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Abstract

This study investigates alternatives that can improve the internal bond strength (IBS) of
paper by pulp refining and paper press-drying (PD). The improvement mechanisms of IBS
and their impact on the strength development of high-yield pulps are discussed. All exper-
iments were conducted using a factorial design where the factors were four pulp types
(one spruce thermomechanical (TMP) and three chemi-thermomechanical (CTMP) from
spruce, birch, and aspen), three refining levels, three PD temperatures and three pressures.
The effects of these treatments on the physical and mechanical properties of paper were
studied using an analysis of variance. Refining changed the fibre surface, thereby promot-
ing mechanical adhesion. PD temperature softened the fibres and changed their surface
chemistry, while PD pressure improved the contact area between fibres. These changes led
to an important improvement in IBS which explained, to a large extent, the variations in
paper properties. Compared to air-dried paper, PD paper showed much higher properties
for most tested pulps at all refining levels. These results were due to the increase in bonded
areas. PD at 175°C substantially improved the wet tensile strength of paper due to the flow
of lignin on the fibre surface, which protects the hydrogen bonds from moisture.

Keywords: press-drying, paper properties, internal bond strength, fibre properties,
surface chemistry

1. Introduction

Fibre morphology, strength and adhesion are the main factors controlling paper strength
[1-12]. Chemical composition is closely related to fibre strength and is an important factor
in paper strength development [3, 5]. Among paper strength properties, tensile strength and
tearing resistance are the most studied properties due to their importance during conversion
and in end-use [1-12]. Table 1 summarises the impact of the different fundamental fibre prop-
erties on paper tear, tensile and burst strength.
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Properties Morphological [1, 7-14] Chemical [5, 15-22] Mechanical [1-7, 15, 23-32]
Strength Properties Length  Wall thickness Coarseness Microfibril angle Cellulose Lignin Hemicelluloses Strength Flexibility Adhesion
Tear strength + - - - + _ + +/- 1 +
Burst strength + - - - + - + + + +
Tensile strength + - - - + - ¥ + 4 i

Table 1. Effect of increasing fundamental fibre properties on the development of the strength properties of paper.
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The variation in tearing resistance is complex and researchers have carried out an impres-
sive number of studies to understand this variation [2, 3, 5-8, 10]. Fibre length, strength and
bonding are the main controlling factors. Although no clear relationship has been reported
between tear index and fibre coarseness, in well-bonded sheets the tear index has been found
to be higher in sheets with coarser fibres [6, 7].

Fibre length is an important factor in tearing resistance. Longer fibres improve tearing resis-
tance, particularly for weakly bonded sheets [3, 6-8, 10-13]. However, fibre length is less
important in well-bonded sheets having strong interfibre adhesion since sheet failure caused
by tear is then controlled by the strength of the fibres [6, 7]. The tearing resistance is pro-
portional to the square of fibre strength when fibre strength is modified without affecting
other fibre properties or sheet structure [6, 7]. However, this does not necessarily imply that
fibre failure is the prevailing mechanism of energy dissipation [8]. The elastic energy released
when fibres or bonds fail depends on the load within the fibres and on the number of failures.
All these entities are related to fibre strength.

The variation in the tensile strength of paper is controlled mainly by the internal bond
strength. Indeed, several studies have reported clear positive linear relationships between
the tensile strength and the internal bond strength [4, 25-27]. Fibre strength, morphology and
coarseness are also important for the tensile strength development of paper. For example, the
Page Equation [1] predicts the tensile strength from fibre properties including length, strength
coarseness, fibre transverse perimeter, bond area and bond strength. This equation is widely
recognised for predicting the tensile strength of paper. Clark [3] developed a statistical model
to predict all paper properties from fibre properties. These models indicate the importance of
the fibre properties for the development of paper strength.

The extent of fibre-to-fibre bonding is also important in determining paper strength. Improving
this property is known to have beneficial effects on most sheet strength properties, except for
tearing resistance. For the latter, the relationship is complex since it varies with the degree of
interfibre bonding. Figure 1 illustrates the general model that describes the variation of tear
strength with the internal bond strength of paper. In poorly bonded sheets, increasing bond-
ing strength improves the tearing resistance. However, in well-bonded sheets, higher bond-
ing strength reduces the tearing resistance [3, 6-8]. This variation makes developing a model
to predict the tear index from fibre properties difficult. Some attempts were made in the past
to characterize this relationship using several approaches [7]. In general, fibre dimensions
and physical properties are varied by either pulping different woods or fractioning a pulp.
The paper properties from these pulps are generally modified by beating. The dependence of
paper properties on fibre properties is then studied by statistical methods. This approach led
to some good correlations, but there were no clear relationships because fibre properties are
modified by beating and are generally interdependent.

The abovementioned studies have led to an excellent understanding of the tear mechanism
and explained the role of each fibre property in the development of tearing resistance. For
example, Page [6] elucidated the tear strength mechanism and determined the extent of its
dependence on each fibre property by studying the effect on each property separately. Later,
a model was developed [2] to describe the tearing energy of rupture of softwood pulps using
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Figure 1. Typical model of variation of the tear index with fibre length and internal bond strength [6, 7].

the Page Equation [1]. However, most of these studies dealt with chemical pulps, particularly
those made from softwoods. Only few studies dealt with the role of fundamental fibre proper-
ties of high-yield pulps [4, 12, 15, 28-30]. Moreover, few reports directly studied the effects of
interfibre bonding [4, 15, 25-27, 30-32]. Generally, sheet density or light scattering coefficient
or even tensile strength is used to depict changes in interfibre bonding.

There are few alternatives to improve the internal bond strength of paper. Chemical treat-
ment and beating are the most used alternatives. Extensive literature exists on the impact
of these alternatives on the strength development of paper. Press-drying is among the
alternatives that can improve the paper properties especially internal bond strength
due to improved compressibility by the combined action of pressure and temperature
[30, 33-37]. In press-drying paper is dried under restraint through the application of pres-
sure in the z-direction during the drying process while the paper is simultaneously in contact
with a very hot drying surface, thereby leading to a web temperature in excess of 100°C [30,
33-37]. The important feature of this process is the fact that it takes advantage of the positive
effects of high web temperature on both dewatering rate by reducing the viscous resistance
of water and web consolidation by increasing the compressibility of fibrous material [34].

Several reviews are available on the physics of press-drying [33-38]. The main factors that
control the mechanical properties of press-dried paper and the performance of this process are
the mechanical pressure applied on the wet web, the moisture content in the web, the press-
ing time and the temperature [30, 33-37]. In addition to the improvement in drying rate, this
process leads to substantial energy savings and improvement in paper properties [33-38]. This
process has been commercialised as Condebelt drying [33, 38]. Despite the proven advantages
to the Condebelt drying process, this technology is still not widely accepted in the pulp and
paper industry [33, 38]. There are only two installations of this technology worldwide [33].
At an industrial level, Retulainen et al. [39] reported that the Condebelt drying process led to
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substantial improvement in the paper properties and in the process efficiency as compared to
the Cylinder drying process.

Despite the abundant literature on press-drying process and physics, only few studies have
investigated the impact of process parameters on paper properties. Thus, laboratory pulp
beating and paper press-drying experiments were conducted during this study on softwood
and hardwood high-yield pulps so as to investigate the impact of this process while using
large variations in fibre length, strength and interfibre bonding.

The main objective of this study was to discuss the impact of interfibre bonding development,
intrinsic fibre strength and fibre length on the strength properties of press-dried paper. The
specific objectives were: (1) to study the impact of pulp beating and press-drying temperature
and pressure on paper internal bond strength; (2) to investigate the effect of IBS, intrinsic fibre
strength and fibre length on paper strength development; and (3) to contribute to the funda-
mental understanding of strength development in press-dried paper.

2. Experimental procedures

Four high-yield pulps were used: one spruce TMP sampled after the first stage of refining
from the Kruger, Trois-Rivieres Mill (Quebec, Canada); three commercial bleached CTMPs
obtained from the Tembec, Témisccamingue Mill, (Quebec, Canada) from birch, aspen and
spruce. Pulps were beaten to various degrees in a PFI mill to ensure variation in fibre bond-
ing (Table 2). The PFI mill was used to modify the cell wall structure and to minimise fibre
fragmentation. Canadian standard freeness (CSF) was measured for each pulp. CTMP white
spruce (Picea glauca (Moench) Voss samples were classified in a Bauer-McNett fibre classifier
to investigate the impact of fibre length and distribution on strength development of paper.
A total of nine pulps were obtained through the classification (Table 2) to ensure large varia-
tions in fibre length. The average fibre length of each class was measured by image analysis.
The average weighted fibre length of each pulp was calculated on a dry weight basis (Table 2).

Series of 60 g/m* handsheets from each pulp were wet pressed and air-dried according to
standard Tappi procedures and used as control samples. Other series were press dried at
three different pressures (0.375; 0.750; 1.50 MPa) and temperatures (105; 140 and 175°C) using
a hydraulic press with two heated platens. The moisture content (MC) of a sheet before press-
drying is critical to the development of its strength [33-37]. In this study, handsheets had
moisture contents (MC) ranging from 100-120% before press-drying. After press-drying, MC
ranged from 6-9%. Paper properties were measured according to Tappi standard procedures.
The internal bond strength was measured according to the method described in a previous
report [25]. All samples were conditioned and tested at 20°C and 50% relative humidity (RH).

An analysis of variance was performed using the general linear model (GLM) SAS procedure
[40] to test treatment effects. Regression and correlation analyses were performed with the CORR
and REG SAS procedures. Results were considered significant at 95% and 99% probability levels.
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Canadian standard freeness (CSF) (ml) Fibre classification in a Bauer McNett  Average fibre
(%) Length (mm)
14 28 48 <48

Unbleached Spruce TMP pulps (pulp sampled after the first stage of refining)

475 224 34.5 12.8 31.3 1.43
295 13.7 28.9 20.4 37.0 1.40
220 12.5 28.5 20.5 37.5 1.35
130 12.8 27.5 20.2 39.5 1.32

Bleached Birch CTMP pulps (commercial pulp obtained from Tembec)

420 0 9.9 50.5 39.6 1.03
340 0 19.0 39.7 41.1 1.02
250 0 18.2 36.8 44.6 0.96
200 0 15.5 36.5 48.0 0.92

Bleached Aspen CTMP pulps (commercial pulp obtained from Tembec)

405 0 4.6 38.5 56.8 0.83
375 0 4.7 40.4 54.9 0.82
235 0 5.1 40.1 54.7 0.82
125 0 52 39.9 55.4 0.80

Bleached Spruce CTMP pulps (commercial pulp obtained from Tembec)

750 100 0 0 0 2.85
750 0 100 0 0 2.03
750 0 0 100 0 1.34
750 40 40 20 0 2.07
540 32 32 16 20 1.88
540 24 24 12 40 1.78
480 16 16 8 60 1.22
450 8 8 4 80 0.98
480 0 0 0 100 0.66
540 28 31.5 15.7 24.8 1.75
485 29.8 27.7 15.9 26.6 1.74
400 29.8 27.2 16.9 26.1 1.74
350 29.7 27.5 13.5 29.1 1.70

Table 2. General characteristics of the studied pulps.
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3. Results and discussion

3.1. Impact of pulp type, beating and press-drying on paper properties

Table 3 shows the results of the analysis of variance on the effect of pulp type, beating inten-
sity and press-drying temperature and pressure on selected paper properties. All studied fac-
tors showed significant effects on paper properties, except for specific bond strength, where
only pulp type had a significant effect.

The differences in the initial intrinsic characteristics of the studied pulps, including morphol-
ogy, length distribution, intrinsic strength, specific area and chemical composition explain
the significant effect of pulp type on paper properties. These differences are due to variations
in wood species and pulping processes (Table 2). The first pulp is a commercial TMP spruce
while the three other pulps are commercial CTMP pulps from birch, aspen and spruce. The
chemical treatment softens the chips and results in longer, and more flexible pulps compared
to the TMP pulp. The birch and the aspen CTMPs have shorter fibres than the spruce TMP
and CTMP pulps. Compared to aspen, birch has higher wood density and higher cell thick-
ness and fibre coarseness than aspen wood. All these differences along with the different fibre
specific areas resulted in different paper properties (Figures 2 and 3).

The impact of beating on high-yield pulp properties is well-documented in the literature. Pulp
beating modifies the fibre surface by generating fibrils, delamination and activation; improves
the fibre specific area; slightly reduces the fibre length and produces fines [41, 42]. Data from
Table 2 show the changes in pulp properties. Fibre length shortened, and the proportion of
fines increased, as the CSF decreased with beating intensity. All these changes improve the

Source of variation DF  Paper properties

Density ZSBK IBS SBS BL TI
Model 29 97.7" 11.17 39.6" ns. 11.27 9.5"
Pulp 3 897" 345" 358" 4.9 3227 58.9"
Beating 2 33.2" n.s. 24.7" ns. 29.3" 6.2"
Temperature 2 17.8" ns. 11.9" ns. 14.17 31.27
Pressure 2 14.7" 8.5 6.0" n.s. 4.0 7.6"
R? 0.98 0.94 0.94 0.28 0.94 0.77
CV, % 4.4 4.6 7.6 11.5 9.0 7.8

*Significant at o = 0.05.
**Significant at oc = 0.01.

DF: Degree of freedom; ZSBL: Zero-span Breaking length; IBS: Internal bond strength; SBS: specific bond strength, BL:
Breaking length; TI: Tear index; CV coefficient of variation; n.s. non-significant at a = 0.05.

Table 3. Analysis of variance for the effect of beating and press-drying (temperature and pressure) on selected paper
properties.
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Figure 3. Effect of press-drying temperature (left) and pressure (right) on selected properties of papers made from high-
yield pulps.

contact area between fibres, increase sheet density, lead to higher bonded areas and internal
bond strength and consequently result in better tensile strength. Figure 2 shows that beating
improves the internal bond strength and the breaking length of both air-dried and press-dried
paper from all high-yield pulps. However, beating decreases tear index, except for air-dried
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paper from the spruce TMP, where this property increased with beating (Figure 2). This
increase results from an improvement in bonding. The press-dried TMP showed an initial
increase after a slight beating and then decreased linearly outwards. This initial increase is
also due to the improved bonding. The following decrease occurs because, at higher beat-
ing levels, the paper is well-bonded and the tear mechanism is then controlled by the fibre
strength [6, 7].

Despite the observed tendency of a slight increase with beating, the effect of this treatment on
the zero-span breaking length for the press-dried paper was not statistically significant. This
result could be explained by the large variation in this property among the studied high-yield
pulps. The variation in this property due to beating is marginal compared to that caused by
pulp type (Figure 2). At all beating levels and pulp types, press-dried paper showed slightly
higher zero-span breaking length than the air-dried paper. This result may be explained by
the fact that the press-dried paper is denser than air-dried paper. In the testing zone, press-
dried paper has a higher area occupied by the fibre wall and less void.

Press-drying temperature showed a significant effect on all paper properties except for
specific bond strength and intrinsic fibre strength (Table 3). Figure 3 shows the variation
of selected properties with press-drying temperature and pressure. Higher temperatures
soften the wood fibres and make them more compressible. Thus, paper density increases with
increased PD temperature, which leads to a higher contact area, and therefore, to a higher
bond strength. This result was expected, and is in good agreement with previous findings
where close and positive relationships were reported between the bonded area, the internal
bond strength and the tensile strength of paper [4, 6, 7, 25-27, 30, 31].

The effect of beating and press-drying temperature and pressure on the specific bond of paper
was not statistically significant (Table 2). At the tested beating and press-drying parameters, lit-
tle variation of the specific bond strength is observed for spruce TMP (1600-1800 MPa), spruce
CTMP (1400-1700 MPa), birch CTMP (1700-1900) and aspen CTMP (1500-1800). This result
suggests that the improvement in the internal bond strength is attributed to the increase in the
bonded area and not to a change in the nature of the fibre-to-fibre bonds. These are thought
to be mainly hydrogen bonds that break easily under the action of water [15, 30, 43]. Zerhouni
et al. [32] also concluded that press-drying temperature did not change the nature of fibre-to-
fibre bond in papers made from CTMP, TMP and kraft pulps and sludge. The specific bond
strength did not vary with neither the press-drying temperature nor the paper composition.

The variation in press-drying temperature also affects the fibre chemical structure as demon-
strated in a previous report [15]. In this study, the surface chemistry of air-dried and press-
dried spruce and birch CTMP papers were analysed by electron surface chemical analysis
(ESCA) and the oxygen to carbon ratios (O/C) were reported. A decrease in the O/C ratio
indicates an increase in the lignin content at the fibre surface. Results from this investiga-
tion showed that, at 105°C, only water and volatile matter were evaporated and no chemical
change occurred on the fibre surface as the O/C ratio remained constant at 0.53 (Table 4). At
140°C, hemicelluloses start to degrade, but lignin and cellulose are not affected. However,
the ESCA results did not show any notable change in the fibre surface at this press-drying
temperature since the O/C ratio also remained constant at 0.53. A PD temperature of 175°C
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Birch CTMP Spruce CTMP

25°C 105°C  140°C  175°C  25°C  105°C  140°C 175°C

Carbon concentration, % 64.5 65.0 65.2 67.0 65.1 64.8 64.7 64.8
Oxygen concentration, % 34.6 344 33.8 32.2 34.5 34.1 34.5 324
O/C ratio 0.54 0.53 0.52 0.48 0.53 0.53 0.53 0.48
Wet breaking length, m 65 77 82 110 64 100 120 192

Table 4. Effect of drying temperature on the concentrations of carbon and oxygen, O/C ratio and wet breaking length of
press-dried birch and spruce CTMP [15].

showed significant chemical changes at the fibre surface as indicated by the O/C ratio which
decreased from 0.53 to 0.48. At this temperature, lignin flows at the fibre surface and protects
the formed hydrogen bonds from moisture [15].

The variation in the wet breaking length of press-dried papers with temperature supports this
finding (Table 4). For example, for the press-dried spruce TMP at 175°C, the wet breaking length
improved by 364, 151 and 73% compared to those dried at 25, 105 and 140 °C, respectively. This
improvement in the wet breaking length for press-dried CTMPs at 175°C was less important
than that for the TMP. For the aspen, birch and spruce CTMPs, the improvement from 25-175°C
was 136, 131 and 63%, respectively. The fact that the CTMPs were bleached led to less lignin
present on the fibre surface, and these fibres were more hydrophile than the TMP fibres.

The PD pressure had a significant effect on all paper properties except for specific bond
strength. Increasing pressure increases the bonded area, which improves the probability of
hydrogen bond formation and also improves the density of the paper. This led to improved
bond strength and consequently to improved tensile properties. The increase in the internal
bond strength caused by pressure also led to a decrease in the tear resistance, as previously
explained. Surprisingly, the press-drying pressure showed a significant effect on the zero-
span breaking length (Table 3). Increasing the pressure decreased this property (Figure 3).
The compression effect on the fibre increases the area occupied by the fibre wall in the testing
zone, which is expected to improve the zero-span. However, a slight decrease in this property
is observed with increasing press-drying pressure (Figure 3). This decrease could be attrib-
uted to the mechanical damage of the fibre due to increased pressure [5].

3.2. Impact of fibre strength on the development of paper properties

Intrinsic fibre strength plays an important role in the development of different paper proper-
ties. Indeed, rupture during testing could occur in the fibre or in the bond between fibres.
Several studies [5, 26, 41, 44-51] demonstrated that during rupture in tensile testing of paper,
some fibres pull out and others break. Beating weakens the fibres and the proportion of bro-
ken fibres during paper testing increases with the beating level.

There was no clear relationship between the tear index and the zero-span breaking length of
the pulps at any of the beating levels tested. This is not because fibre strength did not influence
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tear index, but because the effects of bonding and fibre length on tear index were more important
and also because of the low range in fibre strength variation compared to those of internal bond
strength and fibre length. Thus, the impact of fibre strength on the tear index could be hidden.

The relationship between zero-span breaking length and the tear index for beating levels where
there was enough data with similar bond strength values was studied. Two distinct relation-
ships were found at the same level of bonding, one for softwoods and one for hardwoods.
These relationships were highly significant and explained more than 81% of the total variation
in tear index (Figure 4a). This close relationship between the zero-span breaking length and
tear index is in good agreement with previous findings [5-8, 51]. The difference between hard-
wood and softwood pulps is due to the impact of fibre length on the development of tear index.

For tensile strength, a linear relationship between breaking length and zero-breaking length
was found for air-dried and press-dried paper (Figure 4b). This pattern of variation was
expected, considering the variation in fibre strength among the TMP and CTMPs. Indeed,
the TMP fibres showed lower fibre strength than the CTMP pulps at all beating levels and
press-drying conditions. The press-dried paper tended to have slightly higher fibre strength
and tensile properties compared to the air-dried paper. Better bonding can explain the higher
tensile strength, while better fibre compressibility explains the better fibre strength of press-
dried paper. The better fibre compressibility results in a higher area occupied by the fibre wall
and lower void area in the test zone, which explains the higher zero-span breaking length of
press-dried paper compared to air-dried paper.

Despite the high coefficients of determination (R* > 0.85), one can still observe a high scatter-
ing of the experimental data around the relationships for air-dried and press-dried papers.
The variation in fibre morphology and bond strength, along with the experimental errors,
explains this high scattering.

The close relationships between fibre strength and paper tensile and tear strengths are well
documented in the literature [1-11, 26, 41, 44-51]. However, previous studies used chemical

Air dried Press dried R*=0.83
m TMP Spruce e CTMP Spruce o . O Yeees
Softwood high-yield 4 DO TMPSpruce
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Figure 4. Effect of fibre strength on (a) the tear index and (b) the tensile breaking length of air-dried and press-dried
papers made from high-yield pulps.
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treatments or modification to vary the fibre strength to investigate this relationship [18-20, 49].
In addition, only a few studies investigated the impact of fibre strength on paper mechanical
properties of high-yield pulps [12, 15, 28-30]. This study confirmed the importance of fibre
strength in the development of tensile and tear strengths of high-yield pulps. Variations in
pulp type, wood species and drying parameters along with refining led to an important varia-
tion in the fibre strength.

3.3. Impact of internal bond strength on paper properties

The observed variations in paper properties, namely the tear index (Figure 5a) and the break-
ing length (Figure 5b), are due to the effects of both beating and press-drying on internal bond
strength. Data from the TMP and CTMP pulps followed two distinct relationships (Figure 5a).
This result is due to several differences in the properties of TMP and CTMP pulps including fibre
flexibility, compressibility and strength. Data from the present study show that the zero-span
breaking length of the TMP ranged from 7.5 to 9.9 km while that of the CTMPs ranged from 11.7
to 14.7 (Figures 2 and 3). CTMP fibres are reported to be more flexible and more compressible
than TMP fibres [29, 30]. The tensile modulus of elasticity of paper is closely related to fibre flex-
ibility [9, 10, 30]. The tensile modulus of elasticity for the TMP papers ranged from 0.75 to 1.85 GPa
while that of CTMP papers was much higher and ranged from 1.4 to 4.8 GPa [30]. Thus, CTMP
fibres were more flexible than TMP fibres, thereby explaining the distinct relationships of TMP
and CTMP paper (Figure 5a). As stated earlier, flexible fibres are more compressible and result in
denser paper and in a higher area occupied by the fibre wall and a lower void area in the test zone.

For the TMP, the pattern of variation is typical of the tear index variation with interfibre
bonding (Figure 1). The tear index initially increased with increasing bond strength to reach a
maximum around 6 N'm?/g, beyond which it started to decrease consistently with increasing
bond strength (Figure 5a). The initial increase is due to the fact that below the maximum tear
index the paper is weakly bonded. Thus, more fibres pull out than break in the tear zone and
the tear index is controlled to a greater extent by the number of bonds that break than by the
fibre breakage. Beyond the maximum tear index, where the level of bonding is high, more
fibres break than pull out along the tear zone [3, 6-8].
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Figure 5. Effect of the internal bond strength on (a) the tear index and (b) tensile breaking length of press-dried and air-
dried paper made from high-yield pulps.
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In the case of CTMPs, the tear index of the pulps decreased consistently with increasing inter-
nal bond strength (Figure 5a). The three pulps tended to follow the same relationship. For
each CTMP pulp, air-dried handsheets showed a higher tear index than press-dried ones
(Figures 2 and 3). The experimental data of the internal bond strength and the tear index
are scattered around both relationships (Figure 5a). This scattering is due to several factors
including variations in fibre strength caused by beating and press-drying, to changes in fibre
length due to species variation and to experimental error.

Fibre strength variation could also explain the differences between the tear index of vari-
ous pulps. Despite its shorter fibre length, the aspen CTMP showed higher tear index values
compared to the birch CTMP (Figures 2 and 3). The lower fibre coarseness and higher fibre
strength of the aspen fibres compared to those of birch explain this result. The spruce CTMP
showed the highest tear index because of its higher fibre length.

A close linear relationship was found between internal bond strength and tensile breaking
length (Figure 5b). It is interesting to note that all the experimental data generated in the present
study follow this relationship with a high coefficient of determination (R* = 0.88). This suggests
that internal bond strength is the main controlling factor in the development of tensile strength
of paper. This result is in good agreement with previous findings [4, 25, 41]. Figure 5b shows
that the experimental data is scattered around the regression despite the high coefficient of
determination. This scattering can be explained by the experimental error and the role of intrin-
sic fibre properties in the development of paper strength, namely fibre strength and fibre length.

3.4. Impact of fibre length and distribution on paper properties

Fibre length also plays an important role in the development of paper tearing resistance and
tensile strength. The effect of fibre length is clearly seen in Figure 4a where the softwood pulps
presented higher tear index values than the hardwood pulps at all constant fibre strengths.
Similarly, the spruce CTMP showed a higher tear index than the birch and the aspen CTMPs
(Figure 4a).

The tear index of both air-dried and press-dried paper was proportional to the fibre length
of all classified spruce CTMP (Figure 6a). However, the tear index of press-dried handsheets
was lower than that of air-dried ones. This result also shows that increasing bonding through
press-drying decreases the tear index. The slope of the tear index variation with fibre length
was also lower for the press-dried paper compared to air-dried paper. Thus, the dependence
of tear index on fibre length was less important for press-dried paper. These results agree with
Seth and Page [7] and can be explained by the tear mechanism as discussed in the previous
sections. In the air-dried handsheets, the fibres were weakly bonded (internal bond strength
varied from 80 to 290 kPa). Thus, tear index is controlled to a greater extent by the number of
bonds that break along the length of the fibres. However, in press-dried handsheets, interfibre
bonding was high (internal bond strength varied from 480 to 610 kPa), and consequently, the
tear index is controlled to a greater extent by fibre breakage than by bond breakage.

Fibre length distribution also showed an important impact on the tear index (Figure 6b). An
increasing proportion of finesled toalinear decrease in the tear index. Infact, higher proportions
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of air-dried and press-dried paper at 175°C and 0.75 MPa made from white spruce classified CTMP.

of fines improved bonding and reduced the average fibre length in the paper. Both changes
are known to decrease the tear index.

Figure 7a and b shows the impact of fibre length and distribution, respectively, on paper
tensile strength. At comparable CSFs (450 + 30 ml), an increasing fibre length led to a linear
increase in the tensile breaking length. The latter is also controlled by the fibre distribution.
The optimum breaking length occurred at around 40% of fines. The initial improvement
in the tensile strength from 0% to about 40% is due to the improvement in fibre contact
area. Beyond a 60% proportion of fines, the tensile strength showed a linear decrease due
to the reduction in the proportion of long fibres. Long fibres lead to better stress distribu-
tion along the fibre network while fines lead to stress concentration in the fibre network
[52], which explains the decrease in tensile strength when fines content is above 60%. The
decrease in the tensile strength with high fines content is in a good agreement with previ-
ous findings [3, 11, 12, 41, 53].
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4. Conclusion

The properties of high-yield pulps can be improved by beating and paper press-drying. Pulp
refining changes the fibre surface morphology, promoting mechanical adhesion between
fibres. Compared to air-dried paper, PD paper showed much higher internal bond strength,
breaking length and wet breaking length for all tested pulps and at all refining levels. These
results are due to the increase in the bonded areas. PD temperature softens the fibres and
changes their surface chemistry, while PD pressure improves the contact area between fibres.
These changes led to an important improvement in internal bond strength, which explained
to a large extent the variations in the tensile strength properties of paper. Two opposite ten-
dencies were observed for the tear index. In the well-bonded paper, press-drying leads to a
lower tear index compared to air-drying, while in the weakly bonded paper, press-drying
leads to a higher tear index compared to air-drying.

Fibre length and intrinsic strength also played important roles in the strength development
of paper. However, their impact was less important for the press-dried paper as compared to
the air-dried paper.

List of abbreviations

AD air drying

BL breaking length

CSF Canadian standard freeness
CTMP chemi-thermomechanical pulp
Ccv coefficient of variation

DF degree of freedom

ESCA electron surface chemical analysis
IBS internal bond strength

MC moisture content

o/C oxygen to carbon ratio

PD press drying

RH relative humidity

SBS specific bond strength

TI tear index

TMP thermomechanical pulp

ZSBL zero-span breaking length
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Abstract

Analyzing the relationship between production of wood-based products and the pro-
duction of paper and its derivatives ever more often attention is paid to complementar-
ity of the processes of production, recovery and recycling of key raw materials and
finally to their value and profitability of production. In this context, two main trends in
converting wood by-products are noticed: paper production and energy generation.
Development of market of sawmill by-products constitutes a challenge for wood indus-
try, which requires determination of the most efficient means of utilizing those by-
products. One of the crucial criteria of making business decisions is the value of wood
by-products. A method of valuation of those sawmill by-products when converted into
briquettes, pellet, or energy was presented. This method allows for multilateral analysis
of profitability of various means of utilizing wooden by-products, on the example of
Poland. Based on comparative analysis, recommendations for wood-based industry
were formulated.

Keywords: paper production, sawmill by-products, wooden pellet, wooden briquettes,
energy, wood market, economic efficiency, Poland

1. Introduction

The competitive position of the Polish wood industry is relatively strong. It is an effect of the
domestic forest resources, the quantity and quality of round timber acquired from the
national resource base, as well as continually growing significance of wood-based products
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distribution, and reproduction in any medium, provided the original work is properly cited.



110

Pulp and Paper Processing

in global production and trade. The total forest area in Poland amounts to 9.2 thousands
hectares, which means the afforestation rate is 29.5% (0.24 ha of forest per capita). Public
forests hold a domineering position (80.8%), mainly those managed by National Forest
Holding “The State Forests” (77%), which is a natural monopolist on the wood market.
Polish gross wood resources amount to approximately 2.5 billion m? of large timber (out of
which almost 2.0 billion m® belongs to The State Forests). The position of forest and wood-
based sector in Polish economy is determined by key factors: forests cover about 30% of
Poland’s territory, its share in GDP equals 2%, it creates workplaces and stimulates regional
development. The contribution of forestry and wood-based sector to gross domestic product
(GDP) in Poland amounts to: in case of forestry—0.3, and in case of wood industry —1.7%,
which comes to an average share of forest and wood-based sector at the level of 2% (which is
almost twice the world average) [1, 2]. Despite the imbalance in Polish wood- and wooden
products market and the deficit of wood (a permanent phenomenon being an effect of the
application of the principles of sustainable forest management), there is no threat for the
development of wood-based industries in Poland [3, 4]. The following factors have a decisive
impact on that: dynamic increase of demand for wood, wood being trendy and popular as an
environmentally and human friendly raw material [5, 6]. A study of inter-sectoral coopera-
tion seems justified with reference to the wood-based sector, especially owing to its territo-
rial dispersion [7].

Polish wood industry plays an important role in the development of the national economy.
The most important sectors based on wood include: sawmill industry, furniture industry,
cellulose and paper industry, and market of wood-based panels. Coincidentally, it may be
noticed that Polish market of wood by-products has developed dynamically. This industry is
highly fragmented and focuses on small and medium-size businesses (with only a few large
enterprises). A significant number of microenterprises (covering more than 30% of the entire
sector) are not included in any official statistics. The share of wood-based industry in the
production of the entire Polish processing industry is estimated at approximately 9%. Wood
industry processes on average more than 38 million cubic meters of round timber per year,
purchased mainly from National Forest Holding State Forests and worth more than 1.6
billion euro [8]. The potential of the wood sector is additionally confirmed by the level of
employment—more than 260 thousand employees (including 125 thousand in furniture- and
50 thousand in paper industry). Value of production in wood-based sectors exceeds more
than 20 billion euro (including 8 billion euro in paper industry and more than 7 billion euro
in the furniture industry); here, the upward trend is maintained. The value of total export of
wood industry products in Poland reaches more than 15 billion euro and there is a growing
trend. Poland is the fourth largest exporter of furniture in the world (following China,
Germany, and Italy), while other EU countries are the main recipients of Polish furniture [8].
Based on the case study of Poland, an attempt was made to evaluate the value and profitabil-
ity of converting sawmill-wood by-products to paper production and energy generation. The
aim of this study was to show a relatively easy method of verifying research hypothesis,
which has assumed that the refining conversion of sawmill by-products, based on the exam-
ple of selected new products processed in Poland enhances their value.
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2. Paper and paper industry in Poland and its economic significance

Despite domination of electronic economy and sometimes forecast marginalization of paper, it
remains present in a modern society as one of the basic products of everyday use. Paper and
paper industry still plays a significant role in creating economy of products based on wood.
Contemporary knowledge allows us to state that paper which has been used for over 2000
years still successfully competes with electronic media, as well as the most modern multi-
component packaging materials made of plastic, etc.

The areas of main functional utilization of paper and cardboard along with an attempt to
identify the most important tendencies in its development were shown in Table 1 [9]. In case
of an increment, the enhancement was estimated. Based on own research the level of changes
was measured (using a 5-grade scale: very high, high, medium, low, and neutral enhance-
ment). Analyzing the main fields in the functional usage of paper and cardboard, the following
key developmental trends were identified: Packaging and Specialty —a great variety (average
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Paper
functional use

Types of paper

Ready made products made
of paper

Developmental trends

Information: Newsprint; Coated and uncoated Newspapers; Journals- Increased use of multicolor printing

- collection magazines (SC and LWC); Coated Books; Computer printouts; and copying; Electronic media

- distribution and uncoated woodfree printing  Xerographic copies; Inserts;  taking over banking/trading docs;

- storage and writing Ilustrations Increased recycling as raw material
and use of additives (high
enhancement)

Packaging: Liner; Sack; Corrugating medium Bags Increased: use for distribution of

- transportation Folding box board; Liquid Boxes food and composites; General

- distribution ~ packaging board; Wrapping Wrappings increase in recycling of packaging

- protection Containers materials; (average medium
enhancement)

Hygienic: Tissue Toilet tissue; Kitchen towels; Use increases with general living

- personal care - dry crepe Facial tissue standard; End of chain for recycling

- cleanliness - wet crepe Napkins; Hand towels; of fibers; Use of virgin fiber for top-

- disease Hospital clothing; Wipers end products (high enhancement)

prevention

Specialty—a
great variety

Official papers; Filter paper; Fire

resistant papers

Notes; Stamps; Air filters;
Coffee filters; Baking paper

An ever-increasing number of new
applications (average medium

enhancement)
Multi- All papers Packaging labels (source of ~ Trend towards multi-functionality
functionality information and form of takes multiple usage of paper

advertising); Printouts on
sanitary papers.
Multi-functional packaging

products: new model of product life
cycle and the cycle of usage of goods
made of paper (very high
enhancement)

Source: Own elaboration based on [9].

Table 1. Main fields of functional use of paper and cardboard.
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medium enhancement); Hygienic and Information (high enhancement), and above all Multi-
functionality (which appears to be dominant). Leading identified developmental trend is the
emphasis on multi-functionality of paper products (very high enhancement). This trend
accounts for not only versatile, but also multiple usages of paper products. It therefore results
in creating a new model of product life cycle and at the same time a new model of cycle of
usage of commodities made of paper, which aims at an attempt to develop a closed cycle of
production and utilization of paper.

3. Poland as a consumer of paper and cardboard

One of the determinants of level and quality of life and simultaneously competitiveness of
regions is the volume of paper consumption per capita [10-19]. Annual average paper con-
sumption in Poland amounts to 130 kg per person per year (Figure 1).

An upward trend is observed with a declining rate of increase (Figure 2). Between 1995 and
2015, the ratio of annual paper consumption increased more than three times. It is the biggest
growth among all European countries included in the survey. Further increase in paper con-
sumption in Poland may be expected, as an average for countries of Western Europe, to be
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Figure 1. Comparison of paper and cardboard consumption in Poland and selected European countries in 1995 and 2015
[kg/person]. Legend: [X-axis label]: years 1995 and 2015; [Y-axis label]: kg/person paper consumption. Source: own
elaboration based on [10, 11].
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Figure 2. Paper consumption per capita in Poland [kg/person] in years 1965-2015. Legend: [X-axis label]: years 1965-
2015; [Y-axis label]: kg/person paper consumption. Source: own elaboration based on [11-19].

177 kg per person. In some countries, the level of paper consumption is even two times higher
than in Poland (Austria, Belgium, Spain, and Germany).

Even though a demand for newsprint decreases this trend is balanced by a growing demand
for sanitary paper, packaging paper, and cardboard [20, 21].

4. Poland as a producer of paper and cardboard

Poland ranks eighth among CEPI member states as far as the production of paper and cardboard
is concerned (the share of Poland is estimated at 5%) (Figure 3). Among the biggest paper
industries or companies in Poland, there are [23]: Arctic Paper Kostrzyn SA GK with registered
office in Poznan, Mondi Swiecie SA GK in Swiecie, International Paper-Kwidzyn sp. z o. o. in
Kwidzyn, DS Smith Packing GK in Kielce, Polska Wytwornia Papierow Wartosciowych SA in
Warsaw, and TFP sp. z o. o. in Kdérnik.

In 2016, over 4.6 million tons of paper and cardboard was produced in Poland (Table 2), 5.6%
more than in 2015. Transformation of Polish economy and direct foreign investments in paper
industry led to 2.5 times increase in the volume of production, as compared to year 2000.
Moreover, analyzing the dynamics of paper and cardboard production in Poland, one may
indicate a steady upward trend in the period between 2006 and 2016 with a maximum reached
in 2010 (13%) and high production ratios in 2009 and 2013 (over 7%).

According to product criteria, the most dynamically developing segment of production is the
segment of paper hand towels made from paper pulp, paper, cellulose wadding, or webs of
cellulose fibers. In the decade under analysis, there has been a steady increase in the produc-
tion with a maximum in 2012 (30%) and short-term slump in 2013 (decrease by 5.8%).

13
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Figure 3. Major producers of paper and cardboard in Europe (2016). Source: own elaboration based on [22].

Production of corrugated cardboard increases from 3.3% in 2009 to 15.4% in 2011, subse-
quently reaching average values of 6% annually (2013-2016). Stable increase in the production
is also observed in packaging segment including cartons, boxes, and cases made of paper and
corrugated cardboard. An increase in the production of those commodities was noted from
4.5% in 2016 to 10.2% in 2012. The only decrease by 1.2%, took place in 2008.

Dynamic development of paper hand towels production as well as a steady increase in the
production of cardboard and paper packaging compensates falls in the segment of newsprint
in rolls or sheets.

Paper and paper-based products 2000 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Units in thousands tons

Soda or sulfate chemical woodpulp 751 802 825 814 820 826 881 894 848 881 881 873 877
Mechanical wood pulp* 244 249 345 353 331 319 299 307 304 306 301 286 303
Paper and paperboard/of which 1934 2732 2857 3005 3055 3275 3670 3756 3822 4106 4278 4399 4644

Newsprint 211 221 191 204 170 166 149 149 149 142 125 110 112
Graphic paper** and paperboard/of 317 596 624 649 715 782 710 696 716 720 730 714 731
which

Graphic paper paperboard*** 296 595 623 0648 673 704 707 691 712 719 729 712 729
Uncoated, unbleached kraftliner — 597 762 802 622 675 662 681 733 751 769 781 769

Semi-chemical fluting — 136 189 180 185 280 178 188 178 180 178 154 170
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Paper and paper-based products 2000 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Units in thousands tons

Uncoated Kraft paper and 172 153 147 139 128 115 136 126 93 96 102 107 109

paperboard****

Corrugated paperboard 457 958 1054 1158 1210 1249 132 1528 1588 1703 1811 1933 2040

Sacks, bags of paper 83 90 104 117 102 126 124 126 115 113 121 124 131

Cartons, boxes of paper and 583 1155 1193 1417 1400 1523 1666 1747 1864 2010 2186 2408 2516

corrugated paperboard

Toilet paper 116 215 208 219 237 259 255 268 297 298 304 330 367

Hand towels of paper pulp, paper, 13 88 108 122 140 142 143 166 215 202 214 229 239

cellulose wadding, or webs

Source: own elaboration based on [24].

*Mechanical wood pulp; semi-chemical wood pulp; pulps of fibrous cellulosic material other than wood;
**Paper and paperboard of a kind used for writing, printing or other graphic purposes;
**Graphic paper and paperboard containing 10% and less by weight of the total fibers (by a mechanical process);
****Uncoated kraft paper and paperboard; sack kraft paper, creped or crinkled.

Table 2. Production of pulp and paper commodities in Poland (2000-2016).

This tendency is driven by competition from electronic media; however, one cannot explicitly
state that this trend is sustainable. Within the period under the study, there has been produc-
tion decline in this segment by more than 10%; however, in recent years, an increase was
recorded (including that of 4.1% in 2016). The changes in the dynamics of production of
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Figure 4. Dynamics of production of paper and cardboard and its different assortments in Poland in the period 2000-2016
(2000 = 100%). Legend: [X-axis label]: paper and paper-based products; [Y-axis label]: percentage change (2000 = 100%).

Source: own elaboration based on [24].
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individual paper, commodities were identified as a special example, which was also based on
the carried out case study. It allows identifying the more important market trends with regards
to products orientation. Analyzing changes in the total size of paper and cardboard produc-
tion, as well as production broken down into the most important assortment groups in the
period between 2000 and 2016 (Figure 4), the biggest growth (almost 18-times) was observed
in the group of paper hand towels made of paper pulp, paper, cellulose wadding, or webs of
cellulose fibers.

Also production of corrugated cardboard increased over four times, as well as the production
of paper and corrugated cardboard packaging, such as cartons, boxes and cases. The smallest
increase by “only” 60% was observed in the group of paper sacks and bags. While the
production of newsprint in rolls or sheets dropped by almost 50%.

In a comprehensive approach as of year 2000 (that is within a period of 16 years, till year 2016),
Poland recorded a total increase of 140% in the production of paper and cardboard.

5. The potential of Polish paper industry: international comparison

Presented results and conclusions were based on the data of Polish Main Statistical Office.
Inclusion of international comparisons requires, at least within classification (assortment) used
in Europe, adaptation of classification used by CEPI (Table 3). Structure by type of paper and
cardboard production in CEPI member states (Figure 5) is dominated by graphic paper (39%
share) as well as paper and corrugated cardboard (30% share).

In Poland, half of the production constitutes paper for corrugated cardboard production and the
share of newsprint amounts to 20%, the next assortment group is sanitary papers with the share
of 13% in the overall volume of paper industry production (Figure 6). The structure of Polish
production is similar to the trends observed on paper and cardboard markets world-wide.

Analysis of CEPI statistics allows for a positive evaluation of the condition of European paper
market, which in an analogical study period achieved better results than the USA or Canada
[22]. In 2016, the total of 90.9 million tons of paper and cardboard was produced in Europe,
which is a good result despite the 0.1% drop in overall production, as compared to year 2015.
European market follows general trends of reducing weight of produced packaging materials,
and most importantly focuses on efficient usage of resources [26]. In 2016, graphic papers
production was limited (by 3.8%), and simultaneously there was an increase in the production
of sanitary papers (by 1.1%) and packaging papers (by 2.4%). In the group of packaging
papers, there has been an increase in the production of papers assigned for the production of
corrugated cardboard (by 2.2%), used for manufacturing boxes (cartons) and other packaging
used for transport purposes. Already, previously, indicated convergence of global trends with
those observed on Polish paper and cardboard market, one may conclude that identification of
economic tendencies for Polish case study concerning a selected Central and Eastern European
country may be used as a source of forecast for the development of paper industry in other
countries and the world regions.
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CEPI paper assortment group CEPI Countries Poland

Production (P) and consumption (C) Production (P) and consumption (C)

2014 2015 2014 2015

P C P C P C P C

Unit in thousands of tons
Newsprint 7594 7061 7042 6606 126 9.6 110 —
Uncoated mechanical 5634 4684 5503 4623 0 275 0 247
Coated mechanical 7050 5142 6789 4926 0 266 0 239
Uncoated woodfree 9017 7149 8934 7036 730 239 714 287
Coated woodfree 7364 4938 7020 4754 0 248 0 285
Total graphic papers 36,659 28,918 35,265 27,946 856 1039 824 1052
Sanitary and household 7001 6700 7153 6925 562 418 568 414
Case materials 26,205 24,870 27,059 25,894 = 2044 1981 2166 2205
Carton board 8551 5744 8710 5891 239 474 265 517
Wrappings 4106 2994 4071 2866 89 269 95 276
Other paper & board for packaging 4591 4159 4733 4300 90 166 96 177

Total packaging papers 43,452 37,767 44,572 38,951
Other paper & board 3910 3642 3881 3594
Total paper & board 91,019 77,028 90,872 77,416

2462 2890 2622 3174
399 355 385 346
4278 4701 4399 4986

Source: own elaboration based on [11, 25].

Table 3. Paper and Board Production and Consumption in 2014 and 2015 (CEPI).
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Figure 5. Structure of paper and paperboard production in CEPI countries in 2015. Source: own elaboration based on [11, 25].
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Figure 6. Structure of paper and paperboard production in Poland, in 2015 (CEPI). Source: own elaboration based on [11, 25].

6. Development prospects of paper and cardboard market

An attempt for identification of global development trends on the market of paper commodities
based on a case study of local market (Poland), although seems to be a risky assumption, as
reflected in the observations of consumers behaviors in Europe and world-wide. Those trends
mainly concern two segments: paper and cardboard packaging (I) and sanitary papers (II). In the
first case, development is determined by knowledge and belief of consumers regarding the
endurance of packaging and the possibility of its recycling based on paper resources, while a
growing demand for sanitary papers is determined by socio-economic factors related to the
improvement in standard of living and demographic situation. China is a good example
allowing us to draw conclusions that there is a link between growing GDP and an increase in
the consumption of sanitary papers (Figure 7).

Tissue consumption growth will closely follow economic growth

11
——GDP Growth

10 - |
—Tissue Consumption Growth

Growth, Percent per Year
q

A 0o

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Figure 7. Comparison of GDP and tissue consumption changes in China (2008-2017). [X-axis label]: Years 2008-2017.
Source: [27].
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This trend is stimulated by other complementary factors: urbanization, growth of net income,
as well as consumer spending and primarily standard of living, natural element of which is
access to high quality paper sanitary products. Moreover, even in the group of graphic papers,
which is threatened by a decreasing demand due to a partial substitution by electronic media,
a domineering position of new technologies over paper is not yet sealed.

Using descriptive approach, the following most important development trends of individ-
ual groups of paper products simultaneously reflect the formulated key trends in the
development of the whole sector. Firstly, trends on the market of graphic papers were
verified. Despite adverse opinions, the electronic media will not totally substitute paper as
the medium of press, journalistic and scientific information as well as books and docu-
ments. Naturally, they will become a partial substitute facilitating and supplementing
exchange of information on paper and communication. This investigation is supported by
the following studies:

*  The results of survey among office employees of 2400 small and medium-size enterprises
from EMEA countries conducted on behalf of Epson Europe (2016-2017), which do not
leave any doubts: pro-paper option dominates. 76% of respondents have an opinion that
printing is a “very important” factor facilitating work and 75% states that “running paper-
free office is unreal” (e.g., Poles print on average 29 pages a day) [28].

*  70% of Americans (including 69% aged 18-24) stated, in the survey conducted in September
2012 by Two Sides, that they prefer to read information printed on paper rather than
displayed on a screen [29].

e Similar results were brought by research undertaken by Pew Research Center,
which noticed that 6% of the respondents read books in digital format and 38% only
in printed version. Hence, an imminent death of traditional books cannot be fore-
casted [30].

*  Exchange-listed Association of German Book Sellers announced that in 2014, the existing
buyers of electronic books ever more often read in printed formats (a drop in the number
of e-book readers from 46% in 2013 to 33% in 2014) [31].

e A group of leading American companies removed advertisement promoting electronic
invoices as more ecological. It has been justified by the statement that printing on paper
has many unique features of environment protection (renewable resources), argument on
rescuing forests is misconceived (more trees are planted than harvested), an actual cost of
launching electronic documents is not known, while the majority still collects paper
printouts of their e-documents for archive purposes [32].

®  On the request of association of Consumers for Paper Options (CPO) in 2013, in the USA
(and previously American post), it has been assessed that 80% of respondents are in the
opinion that forcing clients to receive invoices (including those for energy consumption)
only in electronic form is unacceptable [33].

®  Scientists from McMaster University in Canada developed a method of printing on paper
biosensors, which will be warning consumers against contaminated foods [34].
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e At Bologna University, it has been proved that fruit sold on trays made of corrugated
cardboard stay fresh for longer and are better protected than those sold on reusable plastic
trays [35].

* Report “Paper and Productive Learning” [36] confirms domination of paper in academic
education. 82% of students always or very often use paper when revising for exams, 74%
uses paper for taking notes. Simultaneously, 64% of teachers are convinced that students
better understand texts which are put on paper.

e Also, the study of artists” opinions revealed their conviction about greater efficiency of art
expressed via paper than in digital format [37].

*  Finally, association of German paper mills (Verband Deutscher Papierfabriken (VDP)) using
research method of interview and observation of usability of paper in everyday life of
Germans identified a significant role of paper in context of hygiene (80% respondents),
transport (69%), and information (66%). Paper environmental safety was recognized and
79% of respondents were for invoices and documents delivered in paper format [38].

Meanwhile, economies worldwide record decreases in the production of graphic papers;
however, stating its imminent decline or total elimination from usage would be unjustifiable.
A totally reverse trend is observed on the market of paper packaging including corrugated
cardboard packaging. Demand for this product grows in BRIC countries (Brazil, Russia,
India, and China). Already, over 65% of packaging in Germany is manufactured from
corrugated cardboard. This market in Europe is considered to be a growth pole (the pace of
growth is estimated at 4.8% annually). Over half of British consumers (57%) prefer to pack
their fresh food products in paper bags [39], and similar preferences are declared by 68%
of European consumers [40]. Development of corrugated cardboard is also stimulated by
new products manufactured based on cardboard, including: ULD pallet with honeycomb
structure [41], corrugated cardboard bicycle helmets for self-service bike rentals [42],
and KarTent, manufactured entirely from cardboard designed by a Dutch start-up [43].
In reaction to those trends, some factories producing graphic paper change their profile and
launch production of corrugated cardboard: (a) Pro-Gest is reconstructing newsprint mill in
Mantua, Italy, planning the production of corrugated cardboard in 2018 [44], (b) a similar
investment takes place in Heinzel factory in Laakirchen in Austria [45], (c) a change of profile
for corrugated cardboard will be launched in Madrid by International Paper, following their
acquisition of newsprint paper from Holmen [46], (d) new investments are also carried out
by LEIPA in Schwedt [47], Mondi (Slovakia)—production of “Kraft top white” [48], in
Poland Stora Enso in Ostroteka [49], Prinzhorn group (Eurobox Polska) [50], and Schum-
acher Packaging Group in Myszkdéw [51].

European tissue paper market is growing at a quite stable pace, on average by 2-3% per year.
A decline was recorded only in 2009. Western European markets record lower increase rate (up
to 2%), while developing markets of Eastern Europe including Russia and Poland constituting
60% of the market record higher which increases (up to 4-5%) [52]. Tissue paper market is
steadily developing (13% of Polish market of commodities made of paper in 2015) [53], and
consumers are looking for goods in both economy and, ever more frequently, premium
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Figure 8. Use of recycled paper in CEPI countries in 2016. Source: own elaboration based on [25].

segment [54]. Along with the development of paper commodities market, one may also predict
an increase in the usage of recycled paper. Currently this level is relatively stable with a slight
growth in 2016 and amounts to 47.8 million tons (Figure 8). Collection of paper for recycling
grew by 1% reaching the level of 56.4 million tons. Simultaneously, export of recycled paper
increased by 5.6%, most of which was sent to Asian markets (91.7%). Level of recycling in EU
countries, Switzerland, and Norway reached to 72.5% (increase by 0.7%).

Despite the fact that paper sector has to fight myths, such as “paper production destroys
forests and environment,” market of paper commodities is well perceived by consumers and
will be developing. This development will include mainly those segments which are based on
wood, and maximize the added value by trying to implement the principle of “zero waste.” It
is therefore about the type of industry which facilitates multiple recycling and converts into
energy only, the materials which cannot be reused.

7. The value of sawmill wood by-products

In Poland, the use of sawmill by-products, which share in the total supply of all industrial
wooden by-products (including veneer sector) amounts to 60%, becomes even more signifi-
cant [55]. The aim of this analysis was to show a method of verifying research hypothesis,
which has assumed that the refining conversion of sawmill by-products, based on the example
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of selected new products processed in Poland enhances their value. The research used the data
related to the prices of sawmill by-products, which was obtained via questionnaire and
in-depth interview carried out at sawmills in Poland in 2015. Sawmills were selected using
nonrandom sampling technique, in accordance with the minimum size of the sampling and
the verification of statistical correctness of selection [56]. Evaluation of the profitability of
processing the sawmill by-products into bio-fuels and energy was proposed based on:

1. Determining the value of sawmill by-products in the given areas of application

a. Processing into bio-fuels [55]:

W:L{c.[]- ] ]—k .—k} [EUR/m?] (1)
pi a ip 1—P pi 1

pi

b. Processing into energy [55]:

19,5-25w, (. m;
Wei zcjeg [l

_1_P}_kpi —ky [EUR/m?] (2)

1+w,

where W,; is the value of wooden residue being processed into any wooden fuel
[EUR/ms], I is the number of the type of by-product being converted, i € <1, n>, P is
the type of generated wooden fuel, p € <1, n>, a,; is the ratio of material intensity when
processing the given by-product “i” into wooden fuel “p” [m’/t, mp/t], ¢;, is the unit
sales price of the fuel “p” generated while processing by-products [EUR/t], m; is the
assumed net profit margin level m;: {0.01; 0.05; ... 0.15}, P is the Corporate Income Tax
(CIT), in 2015 = 0.19, k,,; is the cost per unit of processing wooden residue [EUR/t], k;; is
the cost of transporting a unit of wooden residue [EUR/t], W,; is the value of a given
type of by-product of “i” number converted into energy [EUR/m’], Cj is the unit price
of selling energy generated from burning by-products [EUR/GJ], G is the bulk density
of the type of by-product being burnt [t/m?], and w, is the absolute moisture of the by-

product being burnt.

2. Comparing the determined value with the sales price of unprocessed sawmill by-products
[55, 57]. Determined value of various types of sawmill by-products being processed into
pellet, wooden briquettes, and energy was estimated and presented in Table 4, along with
the sales prices of the post-production by-products from which they were processed.

The presented data indicate that a significantly higher increase in the value of sawmill by-
products is reached by the entrepreneurs who process them at the place of their creation;
hence, they do not bear any transport costs. The highest here is the value of post-production
by-products processed into wooden briquettes, and slightly lower, in case of those being
processed into pellet. The least profitable is processing “by-products” into energy, yet not
for all types of by-products. The formula rationalizing the utilization of the stream of sawmill
by-products via determining the value of their individual types which facilitates the selection
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Types of by-products Sawmill Value of by-products in conversion divided into
by-product average
price [EUR/m’] Pellet with margin Briquettes with Energy with
margin margin
0.05 0.10 0.15 0.05 0.0 0.5 0.05 0.10 0.15
Without transport cost [EUR/ m®]
Including transport cost [EUR/ m°]
Sawdust MSTR =10% 28.10 46.48 39.89 35.68 49.52 4554 4156 29.21 27.14 25.07
36.92 3272 30.75* 4235 38.37 3440 2649 2442 22.35
MSTR =50% 24.12 39.67 33.52 2959 42.65 38.94 3523 33.85 31.46 29.06
30.36 2643 24.60* 3557 31.86 28.14 31.51 29.11 26.72
De-fibered MSTR =25% 28.10 4493 3996 3499 5262 47.87 43.13 33.60 31.22 28.84
chips 3933 3436 31.00% 47.02 4227 37.52 3175 29.37 2699
MSTR =50%  28.10 3713 3294 2876 4359 39.59 3559 40.62 37.74 34.87
31.51 29.59* 23.14 3797 3397 2997 39.10 36.22 33.35
Pulp chips MSTR =25% 35.36 50.25 4493 39.61 57.05 52.01 46.97 33.60 31.22 28.84
44.65 39.33 36.85* 5144 4640 4136 31.75 29.37 26.99
MSTR =50% 35.36 41.63 37.15 32.67 47.31 43.07 38.82 40.62 37.74 34.87
36.01 31.53 27.05 41.69 37.45 33.20 39.10 36.22 33.35
Waste wood 24.59 52.68 46.75 40.82 61.88 56.22 50.55 33.60 31.22 28.84
MSTR =25% 4711 41.18 3525 56.31 50.64 4498 31.75 29.37 26.99

Source: own elaboration based on [55].
MSTR, moisture content; *, bb—sales only in big bag; **, bulk—only bulk sales. In bold, values of those converted by-

products which came out as lower than the average sales price of sawmill wood by-products.

Table 4. Value of wood-sawmill by-products converted into pellet, briquettes and energy including and excluding cost of

transport in Poland (2015).

of the most profitable one, from the sawmill perspective, and the way of utilizing its post-
production by-products.

8. Criteria for evaluating profitability of processing sawmill wood

by-products

Research attempts are taken to evaluate profitability criteria of converting the wooden by-
products into wooden briquettes and pellets. Selected factors have been studied: namely
threshold margin, maximum price (at which the raw material can be purchased for further
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Type of wood Sawmill wood by- Profitability of processing wood by-products
generated as by-products and basic products

by-product product average
price [EUR/m°]

Break-even margin, my, Maximum unit Maximum Maximum distance Maximum purchase Minimum
costs of conversion  cost of from which raw price of raw selling price of
including transport transport per materials can be materials for finished

unit transported* conversion product

By- Basic Kpmax + Kemax [EUR/ Kemay [EUR/A] 1 [km] Cpub [EUR/m’] Cmin [EUR/]

production production t],[EUR/m’]*

Pellet

Briquettes

Sawdust MSTR 28.10 23.76 15.23 88.33 44.37 232.89 40.80 122.83
10%
31.64 22.63 80.29 55.94 293.65 45.96 103.21
MSTR 24.12 22.12 13.09 94.11 41.31 204.97 34.44 126.82
50%
26.98 16.86 77.79 44.96 223.04 35.97 106.86
De- MSTR 28.10 21.86 16.22 91.82 38.13 254.76 4418 112.98
fibered 25%
. 30.73 24.82 85.50 51.20 342.02 51.60 93.60
Chips
MSTR 28.10 15.52 9.88 82.27 27.06 151.54 36.30 124.05
50%
26.63 20.99 82.27 46.45 260.07 45.54 104.66
Pulp MSTR 35.36 18.93 12.66 89.04 35.35 236.16 48.79 127.63
Chi 25%
pe " 26.41 19.79 81.00 46.69 31195 55.24 108.24
MSTR 35.36 11.68 541 77.02 21.81 122.13 40.17 141.17
50%
18.75 12.13 68.98 33.16 185.65 45.57 121.78
Waste Wood 24.59 28.69 23.99 105.14 50.05 400.30 33.60 53.06
MSTR =25%
37.34 3242 98.81 61.70 493.48 31.75 60.98

Source: own elaboration.

MSTR, moisture content; *, transport 25 m?>, rate 1.06 EUR/km (In bold the highest values of: break-even margin level for various forms of utilizing sawmill-wood by-

products); data presented excluding cost of transport.

Table 5. Profitability of processing wood by-products into pellets and briquettes and basic products in Poland (2015).
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processing), maximum unit cost of processing (including and excluding cost of transport),
and the minimum acceptable by the producer sales price of the wooden biofuel (Table 5).'

Evaluation of profitability of processing sawmill by-products into ecological fuels and
energy may be carried out in determining their value using the formula (3) [55], and then
comparing it with the price of unprocessed “wooden residue.” Transformation of the for-
mula given below (Eq. (3)), which allows to set down the maximum possible margin, costs of
processing, or the price level of the “residue” up to which purchasing of it will still be profit-
making:

1 m,
W =—| & 1 - —k, -k, [EUR/m?| (3)

where W, is the value of wooden residue being processed into any wooden fuel [EUR/m’], A
is the amount of basic material necessary to generate one unit of a given wooden fuel [m’/t,
mp/t].% ¢; is the sales price per unit of a given wooden fuel [EUR/t], m; is the target net profit
margin m;: {0.01; 0.05; ... 0.15}, P is the Corporate Income Tax (CIT), in 2015 = 0.19, k;, is the cost
per unit of processing wooden residue into a given wooden fuel [EUR/t], and k;; is the cost of
transporting a unit of wooden residue [EUR/t].

Comparative analysis used the data related to the prices of sawmill wood by-products,
which was obtained via questionnaire carried out at wood processing plants (sawmills) in
Poland in 2015. Analysis has embraced both companies (wood processing) which gener-
ated their own wood by-products as well as those which have to buy those (wooden) by-
products (Table 5). Analysis of the juxtaposed values indicates that the most profitable
form of processing wooden by-products is briquettes production and the highest margin
level: 37.3% in case of the entrepreneurs who are in possession of those by-products
may be obtained utilizing wood chips. The least profitable material for the production
of briquettes is paper chips of 50% moisture content, due to their high price in the unpro-
cessed form.

9. Conclusion

The formula rationalizing the utilization of the stream of sawmill by-products via determining
the value of their individual types facilitates the selection of the most profitable, from the sawmill
perspective, and the way of utilizing its post-production by-products. At the same time, it gives
their owners the basis for choosing a versatile structure of their utilization. The above presented
method may also be used when evaluating the profitability of production adopted as the main
commercial activity by the entrepreneurs using the product available on the market.

"For comparison, the current average exchange rate is 1 EUR = 4.2705 PLN (Table No. 078/A/NBP/2017 of April 21, 2017;
Source: http://www.nbp.pl/homen.aspx?f=/kursy/ratesa.html [Accessed: April 21, 2017]).
“The symbol “mp” means spatial meter in [mp/t] and [EUR/mp].
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The following conclusions and recommendations were formulated:

1.

The study showed that significantly higher increase in the value of further processed
sawmill by-products is achieved by those entrepreneurs who process them at the place of
their conversion without bearing any additional cost of transport.

Preferred and the most efficient way of utilizing wood by-products would be the sales of
this raw material for further processing into paper and other derivatives (for example de-
fibered chips), or alternatively direct utilization of solid pieces of wood assigned for a
specific product which allows to gain added value, recycle, and reuse.

Only definite lack of resources primary usage should determine an optimum method of
processing.

The highest value is characteristic for wooden by-products processed into briquettes,
slightly lower for those processed into pellet. The least profitable is converting wooden
by-products into energy.

In detail, it was identified that:

*  The highest level of threshold margin is reached by the production of wooden bri-
quettes utilizing wood chips (37.3%). The producer—who does not incur transport
cost—may reach a higher margin, from 4.7% (wood chips) up to 9% (sawdust with
50% moisture content).

¢ The maximum margin of net profit—determined for wooden pellet—is on average
between 7.6 and 8% (including or excluding cost of transport) lower than in case of
processing wooden by-products into briquettes.

¢ Recommended for processing into pellet are: dry sawdust and paper chips—for
which the average sales price may be higher.

*  The most profitable material —for briquettes production—constitutes de-fibered chips
and wood chips (with moisture content of 25%), due to lower quality requirements
concerning final product.

The descriptive analysis showed that significantly higher increase in the value of further
processed sawmill by-products is achieved by those entrepreneurs who process them at
the place of their conversion without bearing any additional cost of transport.

Investigating the further processed sawmill by-products (i.e. the wooden by-products into
ecological fuels) is of essential importance for the economic development of regions,
especially for industries characterized by high territorial fragmentation, e.g., the forest
and wood-based sector in Poland.

It needs to be highlighted that Polish wood market and derivative markets are determined
by quasi-monopolistic organization of the market of wooden raw material. Institutional
conditions of inter-municipal and inter-sectoral cooperation in Poland are concurrently an
opportunity and a barrier for the establishment of partnerships with the participation
of wood industry. Functioning of a secondary wood market, dispersed and territorially
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diversified, is a subject to market mechanisms. It creates a new market for sawmill wood

by-products, which is an opportunity for the development of small- and microenterprises

in the forest- and wood-based sector in Poland.
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Abstract

Separation of cellulose from agricultural straw is one of the key bottlenecks hindering
the application of such kind of biomass resources. In this chapter, we provide three envi-
ronmental-friendly ways for separation of cellulose from agricultural straw pretreated
with steam explosion, which include delignification with recyclable water-polar aprotic
organic solvent, selective bio-degradation of the lignin component, and extraction of cel-
lulose with imidazolium-based ionic liquids from the steam-exploded rice straw. The
isolated rice straw celluloses have been adopted as an enhancement for all-cellulose com-
posites (ACCs) and cellulose/cement composites. Ultra-high tensile strength (650.2 MPa)
can be achieved for the ACCs containing the activated straw cellulose fiber (A-SCF). The
cellulose/cement composites show a significant promotion in the flexural strength and
fracture toughness. The new nonderivative solvent for cellulose, tetrabutylammonium
hydroxide (TBAH) aqueous solution with urea as additives has been proved to be manip-
ulable for dissolving cellulose.

Keywords: rice straw, steam explosion, cellulose, ionic liquids, all-cellulose composites,
cellulose/cement composites, cellulose solvent

1. Introduction

Due to the ever-growing demand for energy, environmental impact caused by pollution, and
the depletion of fossil fuel reserves, the demand for materials from renewable resources has

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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become an important matter [1, 2]. Lignocellulose biomass is considered one of replacing
chemicals as well as fuels based on oil [3]. Agricultural residues is one of the most valuable
and renewable lignocellulosic biomass as well as a promising alternative for cellulosic materi-
als. Among different sources of agricultural residues, rice straw has been extensively investi-
gated because it is one of the most consumed cereals in the world, about 650-975 million tons
per year all over the world [4, 5]. Rice straw is composed of approximately 35% cellulose, 18%
hemicellulose, and 15% lignin [6]. It can be used as raw material for conversion to high value-
added products through chemical, biochemical and physical processes. However, cellulose
is usually accompanied by other structural biopolymers, saying hemicellulose, and lignin.
Therefore, determination of methods for the efficient separation of the constitutive biomass
components has long been the major obstacles to its utilization.

Thus, novel environmental-friendly processes have been developed continuously, which
include steam explosion [7], organosolv processing [8], the chlorine-free method [5], biologi-
cal treatment [9], and ionic liquid isolation [10]. In this chapter, a brief review on the separa-
tion of rice straw cellulose in sustainable ways and the related utilization of the cellulose
enhanced composites are systematically presented.

2. Steam explosion as pretreatment of rice straw

2.1. Introduction

Steam explosion (SE) has been a well-known technology for the pretreatment of straws during
the separation of cellulose [11-13]. The critical process is the high-temperature hydrothermal
treatment followed by a sudden exposure to atmospheric pressure [14].

During processing, the major hemicelluloses are partially hydrolyzed (autohydrolysis) due
to high temperature transforming the acetyl groups connected with hemicellulose into acetic
acid. Part of lignin can be depolymerized and leaving on the cellulose [15]. It is reported that
the hydrolysis of hemicellulose separation was related to the reaction time and the pressure
in the reactor [16]. For example, with the optimum condition (215°C, 7.5 min), a high-yield
of sugar (81%) and ethanol (12.4%) can be obtained [17]. Therefore, the critical issue is a suit-
able condition of parameters, such as cooking time and the pressure, for efficient removal of
hemicelluloses during the steam explosion which has been optimized by Zhou et al. [18]with
a regression method in statistics.

2.2. Optimizing of conditions for steam explosion

Naturally dried rice straw was cut into pieces of about 2-3 cm in length and then shredded in
a high-speed pulverizing mill. The crushing process was necessary for the effective infiltra-
tion of steam into the cell. The rice straw was then put into the reactor with a solid to liquid
ratio of 3:1 (w/w). The high-temperature steam was poured in by opening a valve and cooked
for a specified time, followed by explosion procedure.
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Figure 1. Spatial distribution of these two factors.

Normalized Pressure X1 (MPa) Cooking time X2 (min)
1.414 3.2 32
1.000 3.0 30
0.000 25 25
-1.000 2.0 20
-1.414 1.8 18

Table 1. Parameter table.

A series of experiments were designed to investigate the effects of pressure X1 (correspond-
ing to temperature) and cooking time X2 on the final product of hemicelluloses (y-Cellulose)
and cellulose (a-Cellulose) in the process of steam explosion by using a regression method in
statistics. The number of the experiments (N) meets the equation below:

N = 27" +2m+3 (1)

where, m is the number of independent factors and “3” is the number of experiments in the
central point, which could improve the accuracy of the regression.

The spatial distribution of these two factors (X1, X2) in this regression design is illustrated in
Figure 1. According to the earlier works of exploratory, the interval factors have been deter-
mined, as shown in Table 1.

The details of the experimental plan as well as the content of hemicelluloses and cellulose of
the steam-exploded straw are shown in Table 2. The sample 11 of steam explosion in Table 2
is selected for the comparison of the main components with the original rice straw. It is clear
that most of the hemicelluloses can be hydrolyzed and extracted at the proper set of conditions
for the steam explosion.
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No. X1 X2 Treatment severity IgR ° y-C (%)° a-C (%)° DPe¢

Rice straw — — — 17.98 35.06 1123
1 1.000 1.000 6.19 3.01 70.43 229.5
2 -1.000 1.000 5.60 8.66 69.85 303.3
3 1.000 -1.000 6.01 3.84 65.03 198.4
4 -1.000 -1.000 5.42 3.25 67.58 272.7
5 0 1.414 5.92 6.29 72.96 360.2
6 0 -1.414 5.67 6.68 70.51 276.2
7 1.414 0 6.25 2.72 61.77 246.0
8 -1.414 0 5.37 8.46 70.49 418.6
9 0 0 5.81 1.45 64.80 268.3
10 0 0 5.81 1.38 64.72 266.0
11 0 0 5.81 1.10 64.65 270.9

Refers to the strength of the steam explosion and could be calculated by Eq. (2).
*The contents of a-Cellulose and y-Cellulose, respectively, which are determined according to Tappi method T203 cm-99.

“The intrinsic viscosity of a-Cellulose ([n]) that is measured in cupriethylenediamine (CED) solution, and from which
the DP (degrees of polymerization) could be calculated by the equation below, according to SCAN-CM 15:88 standard.

Table 2. Effect of reaction time and pressure on the final content of hemicelluloses and cellulose [18].

The value of IgRo is proportional to the strength of steam explosion. Additional hydrolysis of
a-Cellulose may happen along with higher IgRo, as indicated by sample 7 in Table 2.

timin] TI° C] - 100
R, = [ ep(Tim") « )
DP°7¢ = [n]/2.28 3)

Experimental data in Table 2 have been fitted to the following second-order polynomial:
Y = a+bX +cX +dX2+eX2+fX X 4)

where Y refers to a-Cellulose, y-Cellulose and SCAN viscosity, respectively. The symbols of 4, b,
¢, d, e and f are the corresponding estimated parameters. Regression has been carried out using a
nonlinear method with the SPSS software, and the result data are as shown in Table 3. R? values
of a-Cellulose and y-Cellulose are close to 0.9, which indicate good models for these factors.
However, the model of SCAN viscosity is not well fitted, as indicated by the low value of the R*.

Since the regression has established good models (Egs. 5 and 6) describing the relationships
between independent factors (referring to X1 pressure and X2 cooking time of the steam explo-
sion process) and the responses (referring to Y, final content of y-Cellulose and a-Cellulose).
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Symbols y-Cellulose (%) a-Cellulose (%) SCAN viscosity
a 1.31 64.72 268.42

b -1.65 -1.79 -48.76

c 0.50 1.34 26.80

d 1.80 0.54 14.93

e 2.25 3.28 4.85

f -1.56 0.78 6.95

R? 0.896 0.861 0.332

Table 3. Characteristic constants and R? of the regression [18].

These relationships can be visualized, as shown in Figure 2. The values of coordinates of their
nadirs are given in Table 5.

Y .= 131-1.65% X, +0.50 x X, +1.80 x X2+2.25 x X2~ 1.56 x X, x X, ©)

Y-

Y o= 6472-1.79x X, +1.34 x X, +0.54 x X2+3.28 x X2+0.78 x X, x X, ©6)

Asdiscussed earlier, the aims of the steam explosion maximizing the removal of the y-Cellulose
and the loss of a-Cellulose. From the observation, there is no serious contradiction between
these two aims, since the nadir of y-Cellulose and a-Cellulose locates at the center and the
edge, respectively. Therefore, the optimal condition for the steam explosion is 2.74 MPa and
25.3 min, according to the data in Table 4. Under the optimal condition, the structure of
steam-exploded rice straw showed the characteristics of soft, loose and porous with different
sizes distributed though all of the fiber (as shown in Figure 3a), which supported further
separation of cellulose and lignin. The most of hemicelluloses could be efficiently hydrolyzed,

(a) (b)

Paewgsh

Figure 2. A 3D graphic of dependent factor (referring to final content of y-cellulose Y) vs. independent factors (referring
to pressure X1 and reaction time X2 of the steam explosion process), (a) according to Eq. (5), and (b) according to Eq. (6).
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y-Cellulose a-Cellulose

Scaled factor Factor Scaled factor Factor
Pressure X1 (MPa) 0.481 2.74 1.414 3.20
Reaction time X2 (min) 0.056 25.3 -0.374 23.1
Content of cellulose Y, (%) 0.93 62.82

Table 4. Factor values for the minimum of the content of y-cellulose and a-cellulose.
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Figure 3. (a) SEM images and (b) FT-IR spectra of rice straw (RS) and steam-exploded rice straw (SERS) [18].

leaving only 1% residual hemicelluloses. However, the majority of cellulose, as well as the
fragmentized lignin, were retained in the size, which could be identified by the SEM observa-

tions (Figure 3a) and the FTIR spectra (Figure 3b) [18].

3. Posttreatment of steam-exploded rice straw

3.1. Selective dissolution of cellulose using ionic liquids

Ionic liquids (ILs) are emerging as promising solvents for treatment of lignocelluloses [19-23],
due to its low vapor pressures. These solvents are made up of large organic cations and small
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inorganic anions, which have the following key properties: (a) they are liquids below 100°C or
even at room temperature; (b) high thermal stability; and (c) high polarity [24]. These proper-
ties allow to be easily adjusted to dissolve diversity of lignocellulosic biomass [25-27]. Since
several kinds of ionic liquids have been found to be non-derivatized solvents for cellulose,
they have been applied in such research fields as capturing the portrait of single cellulose
molecule [25], and chemical modification of cellulose [19]. In this section, ionic liquids are
used in separation of cellulose from steam-exploded rice straw. It is proved to be an efficient
and environmentally friendly way to selectively dissolve and then recover cellulose [6].

Four kinds of ionic liquids: 1-butyl-3-methylimidazolium chloride (BMIMCI), 1-allyl-3-me-
thylimidazolium chloride (AMIMCI), 1-benzyl-3-methyl-imidazolium chloride (BnMIMCI)
and 1-benzyl-3-methyl-imidazolium trifluoroacetate (BnMIMTFA) have been synthesized
according to literature [20]. Their solubility for cellulose and lignin are shown in Table 5. The
results indicate that BAMIMCI and BnMIMTFA are efficient for dissolving lignin. BMIMCI
and AMIMCI are efficient for dissolving cellulose.

AMIMCl is selected as a selective solvent to separate cellulose from the steam-exploded rice
straw. The contents of acid-insoluble lignin and celluloses of the steam-exploded rice straw
are 14.76 and 64.80% respectively. After dissolving in AMIMC], there is only 0.90% acid insol-
uble lignin contained in the recovered cellulose. With a procedure of bleaching by immersing
the separated cellulose into hydrogen peroxide aqueous solution together with ozone blow-
ing (about 3.4 g/h produced by SZH5 ozone apparatus, Peking) was needed for bleaching.
The bleached cellulose was finally obtained with a yield of 30.73%. The component analysis
according to TAPPI standard methods (T 222 om-06 and T 203 cm-09) indicated no detectable
acid-insoluble lignin and only 0.85% of hemicelluloses left in the final cellulose. The average
degree of polymerization (DP) was 484.

The SEM image and XRD profile of the bleached cellulose are shown in Figure 4. As seen in
Figure 4a, cellulose fibers could be observed clearly with average lengths more than 100 pm.
The prominent peak at 22.13° denotes the (002) reflection (as shown in Figure 4b). However,
the characteristic (101) and (101) peaks (20 between 15 and 17°) are not as distinct as those in
cotton [24], but combine into one broad peak at 15.728°.

The FTIR spectra of the original rice straw, steam-exploded rice straw as well as the bleached
cellulose had been provided, Figure 5a. The peaks at 1510, 1465 and 1423 cm™ in the sample RS,
corresponded to the skeleton stretch of the benzene ring, mainly contributed by lignin. These
peaks reduced in steam-exploded sample and disappeared in the bleached cellulose, indicating
that the lignin could be removed by selective dissolving of IL. The *C CP/MAS solid-state NMR
spectrum of the bleached cellulose shown in Figure 5b suggests that highly purified cellulose is
obtained. The chemical shifts at 62 and 64 ppm are assigned to C6 of the primary alcohol group

Ionic liquid AMIMCI (%) BMIMCI (%) BnMIMTFA (%) BnMIMCI (%)
Cellulose 5.2 4.9 - -
Lignin - - 49 3.9

“-” represents nearly no sample can be dissolved.

Table 5. Solubility of the four ILs for cellulose and lignin [6].
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Figure 4. (a) SEM image and (b) XRD profile of bleached cellulose [6].

of cellulose, 71 and 74 ppm attributed to C2, C3 and C5, the ring carbons of cellulose. The peaks
at 83 and 88 ppm associated with C4, and 104 ppm associated with C1. The feeble signals at 173
and 20 ppm attributed to the carbonyl and the methyl resonances, respectively.

3.2. Organosolve dissolution of lignin from the steam-exploded straw size

The organosolv process can effectively degrade lignin, which is mainly used osmosis to break
and decompose the internal chemical bonds of cellulose and hemicellulose [28-30]. It is con-
sidered to be an environmentally friendly way because it can be recycled conveniently, which
demonstrates its potential utilization in isolation of lignocellulosic biomass [8]. Moreover, the
structure of the dissolved component will be protected from degrading under such moderate
conditions, which is benefit for further utilization. The efficient solvent for delignification
combined with steam explosion treatment has been realized as the separation of the three
components that are cellulose, hemicellulose and lignin. However, few organosolv process
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Figure 5. (a)FT-IR spectra and (b) ®C CP/MAS solid-state NMR spectrum of rice straw (RS); steam-exploded rice straw
(SERS); bleached cellulose (BC) [6].
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have been proved attractive as regards efficiency and selectivity, even though intensive
researches have been done [31, 32]. In this section, consideration has given on the effect of del-
ignification with mixed solvent from steam-exploded rice straw under ambient pressure [18].

First, the rice straw is pretreated by steam explosion as the optimal conditions mentioned
above. The steam-exploded rice straw was then washed with hot water (1:20 g/mL). After that,
the residue was delignified by different mixed solvent to obtain crude cellulose. Finally, it was
bleached with aqueous solution (1:30 g/mL, pH 11, 55°C) of 2% hydrogen peroxide and 0.2%
TAED (tetraacetylethylenediamine) for 5 h.

The mixed solvent system and its results were summarized in Table 6. Comparing the
delignification efficiency of H,O-Dimethyl Sulfoxide (DMSO) (sample 7, 63.27%), H,O-N-
methylpyrrolidone (NMP) (sample 8, 75.14%) and H,O-N, N-dimethylformamide (DMF)
(sample 9, 84.78%) solvent systems to H,O-methanol (sample 1, 57.13%), one could conclude
that water-aprotic solvent system was better than water-protic solvent system for delignifi-
cation. The delignification efficiency of H,O-methanol could be further improved to 79.99%
with aniline additive as the catalyst (sample 6). Similarly, aniline additive as a catalyst in
the H,O-DMF solvent system resulting in the efficiency improvement of delignification from
84.78 (sample 9) to 95.04% (sample 10).

Conclusively, the H O-DMF-aniline solvent system (in a volume ratio of 20:10:1) demon-
strated to be the most efficient solvent for removing lignin from the steam-exploded rice straw
because the DMF and aniline included amino groups might improve the dissolution of lignin.

The FTIR spectrum of the original rice straw, the steam-exploded rice straw, the delignified
sample with H O-DMF-aniline and bleached cellulose shown Figure 6a indicated that the

No. Solvent system® Additives Lignin residue (wt%) Delignification® (%)
1 H,O-methanol — 7.52 57.13
2 H,O-methanol Formic acid 5.09 70.98
3 H,0O-methanol Terephthalic acid 5.10 73.93
4 H,O-methanol Salicylic acid 2.89 77.33
5 H,0O-methanol Sodium hydroxide 3.92 69.25
6 H,0O-methanol Aniline 3.51 79.99
7 H,0-DMSO — 6.45 63.27
8 H,O-NMP — 4.36 75.14
9 H,O0-DMF — 2.67 84.78
10 H,O-DMF Aniline 0.87 95.04

“Represents the residual cellulose-enriched fractions obtained with water, organic solvent and additives in ratios of
20:10:1 (v: v v).

"The acid-insoluble lignin content in the steam-exploded rice straw is measured to be 12.75%.

Table 6. Influence of the composition of mixed solvent on the delignification process [18].
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Figure 6. (a) FTIR spectra and (b) *C-NMR spectra of different samples (0, original rice straw); steam-exploded rice
straw (1, SERS); H,O-DMF-aniline delignified rice straw (2, DERS); bleached cellulose (3, BC) [18].

lignin in straw could be removed and obtained pure cellulose because the absorptions at 1511
and 1429 cm™ assigned to the aromatic C=C stretch from aromatic ring in lignin became weak
after the steam explosion (spectrum SERS) and delignification (spectrum DERS), and finally
disappeared in the bleached cellulose (spectrum BC) [18].

Figure 6b indicated the C CP/MAS solid-state NMR spectra of the steam-exploded rice
straw (SERS), delignified rice straw (DERS) and bleached cellulose (BC).All of these spectra
were dominated by the resonances attributable to cellulose. Notably, two small peaks at 99.5
and 58.2 ppm in the spectrum of steam-exploded rice straw (pattern SERS) were assigned to
lignin and they nearly disappear in spectrum DERS, BC, which were the delignified cellulose
with the water-DMF-aniline solvent system and bleached cellulose, respectively.

3.3. Biological removal of lignin from the steam-exploded straw size

Biological treatments employ microorganisms and their enzyme systems to break down the
lignin present in lignocellulosic biomass. This approach has recently attracted increased atten-
tion because of its mild condition, low energy consumption, and the absence of pollution
[33, 34]. Among the microorganisms those are capable of degrading lignocelluloses, white
rot fungi has a higher selectivity toward lignin with lower energy input, as well as being
environmentally friendly [35].

One white rot fungus, Phanerochaete chrysosporium (P. chrysosporium), harbors at least 10 lignin
peroxidases (LiP), five manganese peroxidases (MnP), and several copper oxidases in its lignin-
degrading system [36, 37]. Combinatorial treatment of steam explosion and biological treat-
ment has been considered as an effective method of separating components for various kinds
of biomass. Chen et al. [38] reported the effects of the solid-state fermentation (SSF) conditions
on biodegradation of steam-exploded wheat straw with P. chrysosporium. Under the optimum
conditions of SSF, the degradation amount of lignin reached 60% on the 5th day. Zhang et al.
[39] indicated that steam explosion is an important pretreatment method for biodegradation of
lignin in rice straw. After steaming under 2.5 MPa for 25 min, then completely decompressed
within 3 min, the steam-exploded straw was collected and dried for biodegradation treatment.
In their study, the degradation rate of lignin was 31.23% without steam explosion, and 55.40%
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lignin loss rate had been found on day 30 after steam explosion pretreatment. A two-stage
process proposed by Zhou et al. [40] was based on the pretreatment of steam explosion and
followed by a P. chrysosporium post-treatment for the isolation of cellulose.

As the above processes, the orthogonal experiments (using L,, (4)° orthogonal table) were
designed (Table 8) to investigate the relationship between the delignification in SERS and
the five factors. Each factor had been set based on the pretest results and a literature review
(Table 7). Curves of the factors vs. the delignification was shown in Figure 7.

According to Table 8, the maximum lignin loss rate, 64.25%, was obtained with the conditions
of 1% spore suspension, 70% moisture content, 0.1% T-80, initial pH of 5.0, and 28 days of
fermentation. The experimental outcomes could not be used as the best SSF conditions, so the
orthogonal analysis should be performed. Table 8 shows the results of orthogonal analysis for
five factors used in the fermentation process and the order of importance of these factors on
lignin removal was E > C >B >D > A. Based on the k value of the testing factors, the optimum
process for fermentation is A,B,C,D.E,, corresponding to 1.5% spore suspension, 0.3% T-80,

70% moisture, initial pH of 5.0, and 28 days of SSF.

According to the analysis presented above, the most important factor for delignification was
SSF time. However, there was no top value of SSF time vs. delignification unlike the other four
factors as shown in Figure 7. Hence, the effect of SSF time required further study.

Moisture was found to be significant to the delignification by P. chrysosporium. Water in SSF
systems shows functions of transporting the nutrients and metabolites, which can contribute
to the stability of the cellular and molecular structures. As displayed in Figure 7, until the mois-
ture levels (70 and 75%), the delignification increased with increase of moisture. However, the
delignification decreased after moisture exceeded 75% because the high moisture hampered
the diffusion of oxygen into the liquid and solid phases thus limited aerobic SSF.

Figure 8 shows the effect of SSF time on the removal of lignin. The experimental results sat-
isfactorily fitted the Boltzmann model with the decisive coefficient R? = 0.9983. The lignin
content of the steam-exploded rice straw was efficiently degraded after a prolonged period.
Nearly half of the highest lignin removal rate was obtained on the 7th day of fermentation.
When the treatment time of using P. chrysosporium was 10 days, the lignin removal increased
to 50.13%. Thereafter, the lignin removal rate decreased and tends to stabilize after 12 days.

Although the lignin degradation of steam-exploded rice straw is very important, too much
weight loss is unexpected. The relationship between the SSF time and weight loss is shown

No. Factor Level 1 Level 2 Level 3 Level 4
A Spore suspensions concentration (%) 0.5 1.0 15 2.0

B T-80 concentration (%) 0.1 0.2 0.3 0.4

C Moisture content (%) 65 70 75 80

D Initial pH 3 4 5 6

E SSF time (day (d)) 7 14 21 28

Table 7. Factors levels for the orthogonal experiments [40].
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Test no. Factors Delignification (%)
A B C D E

1 0.5 0.1 65 3 7 16.63

2 0.5 0.2 70 4 14 49.68

3 0.5 0.3 75 5 21 56.37

4 0.5 0.4 80 6 28 37.92

5 1.0 0.1 70 5 28 64.25

6 1.0 0.2 65 6 21 52.78

7 1.0 0.3 80 3 14 28.75

8 1.0 0.4 75 4 7 17.02

9 1.5 0.1 75 6 14 48.43

10 1.5 0.2 80 5 7 8.65

11 1.5 0.3 65 4 28 62.65

12 1.5 0.4 70 3 21 53.46

13 2.0 0.1 80 4 21 39.15

14 2.0 0.2 75 3 28 57.97

15 2.0 0.3 70 6 7 24.06

16 2.0 0.4 65 5 14 43.06

K, 160.60 168.46 175.81 156.81 66.36

K, 162.80 169.08 191.45 168.50 170.61

K, 173.19 171.83 179.79 173.02 201.76

K, 164.93 152.15 114.47 163.19 222.79

k2 40.15 42.12 43.95 39.20 16.59

k; 40.70 42.27 47.86 42.12 42.65

k;? 43.30 42.96 44.95 43.25 50.44

kp 41.23 38.04 28.62 40.80 55.70

R® 3.15 4.92 19.24 4.05 39.11

°k, k,, k,, and k, are the mean values of the sum of the evaluation indexes of all levels. By comparing k values, the optimal

levels of the factors can be confirmed.
*The range of factors (R = Max(k].)— Min(kj)) indicates the function of the corresponding factor. The larger value of R
means the greater impact of the level of the factor on the experimental index.

Table 8. Experimental setup together with results of P. chrysosporium delignification [40].

in Figure 9, which turned out to be a linear relationship with decisive coefficient R* = 0.99843.
The weight loss of SERS is proportional to the SSF time, differing from the results shown in
Figure 8. Weight loss of SERS might be attributed to the removal of lignin and hemicellulose
over 10 days of fermentation, after which the degradation of cellulose gradually became a
major factor of SSF.
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In comparison with the FTIR spectrum of untreated SERS (Figure 10a), prominent changes
could be obtained in the samples degraded after different SSF timings. The increase in the
intensity of peak at 1650 cm™ showed higher abundance of C=O groups of lignin, demonstrat-
ing the aromatic lignin moieties altered by oxidation with lignin biodegradation. In addition,
peaks at 1510 and 1431 cm™ turned weakening with increasing treatment time, implying the
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Figure 8. The effect of SSF time on the removal of lignin [40].

145



146  Pulp and Paper Processing

50 -
A data
1 —— model
40 -
g -
Z 30 -
-& -
= y=-8.27703 + 2.13738x
; 20 -
z R=0.99843
E | SD=1/02195
10 -
0 1 . 1 ¥ | ¥ ) ¥ | | ¥ 1
5 10 15 20 25 30
SSF time (d)

Figure 9. The effect of SSF time on the weight loss of SERS [40].
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Figure 10. (a) FTIR spectra, (b) XRD patterns, and (c) morphologies of SERS before and after SSF with P. chrysosporium.
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aromatic skeletal carbon of lignin was destroyed by P. chrysosporium. The peaks at 896, 1060,
and 1160 cm™ disappeared with increasing SSF time, showing that the structure of cellulose
has been degraded after longer treatment time. Peaks observed near 23.11° (Figure 10b) rep-
resent diffractions of the (002) crystal plane, indicating that the crystal type of cellulose in
SERS is cellulose type-I in nature (as shown in Figure 10b). Fermentation appeared not to
change the crystal type of cellulose. With increasing SSF time, the peak height of the (002)
crystal plane decreased and the peak width at half height increased compared with untreated
SERS. The morphologies of the samples before and after bio treatment had been examined by
SEM (Figure 10c) to visually demonstrate the process of delignification and cellulose degra-
dation by P. chrysosporium.

4. High-value applications of cellulose isolated from straw

All-cellulose composites (AACs) have been proposed to meet the interfacial problem in the
cellulose-based composites, where both the reinforcement phase and matrix are cellulose
[41-43]. Zhou et al. [44] reported that ACCs, with microcrystalline cellulose (MCC) as the
matrix and the straw cellulose fibers (SCFs) as the reinforcement agent exhibited an ultra-high
tensile strength (650.2 MPa, Figure 11).

The mechanism for the high performance of alkali-treated SCF (N-SCF) and activated SCF (A-SCF)
reinforced ACCs are shown in Figure 12. For the ACCs/N-SCF sample (Figure 12a), the reinforce-
ment mechanism is possibly related to the removal of impurities and the increase of aspect ratio.
For the ACCs/A-SCF sample (Figure 12b), the reinforcement mechanism can be possibly attributed
to the fact that both A-SCF and MCC experience the same activation process. Due to successively
pre-swell with solvents (water, ethanol, N, N-dimethylacetamide) gradually reducing polarity, the
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Figure 11. (a) Typical engineering stress—strain curves of the samples, (b) the corresponding tensile properties, where,
a: Regenerated MCC, b: ACCs/activated SCF (A-SCF), c: ACCs/alkali-treated (N-SCF), and d: ACCs/activated SCF [44].
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Figure 12. Schematic representations showing the reinforcement mechanism of the N-SCF (a) and the A-SCF (b) in the
ACCs [44].
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Figure 13. Schematic illustration for the mechanism of TBAH/urea aqueous solution dissolving cellulose. These two
diagrams display various interfacial resistances between the crystal surface of natural cellulose and the solvent [49].
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A-SCF and MCC molecular chains in SCF and MCC could be partially dissolved and penetrated into
each other, resulting in improving entanglement density of molecular chains on the fiber surface.

Besides, the isolated cellulosic fibers of about 2-16 wt% can be introduced into the cement
with a slurry vacuum de-watering technique [45]. It was found that the flexural strength and
fracture toughness of the optimal sample were increased by 24.3% and 45 times, respectively.

Effective solvent system for cellulose dissolution is a long-standing goal due to the abundant
hydroxyl groups on the cellulose chain form a strong, three-dimensional intermolecular and
intramolecular hydrogen bonding network [46, 47]. Therefore, Zhou et al. [48] developed a
new aqueous solvent for cellulose based on the quaternary ammonium hydroxide (TBAH).
It was found that cellulose can be efficiently dissolved in a 40 wt% TBAH aq. solution under
a cooling condition. The mechanism for the dissolution is believed to be the match of amphi-
philicity between the solvent and cellulose crystal. Then, Zhou et al. [49] studied the effects of
urea to the dissolution of cellulose in TBAH. It was found that a hybrid hydrate of TBAH and
urea formed. Urea can serve as a hydrophobic contributor, by which the amphiphilic property
of the solvent system can be adjusted. With a suitable amphiphilicity, interfacial resistance
between the solvent and crystal surface can be reduced so that the crystal of natural cellulose
can be effectively infiltrated and subsequently dissolved by the solvent. The schematic dis-
solution process of the cellulose is shown in Figure 13.

5. Conclusions

The steam explosion process is realized as a promising pre-treatment for the separation of
cellulose from natural biomasses. It can make most of the hemicellulose hydrolyze and part
of the lignin degrade, which results in loose and porous structures, which could ultimately
support further separation of cellulose and lignin. One kind of ionic liquids, 1-allyl-3-methy-
limidazolium chloride (AMIMCI), is selected for the extraction of cellulose, due to its espe-
cially selective solubility for cellulose rather than lignin. This process with ionic liquids shows
advantages of efficiency, environmentally friendly, and recyclability character. Isolation of
cellulose with the organic solvent system that composes of H O-DMF-aniline has proved that
it also been considered as an environmental-friendly approach, and up to 95.04% lignin can
be dissolved out from the steam-exploded rice straw, leaving quite a small amount of hemi-
cellulose (<1%) and lignin (<0.85%). There is no obvious decrease in the degree of cellulose
crystallinity during the delignification and bleaching processes. Approximately 58% lignin
can be removed under selective delignification of the steam-exploded rice straw by P. chryso-
sporium. The isolated cellulose fiber from the rice straw can serve as a reinforcement material
for the advanced mechanical property of composites. The prepared ACCs exhibit an ultra-
high tensile strength. The cellulose/cement composites show a remarkable improvement in
the flexural strength and fracture toughness. Cellulose can be efficiently dissolved in a 40 wt%
TBAH agq. solution under a cooling process.
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