conclude these data and then, compared these data
to normal used materials of paper to realize if this alternative material is suitable to paper
industries. Achnatherum inebrains was compared to eucalyptus and oak wood (Li, Sun, &
He 2015, p. 195). Barley straw was compared to pine and eucalyptus (Vargas et al. 2015, p.
3682). Cynara cardunculus L. has similar properties to wood fibers like eucalyptus globulus.
And with pine fiber, it present good quality in manufacturing liner paper and fluting media.
(Abrantes et al. 2007. p. 2873.) Therefore, comparison is the widely-used method to make

an analysis.
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3 MATERIAL AND METHODS

This chapter will introduce measuring materials and methods. The source of materials will
be pointed out and their parameters will also be illustrated. As to measuring methods, the

standards, processes and devices will be shown in brief.

3.1 Materials and samples

Bagasse paper and Hesperaloe funifera paper used in this thesis will be introduced through
concluding results of researches. These results may be useful for paper industries in Finland
and give guidance for following comparison. The provider and company of paper will be
mentioned in order to be clarified. In addition, the specifications of samples and the testing
size of samples will be illustrated as well for preparing the next step of mechanical
experiments. Meanwhile, die cutting as a preparing step of producing tray is put into three

type of paper with proper thickness and grammage. This test has not shown in literatures yet.

3.1.1 Materials

Researchers have studied many kinds of plant to use them in papermaking. And they
indicated that it is a tendency to transfer the method that only use wood to product paper.
With the consuming of wood resource, new material should serve as an additional way to
make up this situation. In this paper, two typical novel materials are taken into making
comparison to wood fiber paper and paperboard that are made from traditional material in
Finland. Sugarcane baggage and Hesperaloe funifera paper sheets present two kinds of novel
material. Bagasse paper represents the material which has been used commercially and

Hesperaloe funifera paper is a material representing laboratory level paper.

Plant fibers are called cellulose that is a raw material for papermaking. Celluloses are always
found in wood, and they should convert to pulp to manufacture paper or paperboard. (Poopak
& Roodan 2012, p. 205.) Bagasse is a material containing fibers after sugarcane has been
extracted by crushing or diffusion. During the past decade, researchers have investigated
bagasse for pulping and had great interest because paper and paperboard demand grows fast
all over the world, especially in Eastern Europe, Latin America and Asia (except Japan)
(Honnold 2009).
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Bagasse pulps, as shown in figure 5, have similar properties to hardwood pulps, and it has
been used in range of products, such as linerboard, corrugating medium, printing and writing
grade and tissues (Maddern & French 1989, p. 433).

Figure 5. Baggage pulps.

Baggage is studied seems as the earliest non-wood fiber to produce pulp. Owing to its good
properties and low costs, baggage paper has gradually hold its place in commercial market.
In addition to traditional pulp products like paper and paperboard in figure 6, baggage pulps

have used in manufacturing tableware and protect containment for mobile phone in figure 7.

Figure 6. Baggage paperboard (WASARA 2017).
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Figure 7. Tableware and protect containment for mobile phone (WASARA 2017; Alibaba
2017).

In this paper, bagasse serves as a typical material for papermaking, testing and comparing
its properties to traditional paper and paperboard in Finland. The reason why takes bagasse
paper and paperboard to be samples is that it represents a commercial material which used
in daily life, but Finland is a country where has abundant resource of trees, bagasse pulps

are not used frequently. Therefore, the comparison between them is reasonable.

Par Paper Factory provides samples for these tests, which is a government owned factory
and locates in southwest of Iran, with production reached 40,000 tonnes per year. According
to Poopak and Roodan (2012, p. 208), “bagasse contains 65-68% fibers, 25-30% pith, 1-2%
minerals and 2% sugar.” Bagasse pulps have several advantages, such as requiring less
bleaching chemicals, similar fiber length to hardwood, easily obtaining. For pulp, Par Paper
Factory has five sections to constitute mill including Cooking, Pulping washing, Pulp
Screening and Cleaning, Pulp Thickening and Bleaching. The method of pulping is caustic
soda method. After pulping, paper can be produced to A4 size with moisture reduced to 55-
60%. (Poopak & Roodan 2012, p. 208.) The paper made from bagasse in general has
common strength compared to hardwood paper, high strength paper can be acquired by

adding long fiber to bagasse.

Studies have been made for bagasse paper to observe its quality and properties. Kumaraguru
etal. (2014, p. 2783) introduced factors in effecting printing quality including pulping, piling,
linting, warm and cold weather complaints, press moisture, pH, grain long, which made from

bagasse pulp. Kasmani et al. (2013, p. 1587) studied the effect of optical properties by using
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different chelating agent and metallic ions. Yellowness is a way to reflect losing whiteness,
which is different between shining and whiteness. The wavelength ranges from 300 to
400nm for testing yellowness following the standard of TAPPI. As a result, yellowness
decreases with the increase of the concentration of the chelating agent and with Zn?* and
Cu?*. However, it can be raised by increasing aging times and the content of Fe?*.

Sheikhi et al. (2013, p. 5871) studied virgin bagasse pulp and recycled pulp with different
mixture ratio for manufacturing fluting paper and found optimum mixture ratio. By adding
different ratio of bagasse pulp to recycled pulp, they made a conclusion that addition of more
than 70% bagasse pulp to recycled pulp generated a substantial increase in the properties of
strength except tear strength. However, the addition of 10 to 30% bagasse pulp has no
obviously influence in sheet strength compared to 100% recycled pulp paper sheet. The
related strength tests were according to the standard of TAPPI and 1SO. With the data of
strength properties, virgin bagasse fibers combined with recycle pulp can be used as fluting

paper.

Depithed bagasse was evaluated for the potential of printing and writing paper. Depithed
bagasse has two delignification degrees of cooking by the soda process. The depithed
bagasse soda pulp was bleached and then cooked to kappa 17.5 and 10.8. Although two
cooking degrees performed similar drainage resistance and refinability, the strength
properties including tensile, burst and tear are better with cooking degree for kappa 17.5.
Overall, both pulps from deptithed bagasse would be proper for manufacturing printing and
writing paper. Higher kappa pulp gave higher pulping yield, decreasing demand of bleaching

chemical, which is an economical method for production. (Andrade et al. 2014, p. 35.)

CNF (cellulose nanofiber) and BSWK (bleached softwood kraft fibers) were researched for
affecting the quality of sugarcane bagasse paper. Both two fibers improve the strength of
paper. BSWK as a traditional reinforces fiber has ability in evaluating tear strength. While
inter-fiber bonding and density of paper can be increased by using CNF. However, CNF has
tendency to agglomeration which reduces the effectiveness of paper strength. Therefore,
further work needs to be done about the maximum content of CNF. (Petroudy, Sheikhi &
Ghobadifar 2016, p. 1.)
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Sugarcane bagasse serving as an early used for papermaking has been accepted by mostly
researchers. Its production has been appeared in our daily life. Nowadays, researchers are
focusing on improve its manufacture, process and combination with other materials to
discover potential properties. It is undeniable that bagasse paper is evaluated as good
material for paper production. And it is a typical non-wood fiber material in business. For
paper industries in Finland, it is essential to know the trend of papermaking and follow the
tendency. Therefore, researching the comparison to other fiber paper is meaningful and

instructive.

Hesperaloe funifera is a plant with up to 80cm tall and 1.0-1.2m wide of the family
Agavaceae. As shown in figure 8, it has long leaves up to 5cm and 2-3cm thick. Hesperaloe
funifera comes from Mexico and USA regions. Its mainly application is for decoration.
(Guillot Ort £ & Van der Meer, 2006, p. 137.)

r Y. = -3

Figure 8. Hesperaloe funifera (Plant Database).

Hesperaloe funifera has property of using water highly efficiently because the coefficient of
transpiration is lower at night. Therefore, Hesperaloe can survive in acid zones. (Nelson and
Mclaughlin 2003.) The first crop spends 5 years to grow up but the new crop after maturity
only needs 3 years. 205 tons of fresh biomass in average can be yielded per hectare, and it

equals to 20 tons of dry biomass. (Wong & Mclaughlin 2000.)
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Hesperaloe funifera has been proved that it is suitable for producing cellulose pulp
(Mclaughlin, 2000, p. 192), however, little research has been conducted in this direction.
Alkaline sulpite-anthraquinone or soda-anthraquinone pulping was used to manufacture
paper sheets and found that the tensile, burst and tear index of paper sheets were high.
(S&chez et al. 2010b, p. 7032.)

Sanchez et al. (2010a, p. 1471) compared Hesperaloe funifera to other non-wood raw
materials, such as “kenaf, bagasse, cotton stalks, wheat straw, paulownia, sunflower stalks,
empty fruit bunches and rice straw” indicated that Hesperaloe funifera is an alternative
material for papermaking. Some data suggested that Abaca surpasses Hesperaloe in yeild,
oil palm, stretch and tear index, viscosity has a better tear index and viscosity than
Hesperaloe, sugarcane bagasse has better tear index and yield. However, rice straw and kenaf
has a worse tear index. S&nchez et al. (2010b, p. 7032) used soda-AQ pulping of Hesperaloe
funifera with “temperature (155-185°C), cooking time (20-60 min) and concentration (5-
15%), constant addition of 1% of anthraquinone and a liquid/solid ratio of 8.” And the
cooking liquors were acidified to finally get synthesis and fuel gases. The comparison is

shown in table 5.

Table 5. Comparison in different operating conditions (temperature, cooking time and

concentration) of Hesperaloe funifera (Sanchez 2010b, p. 7035).

Tear
Exparimen| Dpa.r.a_ti.ng Hn1n-::111;1{>55: z{aioiuiﬂsa: ]'_igoni:l: "i'ica‘lc'. Viscosity, Kappa TE:::E Strensth, Burst i-ﬂ{::ﬂ“l: "-ﬂfl-a_‘i: Brizhtnass,
conditions o o ) . % ml/z numbsr W E % Pame ﬂ‘:\ % I80
mE

1 170 °C, 400, 107 B6.6 4.7 328 483 713 183 73.0 33 630 545 626
2 185 °C, 61, 15% 87.2 776 1.37 371 453 11.5 524 28 475 3.65 65.4
3 155 °C, 60, 13% 81.2 75.5 447 357 699 12.6 T4.3 3.5 6.72 6.01 65.0
4 185 °C, 60, 3% 35.4 T84 772 415 714 14.2 431 3.6 385 7.37 £3.9
3 155 °C, 60, 5% o0.3 728 838 549 704 233 78.8 34 5.88 344 60.5
6 185 °C, 20, 153% 873 6049 154 4246 330 1235 519 28 432 338 642
7 155 °C, 20, 15% 009 68.7 332 359 784 229 52.8 34 311 537 504
3 185 °C, 200, 3% 50.6 724 344 518 T80 22.6 61.7 3.3 5.61 7.17 60.6
155 °C, 20, 5% g0.2 72.8 831 378 711 248 3.6 2.3 6.13 2.11 4.3

10 170 °C, 60, 10% 26.8 761 261 474 740 14.1 68.0 36 642 450 £0.9
11 170 °C, 400, 15% 85.0 636 583 4735 816 18.0 T48 32 644 531 £2.0
12 170 °C, 4, 15% 853 T1.5 228 413 711 13.0 62.9 33 511 441 61.4
13 170 °C, 40, 3% 35.8 T0T 328 4856 637 22.3 72.8 32 624 527 £3.9
14 185 °C, 40, 10% 28.7 7749 341 446 738 159 612 33 578 437 £3.8
15 155 °C, 40, 10% B8.7 757 4537 488 843 18.3 833 33 748 592 £1.1
16 160 °C, 30", 8% 23.9 716 528 4549 773 18.2 771 3.0 6.64 5.46 506
17 175 °C, 4, 12% 36.1 72.1 137 445 681 14.6 60.8 34 559 4.01 62.3

18 180 °C, 25, 14% 36.0 T4 447 422 391 13.6 33.7 3.2 4.96 321 632
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It is easy to figure out that with 10% soda at 170 <C for 40 min can obtain good yield of
cellulose pulp and Kappa number, and paper with good mechanical properties as well
(Sanchez 2010b, p. 7035). Sanchez et al. (2010a, p. 1473) enlarged the range of operation
conditions and the result is in following table 6.

Table 6. Comparison in different operation conditions (reactive, temperature, cooking time
and concentration) (Sénchez 2010a, p. 1473).

Operatin Yield, Viscosity, Ka Tensile 4 D Taar index '
Pulp Reactive . g :_ i s - pra index, tra:Lgth: mdex, kP2 Balatmg
conditions Y mlL/g number Nen'g o e mi m’zg e=rads, 8K
Pl Soda-anthraguinone 133 °C, 30, 10% 433 733 152 LER. 3.3 734 320 65.1
P2  Spda-anthraguinone 170 °C, 60, 153% 413 58.6 12.5 70.7 4.0 534 322 62.0
P3  Spda-anthraguinone 183 °C, 80, 20% 3149 20.6 73 23.8 22 1.04 1.00 324
P4 Boda 135 °C, 30, 10%% 46.6 T30 204 83.3 44 6.53 347 62.4
P53 Soda 170 °C, 60°, 15% 400 532 131 6E8.4 44 5.28 348 66.9
Pé Soda 185 °C, 90, 20%% 303 18.3 72 343 2.7 2.39 1.29 36.4
P7T Ethanolamins 160 °C, 30, 60% 53.8 74.0 22.5 816 3.0 541 2.0 T0.6
P8 Ethanolamins 170 °C, 80, 70%% 523 695 22.3 543 2.7 5.33 3.11 60.5
P9 Ethanclamins 180 °C, 90, 80%% 511 531 272 59.8 3.6 481 345 68.0
P10 Disthanclamine 160 °C, 30, 60% 55. 78.8 207 79.0 3.0 6.82 3.01 544
P11l Disthanclamine 170 °C, 80, 70%% 533 814 201 FER 33 5.55 300 56.0
P12 Disthanclamin= 180 °C, 90, 80% 496 811 20.1 63.8 3.7 5.62 522 426
P13 Ethyleneslyeol 160 °C, 30, 60% 596 732 30.5 74.5 2.6 6.00 292 40.0
Pl4 Ethylensslyeol 170 °C, 80, 70%% 4659 544 319 434 35 0.33 437 52.6
P15 Ethylensglyeol 180 °C, 90, 80% 457 323 351 13.8 1.6 3.96 0.95 223
Plé Disthvlensglveol 160 °C, 30, 60%% 56.6 58.5 299 79.5 2.8 5.82 2.67 451
P17 Dhethyleneslyeol 170 °C, 60", 70%% 483 60.3 203 476 33 355 2.51 58.2
P18 Disthylensglveol 180 °C, 90, 80% 479 434 34.0 18.3 1.8 045 0.91 345

As shown in table 6, with soda containing 1% anthraquinone at 155 <C for 30 min is the best
condition for pulping and thus produces good mechanical properties of paper sheets
comparing to other soda—anthraquinone, soda, ethanolamine, ethyleneglycol,

diethyleneglycol and diethanolamine methods. (Séanchez 2010a, p. 1473.)

Hesperaloe funifera is a real novel material that has not been researched widely. But the
result through these literatures proves Hesperaloe funifera has a good quality in papermaking.
Therefore, it can be a presenter of novel non-wood materials. In this paper, some paper sheets
are made by the research group of University of C&doba in Spain and will be used in

comparison with sugarcane bagasse and wood fiber paper sheets.

Sugarcane baggage paper and paperboard sheets have been put on production, and it can be

seen in commercial market. In general, baggage paperboard is used in manufacturing trays,
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baggage paper is provided for writing paper. It represents a kind of non-wood fiber paper
that has been stared using in our daily life. Hesperaloe funifera paper is a novel non-wood
fiber paper which is still in laboratory level. It represents most of non-wood fiber current

situation.

Although most non-wood fiber paper has weak mechanical properties compared to wood
fiber paper, this research is still meaningful for its comparison. Because based on this
comparison, it guides paper industries in Finland to start use non-wood fiber and roughly
understand the advantages and disadvantages of non-wood fibers. Comparison among
commercial non-wood fiber paper, laboratory level non-wood paper and wood fiber paper
makes result more representative. In addition, microscope measurements between wood

fiber paperboard and sugarcane baggage paperboard of die cutting will be compared as well.

Sugarcane baggage paper and paperboard are provided by Par Paper Factory in Iran. With
caustic soda pulping methods, A4 size paper and paperboard sheets with moisture reduced
to 55-60% are produced. Par Paper Factory provides different grammage paper to do test
range from 70 to 180 g/m2. And figure 9 shows the baggage paper and paperboard in A4
size. As Figure shown, colors of various types of papers have obvious difference. The paper
with 70 g/m? grammage is light yellow, bleached bagasse pulp paperboard with 180 g/m?

grammage has good whiteness. And paper with 75 g/m? and 80 g/m? are similar to normal

paper.
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Figure 9. Baggage paper and pulp paperboard.

Hesperaloe funifera paper is obtained from Alejandro Rodr fuez Pascual who is working in
the University of C&doba in Spain. His research group has published an article about
Hesperaloe funifera paper. In figure 10 is Hesperaloe funifera paper made in the condition
of 185<C, 20 minutes cooking time, 5 % soda and liquid/solid ratio 10. And its grammage is
70g9/m? to 180g/m?. It is obviously to find that the color of these paper sheets is light
brownness owing to without bleached.
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Figure 10. Hesperaloe funifera paper and pulp paperboard.

In order to comparing with conventional paper in Finland, paper and paperboard from Stora
Enso are taken into as matched group. Because they are commercial paper, the pulp of them
are mixture. The raw materials of them are birch, pine and spruce with definitely ratio, and
these are traditional materials utilized in Finland. The table 7 points out all material types,

their grammage and raw material.

Table 7. Parameters of all paper and paperboard used.

Type Coating Raw material Grammage (g/m?)
Bagasse paper No Sugarcane bagasse 70, 75, 80
Hesperaloe funifera paper No Hesperaloe funifera 70, 240
Bagasse pulp bleached paper No Sugarcane bagasse 180

Stora Enso Creamy High bulk paper No Birch and pine 80

Trayforma paperboard Basic Birch, pine and spruce 190
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3.1.2 Testing samples

Paper and paperboard mechanical tests need know its direction. Paper and paperboard has
anisotropic property for processing methods in the manufacture. Therefore, machine
direction MD and cross machine direction CD should be considered in mechanical properties.
In figure 11, they are directions of paper after production. (H&n&é&nen et al. 2014, p. 12.)

Figure 11. Paper and paperboard directions (Handé&nen et al. 2014, p. 12).

During manufacturing of paper and paperboard, an important process is papermaking.
Papermaking means putting pulp to the screen and thus water can be mostly drained by
machine moving. In this process, most fibers in the pulp follow the machine direction to
form paper. As a result, most fibers in paper and paperboard are following one direction to
make this direction stiffer. This direction is called machine direction (MD), while another
direction called cross-machine direction (CD) is perpendicular to machine direction
illustrated in figure 11. The properties of two directions have different performance. Due to
most fibers are along to the direction of MD, the tensile strength and stiffness are higher than
the direction of CD in general. However, because fibers in MD connect rely on binding force
among fibers, damage like tearing in this direction is usually easily. That is the reason why

tensile strength test, stiffness test and tearing test need two direction to be measured.

In following tests, four types of sample need to be prepared. As shown in figure 12, this is
the cutting machine for trimming of the laboratory sheets. The left side and right side figures
exhibit the position and rough size of sample. This leads operator easy to get suitable sample

sheets.
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Figure 12. Cutting machine for trimming of the laboratory sheets.

As a result, the size of sample sheet is 141mm X 141mm illustrated in figure 13. The sample
is the basic sample for preparing tensile strength samples, testing grammage, thickness and
air permeability. Due to different direction paper samples are required, the sign of direction
IS very important to get right data in different directions.

AMD

et

Figure 13. Basic sample sheet size.

After getting basic sample size of paper, the sample for tensile strength test can be easily

obtained. Before tensile strength measurement, average thickness for at least 6 times
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measurement should be measured as well for preparing in tensile strength test. Sample
stripes usually cut into 15mm width utilizing cutting machine 1 in figure 14 for L & W
tensile tester machine, and the length of stripes must greater than 100 mm because the
effective area during tensile strength testing of each sample stripe is a 100 mm X 15 mm. To
make steps simple, the length of sample stripes is same as the length of basic sample sheet.
Therefore, the final size of sample stripes for tensile strength test is 141X 15mm. It is
essential that sample stripes require two directions which are MD and CD when tensile
strength test is measured. In addition, obvious mark helps to acquire objective and accuracy
data.

B

Figure 14. Cutting machine 1 for preparing sample stripes.

The sample size of bending stiffness test is 38 X 50 mm. The width of this rectangle sample
is 38 mm cutting by cutting machine 2. In figure 15, the red line in the device is the exact
position with 38mm length. The way for obtaining proper samples is to put paper one side
to touch the red line. The length of sample in general is 50 mm, which makes clamp catch
the sample tightly and thus gives objective data of paper stiffness. The length of 50 mm is
easy to obtain due to cutting machine 3 in figure 16 gives simple and precise operation.
During the process of stiffness test, one key point for sample should also be mentioned is
the direction of paper. Different direction sample stripes need to be measured and should be

marked preceding cutting process.
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Figure 16. Cutting machine 3 for preparing sample stripes.

Cutting machine 3 has three wood stripes on the work surface, they represent two definite
dimensions. Horizontal wood strip with the middle vertical wood strip cut paper into 62 mm
length, horizontal wood strip with another vertical wood strip cut paper into 50 width. Three
stripes help operator to cut samples simple and accuracy by hand. At the same time, the
dimension of 62 >50 is the sample size of tear strength test, so this cutting machine is special

device for cutting tear strength test samples. For tear strength measurement, both MD and
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CD tests are requested as well during process. Marks is a vital point for test as mentioned

before.

It is necessary to note that as to the sample of Hesperaloe funifera paper and paperboard, it
is produced by laboratory machine. Under this condition, it does not have MD and CD.
Therefore, during the tests of tensile strength, tear strength and stiffness, Hesperaloe funifera

paper only need one direction in random direction.

3.2 Methods

In this section, mechanical properties test methods of paper are illustrated in detail. Standards,
machines and environmental condition are introduced as well. The moisture content has
influence in paper testing because wood fibers and plant non-wood fibers are hygroscopic in
nature. They easily absorb or release moisture from the ambient atmosphere to equilibrium
between moisture content of paper and environmental moisture content. However, almost
physical properties are impacted by moisture content of paper. Hence, the important
prerequisite is the environmental condition for storing paper samples. According to ISO 187
(1990), the appropriate condition is 5022 % RH, 23+1< And the laboratory climate is 23°C,
RH 50%. Besides, it is better to keep sample in this condition at least four hours before

testing.

More attention in this thesis is paid to strength properties including tensile strength, stiffness
strength and tear strength of the sheets because they reflect essential data for determining
the quality of paper. In addition, the measures of basic data of thickness and air permeability
are introduced as well for cooperating with strength properties and analysis. With the
numerical value of wood fiber paper and non-wood fiber paper, comparison in following

analysis is dependable and results can be concluded.

3.2.1 Grammage and thickness

Grammage and thickness are basic factors to describe paper properties. Grammage is basic
weight of paper and thickness is the caliber of paper. In these tests, grammage and thickness
are tested based on basic trimmed laboratory sheets and standard air condition.
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Grammage means the weight of the one square meter of paper or board, the unit generally
used is g/m?. Based on standard 1SO 536 (2012), in this test, grammage is measured with
basic trimmed laboratory sheet. The area of sheet is 0.02m?, in order to obtain the weight of

paper sheet, analytical scale in figure 17 is utilized.

Figure 17. Analytical scale used in the test.

After getting the average value of weight, grammage w can be calculated from the following

formula
w=— (1)
where
w grammage, g/m?
m mass of the sheets, g
A an area of one sheet, m?

n number of sheets

In this test, w grammage is calculated by simple formula, which is

w=-_"- )

0.02
According to standard, result of grammage keeps first decimal place. However, in this test,
grammage only describe the type of sample. So, grammage in the test use roughness value
to make comparison.
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For thickness measuring, as standard 1SO534 (2011) described, at least 4 pieces or area and
no more than 10 pieces or area of each type of sample should be tested together, and thus
get the average thickness of sample. The diameter of every sample in this thesis is 141X 141
mm, which is basic laboratory size mentioned before. Every sample are tested 6 times at
same time in this project. The following figure 18 is thickness testing machine used in this

project.

Figure 18. Thickness testing machine.

On the right side of machine, there is a button to control the probe to rise. Set the sample
sheet between probe and work surface, release the button to make probe land. During this
process, the sample sheet should not move. When the data in screen is steady, record it. In
this project, six measurements are tested for one sample and then calculate their mean value.
Thickness and grammage are necessary data for testing tensile strength of paper when uses
L&W tensile tester.

3.2.2 Air permeability

Air permeability is an important parameter for evaluating quality of paper. It means under a
certain pressure difference, air flows testing sample through the unit area to be measured.
The average value of air flow after several times is air permeability of paper. Factors giving
influence on air permeability are raw material, pulping methods, fibers ratio, sheet formation,

squeeze, surface treatment, etc. (Fan, Wang & Liu 2013, p. 30.)
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High air permeability is usually utilized in cigarette paper, filter paper, fruit paper bag.
However, high air permeability is harmful to cause feeding difficulties and continuous
feeding for printing paper. Air permeability is one of processing performance of coated paper
(Fan et al. 2013, p. 31.)

The sample dimension for testing air permeability can use basic laboratory sheet that is 141
X141 mm. Every sample are tested 6 times at same time in this project, and then results are
calculated to obtain the mean value of air permeability. The measurement is based on ISO
2965 (2005). And the machine used in this project is shown in figure 19.

Figure 19. Air permeability machine.

The machine in picture is L&W Bendtsen tester. The pressure difference used in this
machine is 1.47 kPa through 10 cm? area. After choosing suitable pattern (flow speed and
permeability) as shown in picture, put sample into the gap of right blue device, press level
with black ball tightly, the value of air permeability is shown in screen, record every time
data and thus can calculate the average value of sample. Six times testing should be tested
in six different area of sample sheets paper to make sure the reliability. It is preferred to

utilize six sample sheet to test together.
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3.2.3 Tensile strength

Tensile strength is an important property of material. Tensile strength is the highest force
that sample can stand without breaking. And tensile index is the tensile strength divided by
the grammage. Tensile strength and other strength tests are taken in order to obtain the

comparison of wood fiber paper and non-wood fiber paper.

Before tensile strength test, the thickness of sample need to be measured. As described in
sub-section 4.2.1, thickness can be obtained. Tensile strength is measured with a horizontal
tensile strength testing machine that is L&W tensile tester as shown in figure 20. The process
of testing machine utilizes constant rate of elongation to measure. 1ISO 1924-3 (2005) define

the measurement parameters of test.

L&W TENSILE TESTER @ Lorentzen  Wettre

Figure 20. Tensile strength testing machine.

Before testing, pattern type, thickness, testing code, grammage and the number of testing in
MD and CD need to be put into the machine. The project chooses the pattern type with
stretching speed 100 mm/min both in MD and CD, span length 100 mm and width 15 mm.
The testing number of each direction needs 10 times with 141X 15 mm sample stripes. The
machine can test the MD and CD sample stripes continuously in one program, and each

direction should be set times as 10.
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After put into parameters, push one stripe with MD into the gap of two clamps. Press “Enter”
button, the program will begin. After one stripe tested, push next one into clamps and press
“Enter” again. During the testing, the tensile strength and strain at break are shown in screen
of every sample stripes after finishing its own process. And every result will be collected by
machine. When 20 times tests are completed, the machine calculates automatically and then

print out the results in figure 21.

2017 FEB 08 13:45

TEST SERIES DATA PRINT
- PROGRAM No.: 1
- PROGRAM NAME:  ARKIT
B MACHINE: 3
REEL:
10: TEST3
OPERATOR:
SPEED MD 100.0 mm/min
SPEED €D 100.0 mm/min
GRAMMAGE 70.0 g/m?
THICKNESS 98.7 um
SPAN 100 nn
WIDTH 18 nm

ey

10 HO
TENS. STR. xa = 3.91
130

Figure 21. An example of tensile strength test results.

As shown in figure 21, the calculate results have mean number of tensile strength, tensile
index, breaking length, strain at break, tea, tea index, E-modulus, tensile stiffness and
deviation. This project focus on tensile strength, tensile index and strain at break. Figure 22

describes the state of sample stripes after tensile strength test.
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Figure 22. An example of tensile strength sample stripes after testing.

As shown in figure 22, on the bottom of picture is MD sample stripes, and on the top of
picture is CD sample stripes. The breaking position is dissimilar among all sample stripes,
because the fibers distribution is nonuniform. The breaking position can be considered as

most weak position of a sample stripe.

3.2.4 Bending stiffness

Stiffness is an elastic property of material. It indicates the resistance of material when an
external force is loaded. Stiffness generally contains two aspects for paper, which are tensile
stiffness and bending stiffness. Bending stiffness is the ability of paper or paperboard strip
to resist a bending force. The force is perpendicular to the free side of strip, and the other

side is clamped by machine.

The sample dimension for bending stiffness test is 38 X 50mm due to the machine used in
testing. Bending stiffness test should be tested in two direction that are MD and CD as well.

For each direction, every type of sample is tested 6 times in this project.
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In figure 23, it is the bending stiffness tester used in testing, which is L&W bending tester.
DIN 53121 (2008) defines the measurement parameters of test. According to the standard,
the bending angle is 5<

Figure 23. Bending stiffness testing machine.

Before testing, patterns should be chosen. In this project, patterns are chosen as figure 23
shows including stiffness, auto touch, report in series and single type. Unlike tensile strength
test machine, this machine cannot test MD and CD in one program. One direction after 6
times needs to be calculated and printed out before another direction sample stripes tested.
In each test, sample stripe is put into gap of clamp, after pressing green button, clamp will
touch and catch sample stripe tightly, and then clamp turns 5<as bending angle, the bending
length under this pattern is 10 mm. The result will show in screen after each test. When one
direction sample stripes are tested completely, press black button next to the green one to

print result as illustrated in figure 24.
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Figure 24. An example of bending stiffness test results.

As shown in figure 24, each time result is collected by machine. In addition, mean value,
standard deviation, coefficient of variance, maximum and minimum data are calculated
automatically as well. In this project, mean value and standard deviation give helps in
comparison and analysis. Meanwhile, an example of sample strips is described in figure 25.

As figure 25 shown, a light fold can be observed in almost same position.

Figure 25. An example of sample stripes after bending stiffness test.

3.2.5 Tear strength

Tear strength is one of vital physical properties of paper. Tear strength is the mean force of
tearing from an initial cut of paper or paperboard. It protects situation from defect of paper
like hole, tear or stick. Tear index is the ratio of the tear strength and the grammage of the

sample.
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Measurement is followed by the standard ISO 1974 (2012). According to the standard,
sample dimension of tear strength test is 62>60 mm, for each direction, 12 test pieces with
this dimension should be cut using cutting machine 3 from six air conditioned sheets. Three
parallel measurement should be done for one direction, and four test pieces serves as one
measurement tested together. In figure 26, it is the L&W Elmendorf-type tearing tester that

is used in this project.

Figure 26. Tearing strength testing machine.

This machine adopts the traditional testing theory of tearing strength, which is Elmendorf-
type method. Set one or more sample stripes into clamp, after clamping by press “clamp”
button, utilize cut tool in machine to cut sample stripes. With the pendulum free moving,
sample stripes are teared. The loss energy of the pendulum equals to the energy for tearing
sample stripes. After every testing, tearing strength result is shown in the screen. In figure

27, it is an example of sample strips after tearing strength.
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Figure 27. An example of sample strips after tearing strength.

3.2.6 Moisture content and die cutting

Moisture content is an important factor of paper and has influence on die cutting. Moisture
content usually adopts oven-drying method testing the data of water loss. The standard can
be used in this thesis is ISO 287 (2009). As shown in figure 28, ADAM PMB 202 moisture

content tester is utilized.

Figure 28. Moisture content tester.
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Each type of paper requires 2g as standard weight to test moisture content under standard
environmental condition, with the increase of temperature, water is evaporated leading to
the loss of paper weight. By calculate the number of mass loss of paper, the moisture content
can be obtained. This type of moisture content tester can calculate automatically and then
number shows in screen. Moisture content has relation with die cutting performance. When
moisture content is low, the tenacity of paper decreases following, leading to crakes
happened during die cutting (Li & Shen 2014, p. 60). Three different types with various
grammages are tested, they are bagasse pulp paper with 180 g/m?, Trayforma paperboard
with 190 g/m? and Hesperaloe funifera paperwith 240 g/m2. The moisture content of each
one is 5.60%, 5.67% and 7.00%.

Because of the limitation of paper size, the integrated process of tray cannot be accomplished.
For tray forming, two steps are vital processes, die cutting and deep drawing. Die cutting
makes creases around four corners to avoid breaking during deep drawing and gives help in
tray forming easily. The first step of tray forming — die cutting can be realized for testing
if these materials have prerequisite ability in tray forming. The machine for die cutting is
described in figure 29, which belongs to LUT (Lappeenranta University of Technology)
Packaging Technology laboratory.

Figure 29. LUT die cutting machine.
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The descending speed of top board is 80 mm/s, the total force between two boards is
approximate 50 kN, thus every corner bears about 12.5 kN. In figure 30 and figure 31, the
mould of die cutting and the position of paper are shown. The size of Trayforma and bagasse
paper are both a quarter of A4 size. The dimension of Hesperaloe funifera is a quarter of
laboratory hand paper sheet.

Figure 30. The mould of die cutting.

Figure 31. The prosition of paper.

After die cutting, four pieces with creases are produced. The figure 32 illustrates an example
of the three types of paper.
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Figure 32. An example of three types of paper after die cutting.

3.2.7 Microscope measurements

In order to measuring the quality of paper after die cutting, two kinds of microscopes give a
help in seeing detail parts around creases. The depth of creases, the presence of cracks and
the display of fiber can be observed through microscopes. The magnification between two
microscopes are different, that means one is utilized for relative big area and another for
smaller area. In figure 33, WILD HEERBRUGG microscope is used for testing if samples
have cracks. Due to relative small magnification, it facilitates to check the whole samples

and receives an accurate estimate for each material.

Figure 33. WILD HEERBRUGG microscope.
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By using this microscope, the detail of sample transfers from microscope to computer screen
and machine screen. The magnification power of each material is 8% and 6.3% And 8%

magnification power is mainly used in measuring the quality of paper creases.

In figure 34 is another microscope utilized in measurement. It can connect to computer to
get pictures as well. The magnification power of it is much bigger than the previous one.
Therefore, the fibers direction and their size and other properties can be observed easily. In

addition, the creases area is revealed in detail.

| 4 BRINELL EN 150 6505 +

Figure 34. PME olympus microscope.

PME olympus microscope can adjust brightness through rotary knob. Besides, by turning
the knob on the right side of eyepiece connecting to objective table, the objective table can
move forward and backward, left and right to help observe. It is convenient for searching the
crease area with large magnification. In right figure, a heavy metal ring is put to give a press
to sample that helps the sample cling to objective table, and thus gains a clearly picture in
computer screen. At the same time, another sliver knob on the right side of eyepiece adjusts

the distance between sample and objective lens to require better resolution.
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4 RESULT AND ANALYSIS

After testing three types of paper, the results of air permeability, tensile strength, bending
stiffness and tear strength are compared. The grammage among three type of paper materials
are similar in order to compare without the grammage factor or decrease the influcence of
grammage. The results of every strength properties will be compared, the best and worst
materials are found. By comparing results and thus making a analysis, properties of wood
fiber and non-wood fiber used in this thesis can be concluded. At the same time, the analysis
of comparison may give a guide for paper industries in Finland. Results are performance by
table and chart that are designed in Microsoft Word and Microsoft Excel.

4.1 Result of grammage and thickness

Testing for grammage of each type is to check if the grammage accords to the information
from companies and providers. The grammage in tests is only a basic parameter for
comparing, hence, rough value for three types of materials is enough to test. Thickness is
another basic parameter to describe paper. Among strength related tests, tensile strength
needs thickness of paper to acquire accuracy data. In table 8, grammage and thickness of

each type of materials are described.

Table 8. Grammage and thickness of each type of materials.

Type Grammage Thickness um Mean of
g/m? thickness
Hesperaloe funifera paper 70 150, 144, 146, 156, 149, 151 149
Bagasse paper 70 99, 100, 99, 97, 99, 98 98.7
Bagasse paper 75 98, 100, 101, 103, 101, 100 100.5
Bagasse paper 80 117,118, 116, 113, 114, 116 115.7
Creamy Hi-Bulk (birch and pine) 80 155, 157, 158, 152, 151, 154 154.5
Bagasse paper 180 244,242, 247, 245, 246, 252 246
Trayformar (birch, pine and spruce) 190 233, 235, 232, 230, 224, 238 232
Hesperaloe funifera paper 240 364, 392, 448, 386, 375, 368 388.8

From the table, the thickness among three type of material are different in same grammage.

The thickness of bagasse paper with 70 g/m? grammage is lower than Hesperaloe funifera
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paper with same grammage, even thickness of 80 g/m? bagasse paper is lower than
Hesperaloe funifera paper. The thickness of Creamy Hi-Bulk paper with 80 g/m? which is
made from birch and pine is higher than same grammage baggage paper, and is similar to
the thickness of Hesperaloe funifera paper with 70 g/m? grammage. The thickness of
baggage paper with 180 g/m? is a little higher than Trayformar paper with 190 g/m2. For
Hesperaloe funifera paper with 240 g/m? it can be speculated that with same grammage of
Trayformar paper, the thickness of Hesperaloe funifera will be a litter higher. For baggage
paper, similar grammages range from 70 g/m? to 80 g/m? have similar thickness due to the

difference is too small.

4.2 Result of air permeability

Air permeability is an important parameter for evaluating quality of paper. It can be used in
estimating gas permeability and moisture resistance. High air permeability is usually utilized
in cigarette paper, filter paper, fruit paper bag. However, high air permeability is harmful to
cause feeding difficulties and continuous feeding for printing paper (Fan et al. 2013, p. 30.)
In table 9, each type of materials has been given its air permeability, which is useful for
research their properties and application. Figure 35 shows each material of mean volume
flow of air to give a hand of comparison except for Hesperaloe funifera paper with 70g/m?,

because the value of it is so big that it can be easily observed.

Table 9. Air permeability of each type of materials.

Type Gramm Mean Air
-age Volume flow of air (ml/min) volume permeability
(g/m?) flow of air  (umePates™)
Hesperaloe funifera paper 70 3276, 3300, 3514, 3268, 3352.8 37.89
3439, 3320
Bagasse paper 70 52, 48, 45, 46, 60, 51 50.3 0.57
Bagasse paper 75 44,48, 43, 42, 40, 38 42.5 0.48
Bagasse paper 80 33, 34, 30, 35, 32, 36 33.3 0.38
Creamy Hi-Bulk (birch and pine) 80 181, 184,173, 174, 169, 184 177.5 2.0
Bagasse paper 180 90, 71, 69, 57, 56, 86 715 0.81
Trayformar (birch, pine and 190 318, 270, 300, 248, 253, 233 270.3 3.05

spruce)
Hesperaloe funifera paper 240 340, 226, 179, 166, 165, 230 217.6 2.46
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Figure 35. Mean volume flow of air of materials.

In table 8, Hesperaloe funifera paper with 70 g/m? has highest air permeability but the value
of it exceeds measuring range, it can be indicated as high air permeability paper. As shown
in figure 35, with the increase of grammage, the air permeability decreases of bagasse paper
in range of 70-80 g/m?. And with 180 g/m? grammage of bagasse pulp paper, it also has
lowest air permeability comparing to other paper. Creamy Hi-Bulk paper with 80 g/m? has

relatively high air permeability in low grammages range.

High air permeability is useful for fruit bag like pomegranate. As described in research, the
weight of single fruit evaluates with the increase of air permeability. This phenomenon is
due to high gas exchange rate between fruit and outside with the help of high air permeability.
Thus, fruit can absorb more nutrients from the photosynthesis of leaves and manifests
increasing mass. Although high air permeability helps fruit to gain nutrients and sugar,
pesticide residues are easy go into fruit. Based on experiments, the optimal value of air
permeability is < 4.67 um/ (Pa*s) (Li et al. 2012, p. 11.) However, strength properties of
paper should be considered cooperate with air permeability because strength properties are

essential for protecting fruit as well.
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4.3 Result of tensile strength

Tensile strength is a crucial property to evaluate the quality of paper. It means the ability to
resistance tensile from external force. As mentioned before, paper has two directions that are
MD and CD, owing to most fibers following machine direction. Strain at break is the ratio
of elongation to original length of sample. It also reflects the quality of paper. With high
strain at break, paper has certain unisexual elongation, will not immediately fracture. Figure

36 shows the tensile strength and strain at break of each material in machine direction.

Tensile strength properties of different
raw materials of paper (MD)

25
M Tensile strength (kN/m) M Strain at break (%)
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Hesperaloe Bagasse Bagasse Bagasse Creamy Hi- Bagasse Trayforma Hesperaloe
funifera paper70 paper75 paper80 Bulk80 paper 180 190 g/m2 funifera
paper g/m2 g/m2 g/m2 g/m2 g/m2 paper 240
70g/m2 g/m2

Figure 36. Tensile properties (tensile strength and strain at break) of each material in MD.

It must to be noted that Hesperaloe funifera does not have MD and CD, because it was made
in laboratory machine, and laboratory machine do not have movement as in industries. Hence,
the same data of Hesperaloe funifera paper is shown in both MD and CD figures in order to

give a comparison to other materials.

As described in Figure 36, among the grammage from 70-80 g/m?, Hesperaloe funifera paper

has better tensile strength comparing to same grammage of bagasse paper even better than
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other paper with a litter higher grammage. Bagasse paper with 75 g/m? has good performance
comparing to other same raw material with different grammage and better than a litter high
grammage Creamy Hi-Bulk paper made from wood fiber. A hypothesis of tensile strength
of bagasse paper in 75-80g/m? with downtrend is that the bleaching has influence in tensile
strength because the pulping method and raw material is same for two type of paper. As to
grammage from 180-240 g/m?, the tensile strength of Trayforma paper is better than bagasse
paper. Due to the grammage of Hesperaloe funifera paper is much bigger than others, the

order need to be proved by tensile index which excludes the effect of grammage.

As to strain at break, Hesperaloe funifera paper has good performance in strain at break even
in low grammage. Bagasse paper with 180 g/m? has bad strain at break property comparing
to same type of paper even it has higher grammage in same raw material. In addition, bagasse
paper with 70 g/m? and 80 g/m? are similar to each other. The deviation of these paper is not
big which can be concluded from figure except for Hesperaloe funifera paper with 240 g/m?,

That may result from the sequencing entropy of fiber.

Tensile index is the tensile strength divided by the grammage. It can compare different
grammage paper scientifically. Figure 37 is the tensile index of each paper in MD. It is

basically accord with the tensile strength tendency in MD.
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Figure 37. Tensile property (tensile index) of each material in MD.

In figure 38, there are tensile strength and strain at break for each type of paper in CD. Due

to the particularity of Hesperaloe funifera paper, it cannot be considered accuracy in CD. So,

in CD, the main purpose of these figures is to compare the connection with MD and other

paper. The sequence is not same as MD, especially in Creamy Hi-Bulk paper with 80 g/m?,

bagasse paper with 80 g/m? and 70 g/m?. The order of them in MD and CD are reversal. In

addition, the data of tensile strength in MD is about double as in CD in most paper, however,

for bagasse paper with 70 g/m?, Creamy Hi-Bulk paper with 80 g/m?and Trayforma paper,

their data claim that they are have relative small deviation between MD and CD.
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Figure 38. Tensile properties (tensile strength and strain at break) of each material in CD.

As to strain at break, the tendency among 70-80 g/m? is same and the number in each
direction is close to each other. For bagasse paper with 180 g/m?, it has bad strain at break
property in two direction but Trayforma paper has good performance, this may because the
good fiber binding force. To comparing two directions strain at break, contrary to tensile
strength, strain at break in CD has bigger value than in MD about 1.5 times. This is because
in CD, fiber binding force is main ability to resist external force and in MD, binding force is

obviously weaker.

Figure 39 is the tensile index of each paper in CD. It is basically accord with the tensile

strength tendency.



62

Tensile strength properties of different
raw materials of paper (CD)

M Tensile index (Nm/g)
80

70
62.5 63|49
60
50
41.7
39
40 34.94
29.98 30.42
3
19.93
2
1 I
0

Hesperaloe Bagasse Bagasse Bagasse Creamy Hi- Bagasse Trayforma Hesperaloe
funifera paper 70 paper75 paper80 Bulk80 paper180 190 g/m2 funifera
paper g/m2 g/m2 g/m2 g/m2 g/m2 paper 240
70g/m2 g/m2

o

o

o

Figure 39. Tensile property (tensile index) of each material in CD.

From two direction comparison of tensile properties, Hesperaloe funifera paper is stable one
has better quality than bagasse paper and Creamy Hi-Bulk paper. And bagasse paper with
70 and 75 g/m? are similar to Creamy Hi-Bulk paper which is wood fiber paper. Creamy Hi-
Bulk paper has big deviation in two direction comparing to others. For Trayforma paper, it
is better than the others in the range of 180-240 g/m?. In addition, in the range of 70-80 g/m?,
the result of three types of paper are closer to each other in MD than in CD. Besides, combine
the result of air permeability and tensile strength, Creamy Hi-Bulk paper paper, Hesperaloe
funifera with 240 g/m? paper and T. paper have potential to apply in fruit paper bag.

4.4 Result of bending stiffness

Bending stiffness is the ability of paper or paperboard strip to resist a bending force
perpendicular to the strip. It reflects the softness of paper as well. The bending stiffness of
paper also has two directions, in figure 40, MD is described. Due to relative high grammage,

the bending stiffness is higher, and thus the scale of y-axis is not same in left and right figures.
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Figure 40. Bending stiffness of each material in MD.

In left figure, grammage from 70-80 g/m?, with the increase of grammage, the bending
stiffness of bagasse paper is increase, however, the stiffness of Creamy Hi-Bulk paper is
much higher than same grammage of bagasse paper. In addition, Hesperaloe funifera paper
has lowest grammage but has better performance than bagasse paper. Among the grammage
from 180-240 g/m? in right figure, although the grammages are not similar, but the tendency
of same grammage can be speculate, Hesperaloe funifera paper has best performance but

bagasse paper is the worst one.

The following figure 41 is bending stiffness in CD for each type of paper. For low
grammages, the value of bagasse paper and Creamy Hi-Bulk paper is closed to each other,
same situation between Trayforma paper and bagasse paper in high grammages. These
indicate that Creamy Hi-Bulk paper and Trayforma paper have much more deviation in MD
and CD. Meanwhile, the value in MD is bigger than that in CD.
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Figure 41. Bending stiffness of each material in CD.

4.5 Result of tear strength

Tear strength is the mean force of tearing from an initial cut of paper or paperboard. Tear
index is the ratio of the tear strength and the grammage of the sample. Tear strength is mainly
affected by fiber length. Other factors like binding force, fiber orientation make sense to tear
strength as well (Qin et al. 2004. p. 60). For tear strength, only low grammage paper is tested,
but the three type of paper are compared and can obtain a conclusion of them. In figure 42,
they are tear strength and tear index of each material. Tear index is calculated based on the
tear strength and the grammage. Based on values of tear index, Hesperaloe funifera 70 g/m?
has much high value comparing to others. On the contrary, Creamy Hi-Bulk paper as a

representative of wood fiber paper, has bad performance in tear index.
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Figure 42. Tear strength and tear index of each material in MD.

Figure 43 is tear strength and tear index in CD. According to the value of tear strength, the
tear index can be obtained. Unlike results in MD, Creamy Hi-Bulk paper is better than
bagasse paper with 75 g/m? in CD. In addition, for all paper, the value in CD is bigger than
in MD. The reason why tear strength does not have similar tendency as tensile strength and
bending stiffness in two directions is that the orientation of fiber decides the tear strength in
CD is much bigger than MD. As mentioned previously, most fibers are followed MD,
therefore, when tearing paper in MD, it is easier than in CD because it follows the fibers

direction without breaking fibers.
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Figure 43. Tear strength and tear index of each material in CD.

4.6 Result in microscope measurements

WILD HEERBRUGG microscope and PME olympus microscope are utilized to test the die
cutting quality whether samples have cracks or not. WILD HEERBRUGG microscope has
relatively small magnification power comparing to PME olympus microscope, three samples
from eight are selected in random to see their qualities. In figure 44, 45 and 46, they are
respectively bagasse paper 180 g/m?, Trayforma 190 g/m? and Hesperaloe funifera 240 g/m?
observed by WILD HEERBRUGG microscope. The left pictures are front side which
contacts to upper board during die cutting process, the right pictures are back side which
contacts to mould. The red line represents 2um, the long one utilizes 8> magnification, and
the short one utilizes 6> magnification.
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Figure 44. Creases of bagasse paper observed by WILD HEERBRUGG microscope.
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Figure 45. Creases of Trayforma paperboard observed by WILD HEERBRUGG

microscope.
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Figure 46. Creases of Hesperaloe funifera paper observed by WILD HEERBRUGG

microscope.

By observing these pictures, there are no cracks in each of paper. However, the effect of
three materials has a certain difference. The depth of creases can be saw in pictures,
Hesperaloe funifera paper has best performance, but the bagasse paper has bad performance
because the crease is so light. Trayforma paperboard is in middle class. As to Hesperaloe
funifera paper, it is obviously that there are so many impurities inside paper, which is not
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shown in others. These impurities may come from halfway filtration in laboratory, lead to
plant epidermis with color mixed with fibers. In addition, in first picture of Hesperaloe
funifera paper, there has long fibers in it, which may help the good properties of Hesperaloe
funifera paper. But for bagasse and Trayforma paperboard, they do not contain so many
impurities.

Following figure 47, 48 and 49 are measured by PME olympus microscope that has large
magnification. As shown in each picture, the ratio scale is 1: 100 um in the left corner.
Pictures on the left side is front side, on the right side is back side. Two samples are measured

in this microscope.

100 ym 100 um
— —
100 pm 100 um

Figure 47. Creases of bagasse paper observed by PME olympus.
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Creases of Trayforma paperboard observed by PME olympus.

igure 48.

F
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Figure 49. Creases of Hesperaloe funifera paper observed by PME olympus.

On the left side, there is one crease in the front side, and on the right side, there is the crease
in the back side. It is easy to estimate that the previous conclusion is right that bagasse paper
has lightest creases and Hesperaloe funifera paper has heaviest creases but in proper range
which helps deep drawing to form tray preferably. However, the grammage of Hesperaloe
funifera paper is bigger than others which may have influence in die cutting performance.
Besides, the bending stiffness of Hesperaloe funifera is much higher than other paper, which

may lead to breaking or fracture in deep drawing.
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5 CONCLUSION

Wood fiber from trees serves as a main resource for paper manufacturing, however, tree
resource reduces year by year. How to solve the resource problem is a big question for paper
industries nowadays. Researchers have studied non-wood fibers to be a supplement material
for papermaking to solve the resource problem, and some results of these researches indicate

that non-wood fibers can be utilized in paper production.

The main purpose of this thesis was to find out non-wood papers that has been researched
and then pick some of them for further evaluation. A comprehensive literature review of
non-wood fiber papers was performed, and it provided a guidance for further evaluation.
Mechanical properties including tensile strength, tear strength and bending stiffness were
compared between non-wood fiber paper and wood fiber paper. Air permeability was
measured and die cutting experiments were performed as well to help the comparison. As a
result, Hesperaloe funifera paper based non-wood fiber had a good performance in each test.
Another non-wood fiber paper made from sugarcane bagasse had better tensile strength and
tear strength than Creamy Hi-Bulk paper based on wood. Creamy Hi-Bulk paper, Hesperaloe

funifera paper and Trayforma paper all have potential in applying to fruit paper bag.

Above all, these results indicate that non-wood fiber can be a replacement of wood fiber to
reduce the consumption of tree resources. Meanwhile, it reminds paper industries in Finland
that there is another method to produce paper. Non-wood fibers can also cooperate with
wood fibers to manufacture paper, which may be a new research area to use resources

reasonably.
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