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ABSTRACT
Mechanical pulping processes continue to play an important role in world pulp and
paper production. Of these, thermomechanical pulping (TMP) is the most energy
intensive process. Direct application of enzymes has some commercial applications in
the pulp and paper industry, especially in bleaching of kraft pulps. However, results
have been mixed when using enzymes to reduce energy consumption in mechanical
refining. The goal of this study was to develop a more thorough understanding of the
fundamental mechanisms by which enzymatic modification can achieve energy savings
during thermomechanical refining.
First, the actions of individual enzymes on different wood substrates was studied to
determine which enzyme or enzyme combination would be most capable of producing
results on native wood species. It was found that when using an enzyme cocktail
containing a mix of cellulolytic and hemicellulolytic enzymes to pretreat wood chips
prior to refining, and depending on mechanical pre-treatment, reductions of 15-36% in
energy consumption could be achieved. In fungal treatments, fungi hyphae and mycelia
grow into the wood and can deliver the enzymes deeper into the wood. To mimic this
process and further improve enzyme penetration into wood chips, light mechanical pretreatments including downsizing and/or compression/decompression cycles were used
prior to enzyme applications to determine if they could help improve enzyme
penetration in wood chips. Using a fluorescent molecular probe of similar dimensions as
the enzymes used in our experiments to help visualise penetration, it was observed that
the treatments did improve accessibility to potential enzyme attack sites by creating
ii

cracks and forcing enzyme solution into fibre lumens and walls. Pulps prepared using
these enzymatically and mechanically pretreated wood samples showed, using electron
microscopic imaging, that fibre separation during refining occurred at locations which
allowed for the development of more favourable pulp physical properties (e.g. improved
mechanical strength, enhanced printability, improved drainability, etc.). These changes
in fibre separation patterns also shifted energy consumption patterns during multi-stage
refining which played a role in the overall energy savings obtained. These results were
supported by pulp characterization and paper properties analyses. Finally, Fourier
Transform-Raman (FT-Raman) and Nuclear Magnetic Resonance (NMR) were used to
investigate lignin and lignin-carbohydrate-complexe (LCC) structural changes caused by
the enzyme treatment. FT-Raman analysis showed that, with increasing enzyme dosage,
native lignin peaks became more pronounced indicating that lignin is being dissociated
from the LCC within the wood cell walls. Cross Polarization-Magic Angle Spinning
NMR (CP-MAS NMR) results also indicated that certain bonds related to LCC, along
with peaks representative of β-glycosidic bonds, were being increasingly cut with
increasing enzyme dosage. These changes to the molecular connectivity within the cell
walls could help explain how enzyme treatments affect fibre material strength properties
and also explain changes to observed fibre bundle fracture patterns which in turn
explains the mechanisms behind the reduction in specific energy consumption (SEC).
Fibre quality analysis, light microscopy images and paper properties were also used to
helped corroborate these observations.
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Introduction
The North American pulp and paper industry, has been suffering for the past several
years. This is especially true for the mechanical pulp sector whose main market, the
newsprint industry (ie newspapers and flyers), has shifted away from physical copies to
digital media. The resulting decline in demand coupled with the development of more
modern, more efficient pulp and paper mills located in parts of the world where raw
materials and labour are much less expensive have caused significant contractions in the
North American pulp and paper industry. Even with this, the pulp and paper industry is
still important to the Canadian economy; in 2007, in Canada, pulp, paper and paper
board mills employed 39,051 people and contributed roughly $6.6 billion to the gross
domestic product [1].
Most companies were forced to significantly downsize their workforce at mills or close
them altogether. Along with the factors already listed, the ever-increasing cost of
electricity plays an important role in the profitability of mechanical pulp mills. Since
thermomechanical pulping (TMP) is a very energy intensive process, it stands to reason
that a large amount of the operating costs for mills comes from their power bills.
Although the refining in TMP processes does consume a great deal of energy and the
pulp produced has a lower mechanical strength, its overall yields are higher than other
pulping processes and uses very little industrial chemicals directly [2]. For these reasons
TMP pulps are still produced. Thus, any energy savings can result in major cost
reductions and increased profitability for TMP producers.
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Over the past few decades, research has been on-going in the field of biopulping, a
process where wood chips are inoculated with naturally occurring fungi which possess
the ability to degrade woody materials. When used prior to mechanical pulping methods,
energy savings of up to 40% have been observed [3, 4]. But this is a very time
consuming process, since the incubation period can be as long as 3-4 weeks for certain
types of fungi. The most effective fungal strains can also require that chips be sterilized
or mixed with a nutrient solution. Over the years these fungi were extensively studied
and several enzymes have been found to be key players in the biodegradation of plant
cell structure. By using enzymes instead of fungi, it is hoped that the benefits of fungal
treatments can be obtained while addressing the known shortcomings of biological
treatments.
Although a great deal of work has been done in this field, energy savings from enzyme
treatments do not yet compare to savings observed with fungal pretreatments. This
highlights the gaps in the understanding of fungal biopulping. It has also been shown
that an enzymatic pretreatment scheme must be tailored to the specific species of wood
and even to the region of origin of said wood [5]. By careful selection and tailoring of
enzyme combinations, it could be possible to achieve the desired energy savings. It is
also important that these enzymes do not negatively affect the resulting pulps, they
should instead focus on maintaining current pulp qualities (i.e. tensile and shear strength,
opacity, brightness, etc.) or improve upon them, while lowering the specific energy
consumption required to obtain a pulp of given freeness.
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The overall objective of this thesis is to further the knowledge on the mechanisms by
which enzyme treatments can affect wood cell walls, in turn improving the energy
efficiency of mechanical pulp refining and fiber generation. These improvements could
include paper quality enhancements, energy reduction or production capacity increases.
To better understand the mechanisms behind the enzymatic actions involved during
biopulping, and guide future screening processes, several aspects of potential enzyme
treatments are considered:
1. To use available lab scale techniques to screen different enzymes and
formulations for their potential usefulness in TMP mills.
2. To investigate whether the enzymes and formulations selected based on the lab
scale results can reduce energy consumption during pulp refining.
3. To investigate the possibility of improving enzymatic treatments in wood chips.
4. To use microscopic techniques to determine how fibre separations could explain
some energy savings and pulp property improvements.
5. To use spectroscopic techniques to determine whether molecular level changes
within the wood cell wall can explain the energy savings and pulp property
improvements.
Chapter 1 of this thesis covers a review of recent developments in the field of biopulping
and enzyme use in the pulp and paper industry, as well as an overview of the
background material required to give context to the following chapters.
3

In Chapter 2, different enzymes and formulations are screened using a PFI mill to track
changes in Canadian Standard Freeness (CSF) as an initial indicator of which enzymes
are more likely to reduce energy consumption in refiners: cellulolytic, hemicellulolytic
or their combinations.
Chapter 3 investigates the potential for energy savings using a single-disc mechanical
refiner, with the enzyme formulation selected based on the initial PFI screening.
Chapter 4 examines the changes in fibre separation location and fibrillation intensity at
the microscopic level of the mechanically-refined, enzymatically-treated wood
substrates, and relates those observations with the specific energy consumption (SEC)
reductions by stage of refining.
Chapter 5 brings together some of the previous results and pushes further in its analysis
of the results by including light microscopy (LM), scanning electron microscopy (SEM)
imaging, handsheet property measurements (including both optical and physical
properties), results from a Fibre Quality Analyzer (FQA), and pulps prepared using these
enzymatically and mechanically pretreated wood samples demonstrated that fibre
separation during refining occurred at locations which allowed for the development of
more favourable pulp physical properties as observed with SEM/ transmission electron
microscopy (TEM). These results were supported by pulp characterization and paper
properties analyses. Furthermore, FT-Raman and Cross polarization-magic angle
spinning nuclear magnetic resonance (CP-MAS NMR) were used to investigate lignin
and lignin-carbohydrate-complexe (LCC) structural changes caused by the enzyme
treatment.
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Chapter 6 summarizes all the results and provides some recommendations for future
work.
Most of the results presented in this thesis have been published in various biomaterial or
pulp and paper related journals. Most of the experimental work was conducted by the
candidate (André Pelletier). All the manuscripts were first drafted by the candidate. The
primary discharge refiner pulps were supplied by our industrial collaborators Irving
Paper Ltd’s Saint John, NB mill, Port Hawkesbury Paper in Port Hawkesbury NS, or
Resolute FP’s now closed mill in Liverpool NS. George Court, Mark Frith and Dr.
Martin Fairbanks from their respective organizations were critical sounding boards for
ideas and an important source of knowledge in mechanical pulping. The enzymes and
their formulations were provided by Novozyme Inc. Their representative, Dr. James
Luo, also provided important insight into anything to do with the enzymes and their
formulations. The experimental work done in Chapter 2 was supervised by Dr. Fang
Huang, and his help in paper testing techniques is greatly appreciated. Dr. Jinhong Zhou
conducted a similar series of experiments as was done in Chapter 2 on a different group
of enzymes. It was one of these enzyme formulation, containing cellulolytic and
hemicellulolytic enzymes in specific ratios, that was used for the subsequent studies. Drs
Xinping Li and Yu Zhao were instrumental in developing the operating procedures and
testing methodologies on the KRK disc refiner. Dr. Xioachun Lei, as well as the team at
UNB’s Microscopy and Microanalysis Facility, provided indispensable guidance for the
microscopic techniques used throughout this work. The solid-state NMR was conducted
by Dr. Ulrike Werner-Zwanziger from the NMR-3 in the Chemistry Department at
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Dalhousie University and the Institute for Research in Materials for NMR data
acquisition. These people are included in the appropriate publications either in the
acknowledgments, or as co-authors of the papers or patents.
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Chapter 1:

Literature Review

1.1 Wood Chemistry
The chemistry of wood is complex. At its most basic level, wood is comprised of three
main compounds: cellulose, hemicellulose and lignin. The ratio between each of these
components varies significantly with tree species, age, growing condition, anatomic
location, cell type, and even throughout the cell walls. There is also a great deal of
variability within the physical and chemical structures of these three main components
[1]. Every component plays an important role in the overall behaviour of this natural
material. Some of the variability in physicochemical characteristics and mechanical
properties of the main components are discussed in more detail.
1.1.2 Cellulose
Cellulose is a major component of wood fibres representing 40-45% of the dry weight,
be it in soft or hardwoods [1]. It is a naturally occurring biopolymer with a degree of
polymerization (DP) ranging from roughly 3000 in some softwoods [2] to 10000 in most
wood [3]. This polymer is comprised of D-glucopyranose monomers condensed by ß(1,4)-glycosidic bonds. In this conformation, chain units on D-glucopyranose are all
equatorial enhancing the stability of the molecule. The β bond, as opposed to the α
bonds in starch, and the angles that are formed from this bond, allow the polymer to
form in a linear fashion. This linearity gives the cellulose chains the ability to “stack”
upon one another forming rigid fibres. The strength of these fibres is mainly due to the
ability of these “stacks” to form a network of hydrogen bonds. These hydrogen bonds
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are formed both inter- and intrachain. As seen in Figure 1-1, the amount of hydrogen
bonds being formed is related to the amount of hydroxyl groups, which are abundant on
the glucose monomers.

Figure 1-1: Hydrogen bond network formed in a cellulose fibre strand [4].
This complex network of bonds gives cellulose strands great tensile strength and allows
the fibrils formed from them to play a major role in the structural support of the woody
cell wall. It also lends a certain degree of crystallinity to the molecule which explains the
relatively high glass transition temperature for cellulose of 320 °C at a pressure of 25
MPa. [5]
Alone, cellulose could not explain all the characteristics of wood cells. The same
hydrogen bonds that allow the formation of strong microfibrils would also allow pure
cellulose to be solubilised by water. Therefore, wood cell walls are also composed of
hemicellulose and lignin.

9

1.1.3 Hemicellulose
The other major carbohydrate found in the cell walls is hemicellulose. This group of
polymers has a much smaller DP (100-200) than cellulose and is comprised of a variety
of sugars acting as monomers. These consist of hexoses (D-glucose, D-mannose, and Dgalactose), pentoses (D-xylose, L-arabinose, and D-arabinose), deoxyhexoses (Lrhamnose, or 6-deoxy-L-mannose and rarely L-fucose or 6-deoxy-L-galactose), and
small amounts of certain uronic acids (4-O-methyl-D-glucuronic acid, D-galacturonic
acid, and D-glucuronic acid). These exist mainly in the six-membered pyranose structure
but can also have the five-membered furanose structure in either the α or β forms. This
variability in composition and structure prevent hemicellulose from forming highly
ordered superstructures, like that found in cellulose, giving it more amorphous regions.
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Table 1.1 shows that, not only does the amount of hemicellulose vary between wood
species but also its composition changes as well. In softwoods, the primary
hemicellulose components are galactoglucomannans (15-23% oven dry weight) and
arabinoglucuronoxylans (5-10% odw). In hardwoods, there is very little glucomannans
(<5% odw) and hemicellulose here is mainly composed of glucuronoxylans (15-30%
odw). In softwoods, the mannans can be acetylated whereas in hardwoods it is the
xylans that can be acetylated.
Hemicellulose composition also varies with location in the wood. Certain types are
found only in certain areas of the wood such as arabinogalactan (10-20%) in the
heartwood of larches whereas it is generally <1% in softwoods [6]. Other miscellaneous
polysaccharides are found in wood and fulfill various functions (amylase, amylopectin,
callose, laricinan, xyloglucan, fucoxyloglucan, rhamnoarabinogalactan and other pectic
substances). Hemicellulose serves many purposes not the least is supporting the
cellulose backbone and allowing branching-off of the fibrils. This allows a better bond
with lignin another major component of the woody cell wall.
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Table 1.1: The major hemicellulose components of soft and hardwoods [1].
Wood

Hemicellulose type

Amount
(% odw)

Composition
Units

DP
Molar

Link

ratios
Softwood

Galacto-glucomannan

5-8

(Galactose rich)

Galacto-glucomannan

10-15

(Galactose poor)

Arabino-glucuronoxylan

7-10

β-D-Manp

3

1→4

β-D-Glcp

1

1→4

α-D-Galp

1

1→6

Acetyl

1

β-D-Manp

4

1→4

β-D-Glcp

1

1→4

α-D-Galp

0.1

1→6

Acetyl

1

β-D-Xylp

10

1→4

4-O-Methyl-α-D-

2

1→2

α-L-Araf

1.3

1→3

β-D-Xylp

10

1→4

4-O-Methyl-α-D-

2

1→2

100

100

100

GlcAp

Hardwood

Glucuronoxylan

15-30

200

GlcAp

Glucomannan

2-5

Acetyl

7

β-D-Manp

1-2

1→4

β-D-GlcAp

1

1→4

Notes: Ara=arabinose, Gal=galactose, GlcA=glucuronic acid, Man=mannose, Xyl=xylose.
Italicized letters refer to the sugar structure either pyranose or furanose.
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1.1.4 Lignin
Lignin is an amorphous macropolymer found in wood cells. Unlike cellulose, and to a
lesser extent hemicellulose, the lignin biopolymer is very irregular with no specific
repeat patterns in its structure. It is a major component of wood making up 20-35% of
oven dry weight (odw) [1]. Lignin monomers are not sugars; they are phenylpropane
units assembled via enzymatic dehydrogenative polymerization giving polyphenolic
compounds. Figure 1-2 shows the monolignols that are the most predominant
phenylpropanoid units found in lignin: trans-Coniferyl alcohol, trans-Sinapyl alcohol,
trans-p-Coumaryl alcohol.

Figure 1-2: Main lignin precursors [7].
The abundance of reactive sites on these molecules allow for a great degree of variation
in linkages found in lignin. Carbon to carbon bonds, ethers and esters are all easily
formed in lignin biosynthesis. This diversity in bonding and its hydrophobicity make the
lignin macromolecule very difficult to degrade. This gives the wood cell wall
impermeability to water and inhibits biodegradation. This impermeability to water also
13

allows the formation of a vascular system within the plant and facilitates fluid transport.
It is such a persistent molecule that no real DP can be established since lignin analysis
requires its prior degradation. Figure 1-3 shows various possible couplings between the
lignin subunits.
Lignin subunit distribution is affected by the wood in which it is found. Softwood lignin
is referred to as “guaiacyl lignin” since most of its structure is derived from transconiferyl alcohol (>90%) with the rest being trans-p-coumaryl alcohol. Hardwoods, on
the other hand, are usually referred to as “guaiacyl-syringyl lignin” because it is
composed mainly of trans-coniferyl alcohol and trans-sinapyl alcohol (50/50 ratio) [6].
To provide protection and support to the cellulose-hemicellulose matrix lignin can form
different types of bonds mainly with hemicellulose, although some evidence suggests it
is also capable of forming bonds with cellulose. Of course, there are hydrogen bonds and
van der Waals forces to consider but these forces do not compare in strength with the
available covalent bonds. Studies show that most these bonds include benzyl ethers,
esters, acetals and phenyl glycosides [8]. These bonds are all present and their ratios
would also depend on wood species.
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Figure 1-3: Portion of possible lignin structure showing the complex nature of the bonds
in lignin [9].
1.1.5 Extractives
Extractives contribute less than 5% to the mass of oven dried wood [1]. They are
however far more diverse as a group, with several thousands different compounds.
These compounds have numerous functions from protection and repair to growth
regulation.
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Table 1.2 classifies extractives in three broad categories. It is beyond the scope of this
work to go into significant detail regarding extractives and their functions.
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Table 1.2: Classification of organic extractives in wood [6].
Aliphatic and alicyclic

Phenolic compounds

Other compounds

Terpenes and terpenoids

Simple phenols

Sugars

(including resin acids and

Stilbenes

Cyclitols

steroids)

Lignans

Tropolones

Esters of fatty acids

Isoflavones

Amino acids

(fats and waxes)

Condensed tannins

Alkaloids

Fatty acids and alcohols

Flavonoids

Coumarins

Alkanes

Hydrolyzable tannins

Quinones

compounds

1.2 Wood Structure
There are important differences in physical structures given the very hierarchical nature
of the raw material, in this case trees. The wood contained in the branches, roots, and
various parts of the trunk; all have dimensions and sub-units of their own. Pulping deals
mostly with wood cell, or fibres. At these scales, it is important to understand wood
macrostructure (i.e. the dimensions of the fibres), as well as the fibre ultrastructure (i.e.
the structure of the various cell walls).
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1.2.1 Macrostructure
There are significant differences in the structure of softwoods (gymnosperms) and
hardwood (angiosperms). For one, the softwoods are much older and therefore have a
much simpler structure. Over 90% of softwood volume is taken up by tracheid cells,
which are the principal papermaking cells of softwoods [10]. These cells are longer in
softwoods than those found in hardwoods. Tracheids measurements for soft- and
hardwoods are given in Table 1.3.
Table 1.3: The cell dimensions of typical hardwood and softwood [10].
Length (mm)

Width (mm)

Aspect ratio

Softwood tracheids

2-4

0.02-0.04

50-200

Hardwood tracheids

1.1-1.2

0.014-0.04

28-86

The remaining 10% of cells in softwood are made up of ray and epithelial cells. Ray
cells are short narrow cells (less than 0.2 mm in length). These cells are often lost in
chemical pulping but retained in mechanical pulping. Epithelial cells are present in resin
canals where they produce resin and other extractives.
Hardwoods have a more complex structure with 50% being tracheids. They also have
ray and parenchyma cells like in softwoods. Parenchyma cells are functional cells and
have numerous roles such as storage and also production of metabolites [10]. There are
also vessel elements that can be considerably larger, reaching lengths of several
centimetres and diameters of 100 microns. These are mainly storage cells and can help
in fluid transport.
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1.2.2 Fibre ultrastructure
Ultrastructure of wood is the detailed structure of the wood cell observed by an electron
microscope or via an imaging technique with similar or greater resolution [11]. These
features are too small to be seen by a regular LM and are responsible for the fibre
properties.
Wood cells are composed of several layers. While the primary (P) and secondary layers
(S1, S2, S3) make up the bulk of the cell, the ML must also be considered. Although it is
not in the cell, it plays important roles in cellular support. The P wall is formed first and
has a looser cellulose component since it must stretch and grow with the cell. It is
composed mainly of lignin (65% oven dry weight (ODW)) but has some
polysaccharides present. This layer is highly impermeable, due to its high lignin content,
and serves as a protective barrier. The secondary walls are primarily composed of
polysachharides (75% ODW) (cellulose and hemicelluloses). Figure 1-4 shows a
schematic of cell wall layout; Table 1.4 and Table 1.5 give constituent distributions by
weight and relative proportion.

Figure 1-4: Schematic of cell wall layering [12].
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Table 1.4: Relative mass proportions of the main constituents in the cell wall of
softwood tracheids (% of the total dry matter of each layer) [6].
Constituent

Morphological region
(ML + P)

(S1 + S2 + S3)

Lignin

65

25

Polysaccharides

35

75

-Cellulose

12

45

-Glucomannan

3

20

-Xylan

5

10

-Others*

15

<1

Notes: *Consisting mainly of pectic substances
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Table 1.5: Distribution of the main constituents in the cell wall of softwood tracheids (%
of the total amount of each constituent) [6].
Constituent

Morphological region
(ML + P)

(S1 + S2 + S3)

Lignin

21

79

Polysaccharides

5

95

-Cellulose

3

97

-Glucomannan

2

98

-Xylan

5

95

-Others*

75

25

Notes: *Consisting mainly of pectic substances

Although these tables only show softwood distributions, they highlight the fact that most
cellulose is found in the combined secondary wall. This is also true for hardwoods. It is
also important to note that these distributions also change with the age of cells and the
species of wood. But these changes are only minimal. Also, as mentioned in previous
sections, lignin can be composed of different units within different morphological
regions. An example of this can be found in most hardwoods. As mentioned above,
hardwood lignin contains guaiacyl and syringyl units. The ratio of these units varies
throughout the cell walls (S2 contains mainly syringyl units while the ML has an even
ratio of 1:1) [6].
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Cell walls are primarily composed of cellulose, hemicellulose and lignin. Cellulose is
considered the backbone of cell walls, lending its tensile strength to afford rigidity to the
cellular structure. Hemicellulose acts as a binder between cellulose and lignin, which
acts, in turn, as a glue. These components together, form a rigid matrix that gives wood
fibres their properties. Figure 1-5 illustrates this matrix.

Figure 1-5: Crude representation of the cellulose-hemicellulose-lignin matrix [4].
It is believed that the secondary walls are formed of alternating lamellae of
polysaccharides and lignin. The cellulose microfibrils are thought to be sheathed in a
hemicellulose monolayer with branches jutting out into the lignin layer. These layers are
not considered uniform and are interrupted throughout the secondary wall [6].
1.3 Pulping
Pulping is the overarching term used to describe several processes of preparing an
aqueous suspension of lignocellulosic fibres, or pulp. There are two main types of
pulping: mechanical and chemical [13]. These main types are further subdivided and
some sub-types are hybrid methods (e.g. chemithermomechanical). In this thesis, the
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focus will be on mechanical pulping and a more recent development, biopulping. Each
of these is described in more detail in the following sections.
1.3.1 Mechanical pulping
This method retains essentially all the constituents of wood in the pulp. The pulp
contains fibre bundles, fibre fragments and whole fibres. The diversity of the pulp and
the presence of lignin in the pulp give it certain desirable qualities, such as yield, paper
bulk and opacity as well as good printability. The pulp does have undesirable properties
for some paper types, like low strength, relatively coarse surface and a lack of durability.
These pulps can be produced by grinding or refining. In the grinding process, logs are
forced against a rotating abrasive stone which separates the fibres from the log and the
wood cell matrix. Refining uses wood chips fed between two metal discs, with at least
one of them rotating. These methods create slightly different pulps which are in turn
affected by several factors: wood species, quality of the wood, processing conditions and
the amount of electrical energy applied. Various forms exist: thermomechanical pulping
(TMP), refiner mechanical pulping (RMP), stone groundwood pulping (SGW), etc.
In TMP steam is added to the chips being refined to facilitate pulping and lower
electricity consumption. Steam is also produced during refining and heat recovery
systems can help recoup some of the energy cost of the process. The electric motors
used to operate these refiners require massive amounts of power: anywhere between 1
MW and 5 MW [13a].
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The TMP process requires several refining stages before producing a desirable pulp.
Chips must be defibrillated in the primary refiner. Here wood chips are turned into
coarse fibres and must be further refined in secondary and/or rejects refiners. One case
of an Opco plant operating gives SEC for primary and secondary refining as 1.0 MWh/t
and 0.5 MWh/t respectively [18]. Other reported SEC’s for the Opco process are 2.0 and
1.6 MWh/t [13b]. Yet another comparison of the energy demands between TMP and
SGW, 2.0-2.5 MWh/t and 1.2-1.65 MWh/t respectively [14].
The applied energy is used to collapse the lumen and roll the collapsed fibre. The
repeated action of these mechanisms through compression and relaxation of the fibre
walls in water causes a mechanical disruption of the bonds that maintain cohesion of the
secondary wall [15]. Refiner plate pattern plays an important role in this
compression/expansion mechanism. The bars on the plates compress the fibres while the
grooves allow for expansion. Grooves also allow steam produced during compression to
escape to the periphery of the plates. Dimensions of these features are dictated by the
dimensions of fibres being refined. Groove width must be narrower than fibre length to
avoid plate clashing. Plate clashing produces unnecessary vibrations and wear to refiner
discs. Bar width should be no greater than fibre length to maximise fibre entrance into
the refining zone. The TMP process produces a stronger pulp than SGW or regular
RMP. It also produces significantly fewer shives and chops [13].
The mechanical process of separating the fibres is very energy intensive, mainly due to
the presence of lignin between these fibres. By softening the lignin with the high
temperatures found in the TMP process helps to reduce energy usage. However, a
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greater amount of energy is required to further fibrillate the fibres into a desired pulp.
This is even more pronounced due to lignin returning to a glassy state upon cooling.
Chemical treatments look to modify this lignin to ease fibre refining or to enhance
bleaching [16].
These hybrid methods are referred to as chemithermomechanical pulps (CTMP) and
include sulfite pretreatments to reduce darkening of TM pulps and alkali hydroxide
mechanical pulping (APMP) which reduces energy requirements [17]. These methods
work best on chips since they have a larger contact area than logs. Another option for
enhancing chip chemical absorption is by using a press to achieve better impregnation
[18].
1.3.2 Biopulping
1.3.2.1 Fungal treatment
Biopulping is a method by which a fungal pretreatment of wood chips can help reduce
the amount of energy or chemicals required to produce a TMP or CTMP pulp of equal or
greater mechanical strength without losing too much yield. Studies have already shown
the potential energy savings, between 15-35%, of using this type of pretreatment for
TMP type mills [20, 21]. This wide range of savings comes from the multitude of
variations in the pulp and paper industry, from the differences in raw materials to the
selection of refiners.
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A wide variety of fungi have been studied for their ability to decay, thus biopulp, wood
chips [20-23]. These white-rot fungi were studied to determine their selectivity towards
lignin degradation, growth rate, thermotolerance, and their ability to modify lignin
structure. Several strains proved to be interesting. In the study by Hakala et al.[23], the
well-known biopulping agent C. subvermispora was used as a reference to compare
other strains for possible benefits. Other strains were found to be efficient degraders of
Norway spruce lignin, especially Physisporinus rulosus T24li. This study and others like
it seem to indicate that specific strains are better suited to certain species of wood.
Since fungal growth can limit the time needed to produce the required results, direct
enzyme application is being considered for quicker turnaround. To properly apply the
correct enzymes to achieve the best results, one must first identify the key enzymes
employed by fungi to effectively degrade the wood chips thus producing a biopulp.
Enzymes produced by most strains of white-rot fungi include various cellulolytic,
hemicellulolytic and lignolytic enzymes [24, 25]. Others have shown that the cellulolytic
component of the white-rot enzymatic system has a low activity thus sparing too much
degradation of the cellulose backbone of wood fibres [26].
1.3.2.2 Enzymatic treatments
After having elucidated the various components of this particular enzymatic system,
studies were conducted on the individual enzymes of the system [27, 28] in order to
better understand the roles played by individual enzymes and the benefits achieved by
each in the overall biodegrading process or for further modification of the cellulosic
fibre wall for paper characteristic modifications [29]. By comparing pulps produced
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using individual enzymes, a better understanding of the role each plays in the process is
anticipated and how to achieve the best results for the least amount of modification to
existing technologies. Although significant advancements have been achieved with the
separated enzymes, the pulps obtained while using the fungi directly show a better
energy savings. This simply corresponds to our lack of knowledge of the workings of the
complete enzymatic system and the symbiosis between each component of this system.
The modifications to wood cell structure made by these various enzymes are the basis
for biopulping. These modifications can have a significant impact on refining energy
costs, as well as on pulp characteristics. And in order to understand the potential
implications of these modifications, the basic structural changes made to fibres must be
described and understood [30]. The changes made to the fibres as a result of enzymatic
action can and do have a significant effect on the bonding character of the fibres and
thus overall mechanical strength of the pulp obtained. These features are of course
controlled by the type of enzyme used and their ability to loosen wood cell wall
structure. This loosening results in fibrillation and delamination of the fibre wall
allowing for better bonding [31]. For fungal treatments optimal conditions such as pH
range, temperature, nutrient medium, incubation period, of which some have been
studied [32]. Similar studies have been done on certain enzymes [26, 28].
Since the white-rot fungi still have some cellulolytic components, it is necessary to see
to what extent and how best to prevent cellulosic degradation. Interestingly it has been
found that C. subvermispora actually produces extracellular metabolites to suppress the
depolymerisation of cellulose [33] by inhibiting the action of the Fenton reaction on
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cellulose thus limiting the formation of hydroxyl radicals which are thought to open the
cell-wall matrix for further fungal attack.
Several studies have already shown the benefits of enzymatic applications prior
secondary refining [34-37] in reducing energy requirements to achieve a given freeness
and on enhancing certain pulp qualities. Others have also shown the potential of certain
enzymes for bleaching and the removal of residual lignin from kraft pulps [38, 39].
These studies show that enzymes are a very complex yet highly effective way of
obtaining the desired results in pulping, either for energy reduction, bleaching or
achieving more desirable pulp characteristics.
It appears that there is still much to understand in the realm of biopulping. The
interactions between enzymes and their possible symbiosis with cofactors or mediators,
which could help explain why fungal biodegradation is more efficient than a purely
enzymatic approach, have to be thoroughly studied and understood before enzyme pretreatment can compare to fungal treatments. Studies have shown a definite correlation
between enzyme activity ratios and their ability to degrade lignin [40]. One such project
mentions that laccase plays a crucial role in the lignin degradation process and that its
activity ratio with lignin peroxidase and manganese peroxidase are very important [41].
In order to better apply these treatments in hopes of obtaining greater energy savings and
better pulp quality, the microscopic effects on the wood chips (such as its effects on
porosity, fibre separation, etc.) and the pulp (such as tensile strength, brightness, etc.)
obtained from these chips must be studied. By directly applying enzyme extracts
degradation time can be lowered but the correct mixture of enzymes and the presence of
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cofactors, which have the potential of greatly enhancing their activity, must be known.
Further testing should also be considered once a thorough knowledge of the mechanics
of the enzymatic biodegradation of wood chips is obtained. These tests should include
optimal pH, temperature and salinity for peak enzyme performance, efficiency,
longevity and to avoid possible denaturation of said enzymes. It has been shown that
these enzymes, in particular manganese peroxidase (MnP), quickly lose their activities in
higher temperatures (60+°C) [42]. This same group was able to enhance MnP’s thermal
stability by immobilizing it on a silica support. This also had the benefit of extending the
enzymes life while retaining its activity. They also mention that this same support could
also be a viable medium for other enzyme grafting. Since enzyme size is a limiting
factor in the begin stages of lignin degradation, this approach is better suited for post
refining fibre treatments.
In the hopes of diminishing energy consumption in the refining steps, careful selection
of the appropriate enzymes and their cofactors, such as hydrogen peroxide (optimal
concentration of 20 μmol [43]), chelating agents (oxalate at peak concentration of 60
μmol [32, 43]), mediators (most commonly used 2,2’-azino-bis-(3-ethylbenzothiazoline6-sulfonic acid) and 1-hydroxybenzotriazole in concentrations as low as 0.02mmole [38,
39]) as well as adequate pH (between 2.5 and 8 but more stable in acidic pH’s [44]) and
temperature ranges. Another aspect of lignin degradation being studied is the role of
reducing enzymes in preventing the repolymerization of lignin after its cleavages. One
interesting study purified a low molecular weight compound (about 1000 Da, which is
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low enough to permit its easy diffusion into the wood cell), Pc reducer and found it to be
an effective reductase [45].
Another interesting development is the work being done on the cellulose binding domain
(CBD) of these cellulolytic enzymes. The CBDs are linked to the catalytic domain via a
protein linker strand and do not show any catalytic properties of their own; they do
however seem to disrupt the hydrogen bonding network found in the cellulosic crystal
structure [46, 47]. This disruption could lead to reductions in the energy required for
mechanical defibrillation of the cellulose strands.
Some enzymes have already proven useful in other industrial applications. Certain
hemicellulase have been used successfully for years in detergents applications (laundry
and dish) [48]. Mannanases and xylanases are applied as powerful grease fighters. They
could have also been applied in biobleaching applications. In theory, they could be
easily applied to TMP processes since the enzymes used in the detergent industry are
designed for thermotolerance and relatively harsh conditions. These “crossover”
applications could result in many new usages for already proven enzymes.
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Chapter 2:
Enzymatic pretreatment of coarse mechanical pulp fibres for energy
savings in subsequent refining
Abstract
Coarse black spruce thermomechanical pulp (TMP) was treated using four different
enzymes. Treatment time and dosages were varied and their effects on fibre qualities
were monitored. Canadian Standard Freeness (CSF) was used as a benchmark in
choosing optimized enzyme loadings but could not really be used to judge potential
energy savings. A fibre quality analyzer (FQA) was used to determine fibre length and
coarseness. These measurements are better suited for following pulp development and
the potential energy savings in refining with fibre length being more reliable than
coarseness. Reducing sugars produced during hydrolysis were also measured and was
primarily used to assure enzyme effectiveness. Water Retention Values (WRV) were
also obtained for comparison with the CSF data and are key to machine runability in
paper mills. These measurements assured the functionality of the enzymes in the pulp
and could be used to gauge potential applications to produce cellulosic ethanol.
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2.1 Introduction
Practically all mechanical grade pulps being manufactured today are TMPs. The
resulting high yield pulps (up to 95%) are bulky, have good opacity and excellent
printability. Unfortunately, it is a very energy intensive process and produces fibres
which are stiff and contain most, if not all, of the original lignin. This gives a paper with
lower strength, higher pitch content (giving runability problems) and higher color
reversion rate when comparing to chemical pulps. These qualities and drawbacks come
from the fact that TMPs undergo a purely mechanical separation, leaving its
microstructure relatively intact. Fibres obtained remain stiff and covered in lignin
reducing interfibre bonding potential. This leads to a weak sheet prone to breaks. The
lignin covering, once exposed to UV light, will also yellow overtime, thus the need to
bleach mechanical pulps.
While the mechanical pulp market has decreased with the advance of digital media,
TMPs continue to play a role in the global paper market mainly due to its high yield
along with certain characteristics such as good printability, bulk and light dispersion.
However, TMPs are an extremely energy intensive process and increasing energy costs
have forced the closure of several mills. This is especially true for northern markets
where pulps are usually made from tougher woods and the growing seasons are short.
This increase in electrical costs has created a need for research into lowering the energy
input required to obtain a pulp with the same qualities as traditional TMPs.
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The past few decades have seen a great deal of research into biopulping, a process where
wood chips are inoculated with naturally occurring fungi which possess the ability to
degrade woody materials. The focus has been on lignin-degrading basidomycetes called
white rot fungi. These fungi are capable of selectively degrading the lignin in woody
substrates. They do this to feed on carbohydrates exposed from the delignification
process. Some studies have shown significant SEC reductions (as high as 40%) when
chips were inoculated with strains of white rot fungi [1-3].
This kind of application does have disadvantages. In order to achieve the highest energy
savings, certain steps must be taken. Chips should be sterilized prior to inoculation by
the desired fungus. This will limit the growth of potential competitive species. Piles
must be kept within a very specific range of humidity and temperature to maximize
growth. And this can take several weeks [4]. This growth period creates a problem. For
this type of treatment to be widely applicable, there is need for a large amount of on-site
storage capacity that could be used as a production “buffer” where a residence time of
four weeks is not an issue.
These fungi produce enzymes (biological catalysts) which degrade and fragment wood
fibres to forms more readily digested. Enzyme discovery, preparation and purification
have come a long way since initial fungal trials were conducted. Now, direct enzymatic
applications offer a more appealing solution. Although the complete mechanisms behind
the abilities of the white-rot fungi to degrade wood are not fully understood, enzymes
are an integral part of said mechanism [5]. The physical action of fungal hyphae
certainly plays a role in enzyme delivery but it is the enzymes themselves that eventually
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play the major role in decomposition. By direct application of the required enzymes,
growth time is not a factor. Since growth no longer matters, proper sterilization is not an
issue. As more active enzymes are discovered, treatment times will continue to drop.
Some studies report significant energy savings with relatively short treatment times (as
low as 30 minutes) [6].
In this current study, fibres were used as a starting substrate. This was done for a few
key reasons. One, the most energy intensive step in the mechanical refining process is
during fibre development, which occurs later, once the chips have been fiberized in the
primary refiner. As such, examining how enzyme pretreamtents affect energy
consumption during PFI milling was thought to be a rational starting point. And two, the
lignocellulosic material is only handled in its most intact form for a relatively short
period of time in the process (i.e. before primary refining). As such, there are many more
potential treatments points on fiberized material within the entire process stream (e.g.
between primary and secondary refining, prior to reject refining, after final refining, etc.)
CSF was used as a benchmark to guide the selection of optimal enzyme dosages.
Freeness is frequently used in industry to characterize a pulp. Although PFI milling
cannot predict energy savings on medium coarse pulps (~350 ml CSF), it is possible that
with extremely coarse pulps (>650 ml CSF), initial milling could correlate with primary
or secondary refining energy consumption [7, 8].
Fibre length and fibre coarseness are important factors for handsheet properties and help
evaluate treatment effectiveness. These parameters have been shown to affect paper
strength [9]. As such, an FQA was used to track changes to these parameters over the
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range of enzyme dosages and PFI mill revolutions. Tendency changes observed in these
features should indicate a potential for energy savings. Reducing sugars was also used to
monitor enzyme activity in the pulps.
2.2 Experimental
2.2.1 Materials
TMP pulp: 100% black spruce TMP pulp was collected in the primary refiner discharge
from Irving Pulp & Paper, Saint John, NB. The pulp dryness was 71.8% (Tappi method
T210 cm-03) and CSF freeness was 720 mL (Tappi method T227 om-09). It contains
40.86% rejects (Tappi method T278 sp-09).
Enzyme: Mannanase, Xylananse, Cellulase A and Cellulase B were provided by
Novozyme Inc. (USA). Each enzyme has its own applicable pH and temperature as
listed in Table 2.1. Soaked pulp initial pH was roughly 5.5. Diluted reagent grade HCl or
NaOH was used to adjust the pH accordingly.
All other chemicals and reagents were purchased from Sigma Aldrich or Fisher.
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Table 2.1

Applicable ranges of temperature and pH for the enzymes being studied.

These ranges were determined by the enzyme provider.
Applicable Temperature ( ºC )

Applicable pH

Mannanase

65 ~ 85

8.0 ~ 9.0

Xylananse

40 ~ 70

4.0 ~ 6.0

Cellulase A

40 ~ 55

6.0 ~ 7.5

Cellulase B

40 ~ 60

8.0 ~ 9.0

2.2.2 Enzyme activity determination
A standard enzyme activity determination method was applied in this study [10]. In this
method, enzymes hydrolyze standard substrates, then a spectrophotometer (Multon Roy,
Spectronic 1001 Plus) is used to test the residual absorbance. The enzyme activities
obtained are listed in Table 2.2.
Table 2.2

Enzyme activities of the enzymes being studied. These are given in

International Units using standard procedures established by National Renewable
Energy Laboratories.
Enzyme activity (IU/mL)
Mannanase

5120

Xylanase

5460

Cellulase A

277

Cellulase B

724
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2.2.3 Hydrolysis
To simplify the hydrolysis procedures, for each enzyme, the average value was adopted
for its applicable pH and temperature range. According to enzyme activity, appropriate
enzyme dosages were applied in each hydrolysis. 40g of oven dried pulp (ODP) was
made into a solution of 5% consistency with demineralised water. This solution was
brought to the proper pH with a dilute HCl solution or a dilute NaOH solution when
necessary. This was prepared within a plastic bleaching bag. After adding the
appropriate amount of the enzyme solution, the plastic bags were thermosealed and
placed in a hot water bath at a given temperature. Initial hydrolysis time was chosen to
be one hour. During this time bags were massaged every ten minutes to ensure proper
heat distribution throughout the hydrolysis. These massages also allow for enzyme-pulp
mixing.
Control pulps were prepared along side every different enzyme condition with the
exception of enzyme addition in order to eliminate the possible effects of pH
adjustments alone.
At the end of the hour, bags were removed from the hot water bath and placed in a pot of
boiling water for ten minutes to deactivate the enzyme. Pulps were then filtered (a 100
mL sample of filtrate was kept for reducing sugar analysis). This pulp was ready for PFI
milling work-up. Pulp hydrolysis conditions are listed in Table 2.3.
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Table 2.3

Hydrolysis conditions for each enzyme being studied. The temperatures

and pH’s used are the range means given by the enzyme provider.
Temperature (ºC)

pH

Time (min.)

Consistency (%)

Mannanase

75

8.5

60

5

Xylanase

60

5.0

60

5

Cellulase A

50

7.0

60

5

Cellulase B

50

8.5

60

5

Time trials were also done using the optimal dosages obtained during the initial
hydrolysis tests. Hydrolysis times of 2, 3, 4, 5 and 6 hours were carried out on all 4
enzymes. The same procedures were used here with the exception of massaging. After
the first hour of hydrolysis, pulps were only massaged every 30 minutes.
2.2.4 Reduced sugar determination
A standard reduced sugar determination method was applied in this study [11]. The
principle is the same as enzyme activity determination: apply the standard curve to
determine the reduced sugar in the filtrate.
2.2.5 Refining
Pulp obtained after the hydrolysis treatment was first disintegrated at 15,000 revolutions
in a standard disintegrator. Disintegrated pulp was made into a 7 L solution. Consistency
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of this solution was checked in triplicate before filtering the required amount to obtain
30g ODP. Leftover pulp was used for initial CSF and FQA measurements.
The thickened pulp was brought to 300g with tap water in order to have a 10%
consistency solution as is required by TAPPI method (Tappi method T248-sp 08). This
pulp was placed in a PFI mill (NORAM CA318, Canada) and beaten to 5,000
revolutions, after which 30g (3g ODP) were removed for a CSF measurement. The pulp
and all water from the CSF test were filtered, collected and rewatered to give 30g of
pulp. This pulp was returned into the mill and beating was continued to 20,000
revolutions. At this point all the pulp was removed a CSF measurement was taken, as
well as samples for FQA and microscopic slide preparation. The same procedure was
used to get points at 10,000 then 15,000 revolutions
2.2.5 Fibre length and coarseness analysis
Fibre length weighted mean length and fibre coarseness were measured in a Fibre
Quality Analyzer (FQA, Optest, Canada) following all relevant instructions for sampling
were provided by the operating manual.
2.3 Results and Discussions
2.3.1 Effect on CSF
2.3.1.1 Xylanase
Seven different enzyme loadings (100, 250, 300, 500, 100, 1500 and 2000 IU/g ODP)
and a control were initially tried for dosage optimization of xylanase. The dosage that
gave the lowest freeness pulp after 20,000 revolutions on the PFI mill was chosen as the
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optimized dose. The minimum shown on Figure 2-1 for xylanase was at 1000 IU/g ODP
with a CSF of 135 mL. This value represents a 27% reduction in CSF when compared to
the value obtained for the control (184 mL CSF). This dosage was then used in
subsequent hydrolyses.
Using the optimized dosage, extended time trials were conducted. Pulps were treated for
2, 3, 4, 5 and 6 hours and subsequently refined. CSF was checked after 5,000 revolutions
and 20,000 revolutions. As seen on Figure 2-2, extending hydrolysis time would seem to
increase CSF going from 135 mL CSF after a 1-hour hydrolysis to a high of 185 mL
CSF after a 4-hour hydrolysis, an increase of 37%.
When monitoring the CSF changes through increasing PFI revolutions, no significant
difference between the control and treated curves can initially be observed. However,
after 20,000 revolutions a noticeable difference can be seen in Figure 2-3. At this point,
the control and treated pulps CSF were 184 mL and 135 mL respectively, a 27%
reduction.
2.3.1.2 Mannanase
Five dosages and a control were tested for mannanase (154, 317, 497 and 1000 IU/g
ODP). Once again the optimal dosage is taken as the minimum point for mannanase in
Figure 1 after 20,000 revolutions of the PFI mill. In this case, minimum CSF is reached
at an enzyme loading of 317 IU/g ODP with a value of 163 mL CSF. This represents a
12% reduction when compared to the control pulp CSF of 185 mL.
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When looking at the mannanase curve in Figure 2-2, there is very little noticeable
difference in CSF. There is a slight increase of 6% between the 1-hour hydrolysis CSF
and the 3-hour hydrolysis CSF (163 mL and 173 mL respectively). This increase does
not grow with more time as is shown in the figure.
Monitoring CSF changes at increasing amounts of revolutions, Figure 2-3 shows no
difference between the control and enzyme treated pulps other than at 20,000
revolutions.
2.3.1.3 Cellulase A
Nine dosages (5, 10, 15, 20, 25, 50, 75, 100 and 125 IU/g ODP) and a control were
tested for cellulase A. Figure 2-1 shows a minimum for this series at an enzyme loading
of 25 IU/g ODP with a CSF value of 168 mL, a 12% reduction from the control value of
190 mL CSF.
There is a clear increase when monitoring CSF changes after extending the hydrolysis
times. Comparing the 1-hour treatment with the 4-hour hydrolysis shows an increase in
CSF going from 163 mL to 261 mL respectively. This represents a 60% increase in CSF.
Although at the 5- and 6-hour marks CSF is less than at the 4-hour mark, there is still an
increase when compared to the 1-hour trial.
In Figure 2-3, the enzyme treated curve shows an initial drop in CSF at 5,000
revolutions going from a control CSF of 378 mL to 325 mL, a drop of 14%. This trend is
reversed for the following intervals (10,000 and 15,000) where there is an increase in
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CSF (16% and 19% respectively). Yet at 20,000 revolutions control CSF is 176 mL and
the treated pulp CSF is 163 mL, a 7% decrease.
2.3.1.4 Cellulase B
Nine dosages (5, 10, 15, 20, 25, 50, 75, 100 and 125 IU/g ODP) and a control were
tested for cellulase B. The minimum shown in Figure 2-1 is found at an enzyme loading
of 20 IU/g ODP giving a CSF of 163 mL. This is a 12% decrease in CSF when
compared to the control value of 185 mL.
When extending the hydrolysis times and monitoring CSF changes a gradual increase in
CSF is observed up to the 3-hour mark. At this point CSF is 235 mL. This is an increase
of 45% when compared to the CSF value of 162 mL obtained after the 1-hour
hydrolysis. After the 3-hour mark there is a steady decline in CSF down to 194 ml for
the 6-hour hydrolysis (Figure 2-2).
Initially, when monitoring CSF changes at refining intervals, cellulase B would seem to
increase CSF when compared to the control pulps. At 5,000 revolutions, there is an
increase of 3% over the control (393 mL CSF for the treated pulp vs 380 mL CSF for the
control). At 10,000 revolutions, there is an increase of 10% with a CSF of 285 mL for
the treated pulp compared to a CSF of 260 mL for the control pulp. The increase reaches
its peak at 15,000 revolutions with an increase of treated pulp CSF (255 mL) of 24%
over the control pulp (205 mL). Yet at 20,000 revolutions, there is an apparent decrease
in pulp CSF of 9% when comparing the control pulp freeness of 178 mL with the treated
pulps value of 162 mL (Figure 2-3).
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Figure 2-1: Enzyme dose optimization trials for the four enzymes studied were
conducted using the given specified conditions for each enzyme type. The optimum dose
was chosen as the dose giving the lowest CSF pulp at 20,000 revolutions in the PFI mill.
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Figure 2-2: Optimized enzyme dosage time trials were conducted to determine a suitable
hydrolysis time for further trials. The shortest possible time that was still able to CSF
was selected.
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Figure 2-3: Using the selected enzyme dosages and hydrolysis time, refining curves
were generated for each enzyme type. CSF was checked at 5,000 revolutions intervals
up to 20,000 revolutions.
2.3.2 Fibre length
2.3.2.1 Xylanase
During trials done for optimisation, fibre length decreased with increasing dosage.
Figure 2-4 shows the trend with some outlying data points which are probably due to the
substrates natural variability. As much as a 10% reduction in fibre length was observed,
when comparing the value of 0.943 mm (length weighted) at the optimal dosage of 1000
IU/g OD pulp with the control pulp fibre length of 1.057 mm.
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But when using the optimised dosage (1000 IU/g ODP) for xylanase and extending
hydrolysis time, fibre length continually increased throughout the series for a given
number of PFI revolutions. When compared to pulp obtained from a 1-hour hydrolysis
(0.943 mm), pulp from the 5-hour hydrolysis, with a fibre length of 1.115 mm, showed
an increase of 18%. This is also an increase of 5% over the control pulp at 1 hour. Since
a length weighted fibre length is being used, either the enzyme is making it easier to
produce long fibres (and producing less fines) or that the enzyme is primarily attacking
the fines. Though, strangely, fibre length at a 6-hour hydrolysis time, 1.033 mm, was
shorter than at five hours (Figure 2-5). This is likely due to the low number of repetitions
done.
2.3.2.2 Mannanase
For mannanase, there is also an initial drop in fibre length when the enzyme is used but
dosage does not seem to have an important effect. Figure 2-4 indicates the clear drop
between the control and the lowest dosage. This figure also shows that higher dosages
do not induce greater reduction in fibre length. The initial drop represents an 8%
reduction in fibre length from a control length of 1.076 mm to 0.996 mm in length
weighted.
As was the case in the xylanase trials, Figure 2-5 shows that, when extending hydrolysis
times, pulp treated with the optimised dosage of mannanase (300IU/g ODP) had a slight
increase in fibre length. When compared to the pulp hydrolysed for one hour (1.003
mm), pulp obtained from the 6-hour hydrolysis (1.053 mm) showed a 5% increase in
fibre length. This is still a slight decrease (2%) when compared to the 1-hour control
49

pulp. As mentioned previously, the fines are the main enzyme substrate and over time,
an increase in length weighted average length can be observed.
2.3.2.3 Cellulase A
Trials for dosage optimization seem to indicate very little effect on fibre length when
using low enzyme loading. Figure 2-4 shows that there is a slight increase in fibre length
when comparing the control pulp with pulp treated with an enzyme dosage of 25 IU/g of
ODP. Treated pulp fibre length of 0.979 mm represents a 2% increase over the treated
pulp length of 0.958 mm. At higher dosages (greater than 25 IU/g of ODP) however, a
decrease in fibre length is observed when increasing enzyme loading. This decrease is
much more pronounced than the slight increase observed previously. Comparing the
control value of 0.958 mm with the fibre length obtained with the highest dosage (0.88
mm at 125 IU/g of ODP) there is a decrease of roughly 8%. This can be observed in
Figure 4.
When using the optimized dosage of 25 IU/g of ODP and extending hydrolysis time, it is
obvious that Cellulase A does indeed shorten fibre length, with the greatest effect being
observed at the longest hydrolysis time. When comparing fibre lengths obtained at the 1hour and 6-hour marks, there is a decrease from 0.988 mm to 0.969 mm respectively.
This represents a 2% reduction in fibre length (Figure 2-5).
2.3.2.4 Cellulase B
Out of the four enzymes tested, cellulase B had the greatest effect on fibre length. Even
at low dosages (<25 IU/g of ODP), this enzyme progressively shortened fibres with
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increasing loading. At 20,000 revolutions of the PFI mill, the control pulp had a fibre
length of 1.041 mm and fibres from the hydrolysed pulp measured 0.930 mm giving an
11% reduction in length. When higher dosages were applied the trend continued. The
highest dosage (125 IU/g of ODP) had the greatest effect, giving fibres measuring 0.747
mm. This represents a 28% reduction in length when compared to the control pulp.
Figures 4 shows these trends.
Extending hydrolysis time also decreased fibre length but not to the same extent. When
comparing fibre lengths obtained at 1-hour and 5-hour (1.023 mm and 0.966 mm
respectively), a 6% reduction in length is observed (Figure 2-5).

Figure 2-4: Fibre length changes throughout the optimization trials.
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Figure 2-5: Fibre length changes throughout the optimized dosage time trials.
Comparing the CSF results with the fibre length measurements, certain observations can
be made. For one, hemicellulase enzymes lower CSF values at given refining
revolutions without causing too much fibre shortening. In the case of xylanase CSF was
reduced by 27% while fibre length was only reduced by 10%. For mannanase the
difference isn’t quite as large but is still apparent (12% CSF reduction with an 8%
reduction in fibre length) (Figure 2-1and Figure 2-4). Data obtained during the extended
hydrolysis time trials shows that pulps treated with xylanase have a 37% increase in CSF
when compared to the 1-hour trial and an 18% increase in fibre length. In the case of
mannanase there is only a 6% increase in CSF and a 5% increase in fibre length. It is
obvious that extending the hydrolysis time for xylanase is not beneficial but could yield
longer fibres when using mannanase as treatment (Figure 2-3 and Figure 2-5). In the
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case of cellulase A and B both showed a 12% reduction in CSF at their optimized
dosages. The pulp treated with cellulase A showed an increase in fibre length of 2%
while pulp treated with cellulase B showed a decrease in fibre length of 11%. When
using higher enzyme loadings however, both cellulase enzymes increased CSF and
reduced fibre length by significant amounts (Figure 2-1and Figure 2-4). During the
optimized dosages time trials CSF for both enzymes was increased dramatically, 60%
for cellulase A and 45% for cellulase B. Decreases in fibre lengths were also observed
but these were much less significant, 2% and 6% respectively over the values obtained
for the 1-hour hydrolysis (Figure 2-3 and Figure 2-5). For these enzymes, hydrolysis
time extension does not seem beneficial for pulp production. The various increases in
CSF could be related to the fact that hydrolytic enzymes tend to attack fines first [12,
13]. By reducing the amounts of fines an increase in freeness is to be expected [14].
2.3.3 Fibre coarseness
2.3.3.1 Xylanase
Initial data obtained during optimization trials was contradictory. One trial showed an
increase in fibre coarseness while a second trial showed a decrease in fibre coarseness.
These results remain puzzling and are not yet understood. Increasing the number of
repetitions could help resolve this problem. But pulp is an extremely heterogeneous
substrate and this variability will always cause some data scattering.
Although conflicting data was obtained during the optimization trials, extending the
hydrolysis time with the optimized dose resulted in a slight decrease in fibre coarseness.
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Pulp hydrolyzed for five hours had the lowest coarseness out of the time trials, as seen in
Figure 2-7. This pulps coarseness was 0.270 mg/m which is a 7% decrease when
compared with a pulp coarseness value of 0.291 mg/m obtained from the 1-hour
hydrolysis.
2.3.3.2 Mannanase
Only one optimization trial was needed to find the appropriate mannanase dosage, thus
only one set of data was obtained for the coarseness measurement. The trend in this case
is much more obvious than in the xylanase trials and it shows a clear increase in fibre
coarseness when dosage is increased as observed in Figure 2-6. Coarseness is highest at
the highest dose tested with a value of 0.310 mg/m. This represents an increase of 35%
over the refined control pulp which had a coarseness of 0.230 mg/m. Perhaps there is
less peeling in mannanase treated pulps.
However, when extending the hydrolysis time beyond an hour and using the optimized
dosage of 300 IU/g of ODP, coarseness decreased slightly going from 0.289 mg/m after
a 1-hour hydrolysis, to 0.257 mg/m after a 6-hour hydrolysis. This decrease represents
an 11% reduction in fibre coarseness (Figure 2-7).
2.3.3.3 Cellulase A
At low dosages, fibre coarseness increased with increasing Cellulase A loading. Fibres
obtained from the control pulp had a coarseness of 0.222 mg/m compared to a
coarseness of 0.309 mg/m for fibres from pulp treated with 25 IU/g of ODP. This
represents a 40% increase in fibre coarseness. Increasing the enzyme loading above 25
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IU/g of ODP did not have the same effect. Coarseness values for pulps treated beyond
this point did not seem to follow any particular trend (Figure 2-6).
When using the optimized dosage of 25 IU/g of ODP and extending the hydrolysis time,
coarseness vales are unpredictable (Figure 2-7). Again, this must be due to the
variability of the substrate. Carefully screening the bulk pulps could help solve this
problem.
2.3.3.4 Cellulase B
At low dosages (25 IU/g of ODP or less), Cellulase B showed an initial increase
followed by a slight decrease in fibre coarseness. Values went from 0.278 mg/m for the
control pulp up to a high of 0.297 mg/m at an enzyme dosage of 15 IU/g of ODP before
dropping to 0.251 mg/m for a 25 IU/g of ODP dosage. This final value represents a 10%
reduction in fibre coarseness. As was the case in the Cellulase A trials, this trend was not
apparent when higher dosages were used (Figure 2-6).
When extending the hydrolysis time and using the optimized dose (20 IU/g of ODP),
data obtained showed a slight increase in fibre coarseness at the 5-hour mark (0.307
mg/m). This is an 11% increase over the value of 0.277 mg/m measured after the 1-hour
treatment. But after a 6-hour treatment, fibre coarseness dropped to 0.251 mg/m which
represents a 9% decrease when compared to the 1-hour value (Figure 2-7).
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Figure 2-6: Fibre coarseness changes throughout the optimization trials.

Figure 2-7: Fibre length changes throughout the optimized dosage time trials.
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Coarseness is a measurement of fibre weight per fibre length. Thus it is capable of
relaying information on fibre wall peeling since a drop in coarseness represents a drop in
weight without considering the loss in length. This value is very useful in traditional
mechanical pulping since any wall delamination will indeed lead to significant peeling
and fibre weight loss. But when using enzymes, interfibre bonds are cut and the structure
is loosened without necessarily peeling caused by tearing. As seen in the various
coarseness graphs (Figure 2-6 and Figure 2-7), values are unpredictable. This is
probably due to the fact that only one trial was done for each data point. But overall it is
shown in Figure 2-6 that increasing the doses, increases coarseness, sometimes
significantly (for mannanase and cellulase A). But when increasing the hydrolysis time
with the optimized enzyme loadings, xylanase, mannanase and cellulase B did in fact
lower the coarseness.
2.3.4 Reducing sugars
2.3.4.1 Xylanase
As was expected reducing sugars produced during hydrolysis and recovered after
enzyme deactivation continued to increase in concentration as enzyme loading was
increased. The most reducing sugars (1.58 mg/g of ODP) were produced at an enzyme
dosage of 2,000 IU/g of ODP. This is an increase of 55% when compared to the control
value of 1.02 mg/g of ODP (Figure 2-8).
Reducing sugars obtained during the optimized dosage time trials, dropped initially
between the 1-hour hydrolysis and the 2-hour hydrolysis, going from 1.36 mg/g ODP to
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1.16 mg/g of ODP respectively. Concentrations from then on increased with hydrolysis
time finishing with a concentration of 1.68 mg/g of ODP after a 6-hour hydrolysis (a
24% increase over the amount found after a 1-hour hydrolysis) (Figure 2-9).
2.3.4.2 Mannanase
After a large increase in reducing sugars observed at an enzyme loading of 200 IU/g of
ODP, additional dosage increase showed a much slower rate on increase, as seen in
Figure 8. The initial dose of 154 IU/g of ODP produced no difference from the control
pulp (both had concentrations of 1.02 mg/g of ODP) but at 200 IU/g of ODP reducing
sugars produced increased by 255% (3.62 mg/g of ODP) and continued increasing to 4
mg/g of ODP at an enzyme loading of 1000 IU/g of ODP.
Although some data is outlying, the general trend would seem to indicate that a decrease
in reducing sugars is observed when increasing hydrolysis time. The highest
concentration observed was after the 1-hour hydrolysis giving a reducing sugar amount
of 4.53 mg/g of ODP. Compared to the value obtained after a 5-hour hydrolysis of 3.73
mg/g of ODP there is an 18% reduction in the amount of reducing sugars produced.
2.3.4.3 Cellulase A
There is a gradual increase in reducing sugars produced from the pulp when increasing
enzyme loading. Figure 8 shows that a maximum is reached at a dose of 100 IU/g of of
ODP. At this point, sugar concentration is 2.651 mg/mL and represents an 86% increase
in sugars when compared to the control pulp value of 1.43 mg/g of ODP. The slight
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decrease observed at a dosage of 125 IU/g of ODP is probably due to the substrates
variability.
The cellulase A curve observed in Figure 9 shows an increase in reducing sugars found
in the filtrate when increasing hydrolysis time. After a 1-hour hydrolysis, reducing sugar
concentration was 2.10 mg/g of ODP and after a 6-hour hydrolysis their concentration
was 2.62 mg/g of ODP, an increase of 25%.
2.3.4.4 Cellulase B
The curve obtained for cellulase B in Figure 8 shows an almost linear relationship
between the amount of reducing sugars produced and the enzyme loading. The highest
dosage tested (125 IU/g of ODP) produced the highest amount of reducing sugars (18.29
mg/g of ODP). Compared to the control value of 1.23 mg/g of ODP, this represents an
almost 1400% increase in reducing sugars produced.
Increasing the hydrolysis time did not seem to affect reducing sugar production initially.
The first trials (1, 2, 3, 4 and 5 hours) had very similar amounts of reducing sugars
present in their filtrates, but with a hydrolysis time of 6 hours an apparent increase in
reducing sugars produced was observed. The value obtained at the 6-hour mark (13.0
mg/g of ODP) represents a 75% increase over the control value of 7.42 mg/g of ODP.
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Figure 2-8: Tracking reducing sugars with increasing enzyme loading.

Figure 2-9: Reducing sugars produced during the optimized dosage time trials.
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Reducing sugar analysis was conducted primarily to ensure enzyme activity within the
pulps. All enzymes produced more reducing sugars when increasing the dosages, which
is to be expected since reaction is limited by the amount of substrate present until
saturation, but with these low loadings this is not a factor. It is important to note that
mannanase produces more reducing sugars than xylanase. This is probably because the
softwood pulp used here is rich in galactoglucomannans and relatively poor in xylans.
Cellulase A produced more reducing sugars than either hemicellulase but much less than
cellulase B. Xylanase, cellulase A and cellulase B all produced more reducing sugars in
the extended hydrolysis time trials. Mannanase seemed to produce less reducing sugars
when extending the time trials. This is hard to explain but could be caused by product
inhibition or perhaps sugar deposition. More study is needed to explain this result.
2.4 Conclusions
While it is evident that these enzymes had a direct effect on fibre structure and
morphology as observed with the various measurements taken, it is obvious that PFI
refining cannot predict potential energy savings directly. However, this method could be
used to help predict certain aspects of fibre quality. Since fibre length and coarseness
relates to mass reject at the screens, any improvement here could save on reject refining
thus indirectly lowering production energy consumption. Although not directly related to
energy savings in refiners, a drop in CSF at a given amount of revolutions certainly
indicates the potential for energy savings. Here all enzymes did show a certain amount
of CSF drop. However, this drop could be offset by negative fibre modification as was
the case for the significant decrease in fibre length for cellulase B.
61

Acknowledgements
The candidate would like to acknowledge the financial support of the Atlantic
Innovation Fund (AIF), NewPage and Irving Pulp &Paper for their pulp samples and
Novozyme Inc. for the various enzymes. The candidate would like to thank Dr. Fang
Huang for teaching him the various testing procedures and equipment operations. The
candidate would also like to thank Dr Jinghong Zhou for helping with replicating some
experiments using other formulations. Without these parallel series, it would have taken
much more time to find suitable formulations.

62

References
[1]

[2]

[3]

[4]

[5]

[6]
[7]
[8]
[9]
[10]

[11]
[12]
[13]
[14]

Ferraz, A., Guerra, A., Mendonca, R., Masarin, F.Vicentim, M.P., Aguiar, A., and
Pavan, P.C., “Technological advances and mechanistic basis for fungal
biopulping”, Enz. and Microbial Tech., 43 (2008) 178-85
Akhtar, M., Blanchette, R.A., Meyers, G., Kirk, T.K., “An overview of
biomechanical pulping research.” In: Young, R.A., Akhtar, M., editors.
Environmentally friendly technologies for the pulp and paper industry. NY: John
Wiley and Sons; (1998) 309-83
Akhtar, M., Attridge, M.C., Myers, G.C., and Blanchette, R.A., “Biomechanical
Pulping of Loblolly Pine Chips with Selected White-Rot Fungi”, Holzforschung,
47 (1993) 36-40
Pere, J., Siika-Aho, M., and Viikari, L., “Biomechanical Pulping with Enzymes:
Response of Coarse Mechanical Pulp to Enzymatic Modification and Secondary
Refining”, Tappi J., 83 (2000) 1-8
Leatham, G., Myers, G., and Wegner, T., “Biomechanical pulping of aspen chips:
energy savings resulting from different fungal treatments”, Tappi J., 73 (1990)
197-200
Meyer, V. Lecourt, M., and Peng, F., “Ecotarget: Bio-mechanical refining”
conference Dec 11 2008, Sockholm.
Leatham, G., and Myers, G., “A PFI mill can be used to predict biomechanical
pulp strength properties”, Tappi J., 73 (1990) 192-7
Bar-Lev, S., Kirk, T., and Chang, H-m., “Fungal treatment can reduce energy
requirements for secondary refining of TMP”, Tappi J., 65 (1982) 111-3
El-Hosseiny, F. and Anderson, D., “Effect of fibre length and coarseness on the
burst strength of paper”, Tappi J., 82 (1999) 202-3
Adney, B. and Baker, J., Meaurement of cellulase activities, Laboratory analytical
procedure (LAP), National Renewable Energy Laboratory, Technical Report,
NREL/TP-510-42628, January 2008.
Miller, G.L., “Use of dinitrosalicylic acid reagent for determination of reducing
sugar, Analytical chemistry, 31 426 (1959) 426Jackson, L.S., Heitmann, J.A. and Joyce, T.W., “Enzymatic modification of
secondary fibres”, Tappi J., 76 (1993) 147-54
Richardson, J.D., Wong, K.K.Y. and Clark, T.A., “Modification of Mechanical
Pulp Using Carbohydrate-Degrading Enzymes”, JPPS, 24 (1998) 125-9
Chen, H., Park, A., Heitmann, J.A. and Hubbe, M.A., “Importance of Cellulosic
Fines Relative to the Dewatering Rates of Fibre Suspensions", Ind. Eng. Chem.
Res., 48 (2009) 9106-12

63

Chapter 3:
Enzymatic Treatment of Wood Chips prior to Refining

Abstract
Wood chips, macerated wood chips and coarse wood fibres were compressed and
allowed to decompress in enzyme solutions prior to mechanical refining. Electrical
consumption in refining was monitored in order to investigate potential energy savings
during refining. Wood treated with Celluclast® 1.5L showed a reduction in refining
energy up to a 36%. Canadian Standard Freeness was used to track degree of refining.
Decompressing in the enzyme solution gave a 15% reduction in energy consumption
compared to having the already decompressed substrate treated with enzymes. This
indicated that improving the transportation of enzymes into wood chips would further
enhance the enzyme effect on refining. In this study, confocal laser scanning microscopy
(CLSM) was used to track a dyed dextran of 70k molecular weight (the size of some of
the larger enzymes) which was used as molecular probe to investigate the potential
added penetration of enzymes induced by compression/decompression in the selected
chip sizes.
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3.1 Introduction
Most mechanical grade pulps being manufactured today are TMPs. The resulting high
yield pulps (up to 95%) are bulky, having good opacity and excellent printability.
Unfortunately, it is a very energy intensive process and produces fibres which are stiff
and contain most, if not all, of the original lignin. This gives a paper with lower strength,
higher pitch content (giving runability problems) and higher color reversion rate when
comparing to chemical pulps. These qualities and drawbacks come from the fact that
TMPs undergo a purely mechanical separation, leaving its chemical composition more
or less unaffected. Fibres obtained remain stiff and contain lignin reducing interfibre
bonding potential. This leads to a weak sheet prone to breaks.
The past few decades have seen a great deal of research into biopulping, a process where
wood chips are inoculated with naturally occurring fungi which possess the ability to
degrade woody materials. The main focus has been on lignin-degrading basidomycetes
called white rot fungi. These fungi are capable of selectively degrading the lignin in
woody substrates. They do this in order to feed on carbohydrates exposed from the
delignification process. Some studies have shown significant SEC reductions (as high as
40%) when chips were inoculated with strains of white rot fungi [1-3]. However, this
kind of application does have disadvantages. In order to achieve the highest energy
savings, certain steps must be taken. Chips should be sterilized prior to inoculation by
the desired fungus. This will limit the growth of potential competitive species. Piles
must be kept within a very specific range of humidity and temperature to maximize
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growth. And this can take several weeks [4]. This growth period creates a problem. For
this type of treatment to be widely applicable, there is need for a large amount of on-site
storage capacity that could be used as a production “buffer” where a residence time of
four weeks is not an issue.
These fungi actually produce enzymes (biological catalysts) which degrade and
fragment wood fibres to forms more readily digested. Enzyme discovery, preparation
and purification have come a long way since initial fungal trials were conducted. Now,
direct enzymatic applications offer a more appealing solution. Although the complete
mechanisms behind the abilities of the white-rot fungi to degrade wood are not fully
understood, enzymes are most definitely an integral part of said mechanism [5]. The
physical action of fungal hyphae certainly plays a role in enzyme delivery but it is the
enzymes themselves that eventually play the major role in decomposition [6]. By direct
application of the required enzymes, growth time is not a factor. Since growth no longer
matters, proper sterilization is not an issue. As more active enzymes are discovered,
treatment times will continue to drop. Some studies report significant energy savings
with relatively short treatment times (as low as 30 minutes) [7].
Various parameters can affect the overall efficiency of an enzyme treatment. Two key
parameters have to do with substrate size, more precisely specific surface area [8], and
available pore size in wood. While fungi have a natural enzyme delivery system with
their hyphae, enzyme solutions, on the other hand, do not and thus their penetration to
hydrolysis sites is limited by their large size relative to the pore size in fibres [9-11].
Impregnators have been used in chemical pulping to improve treatments and in
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mechanical pulping to improve air displacement in chip steaming. It was shown in a
technical report that applying pressure to dextran solutions of increasing molecular size
had limited penetration into wood chips even when pressure was applied to these
solutions. Impregnation combining an Andritz ImpressafinerTM with specific enzymes
gave energy savings during subsequent refining of alkaline peroxide mechanical pulp
[12].
Our preliminary, unpublished results show that treating coarse pulp with Celluclast®
1.5L solution could increase its beatability in a PFI mill, lowering final freeness at a
given number of revolutions. These results were confirmed on a larger scale using a
KRK refiner with coarse chips. However, when attempting to treat larger wood
substrates such as chips and macerated chips, no significant changes in energy could be
obtained. These results indicated that enzyme efficiency was inhibited by the larger
substrate size, most likely due to the penetration issues.
In this current study, three different sizes of Black Spruce (chips, macerated chips and
very coarse pulp) were treated with Celluclast® 1.5L prior to refining in a laboratory
scale single disc KRK refiner. A final CSF target of between 90-120 mL of freeness was
chosen for the final pulp. A compression/decompression device, designed and built inhouse, was used to see if this could improve enzyme penetration. A dyed dextran of a
given molecular size (70000Mw) was used as molecular probe in combination with
CLSM to visualize if compression/decompression can increase penetration into the
different substrate sizes or if accessible surface is the only important factor.
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3.2 Materials and methods
3.2.1 Materials
Wood chips: 100% black spruce wood chips were collected after washing and screening
from Irving Pulp & Paper, Saint John, NB. Chips were also compressed with an Andritz
Impressafiner™ leading to an increase in surface area. This process consumed, on
average, 75kWh/oven dried ton (ODT). Some wood chips were also refined in the KRK
refiner to produce a coarse pulp with even greater surface area. These three different
substrates were all tested for moisture (Tappi method T210 cm-03) before further
treatments were applied. The three different substrate sizes considered are shown in
Figure 3-1. These particular sizes were chosen based on their uses and availability
within industry and could be easily obtained. It is clear from Figure 1 that the accessible
surface area increases from whole chips, to impressafined wood, down to coarse pulp.

Figure 3-1: (a) Original wood chip sample. (b) Macerated wood chips. (c) Very coarse
pulp prepared using a KRK refiner.
Celluclast® 1.5L, referred to as enzyme solution in the following sections, was provided
by Novozyme Inc. (USA). Its optimal temperature and pH are from 40-60°C and 4.0-5.0
respectively. Diluted reagent grade HCl or NaOH was used to adjust the pH accordingly.
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All other chemicals and reagents were purchased from Sigma Aldrich or Fisher with the
exception of the dyed Dextrans which were purchased from Invitrogen Life
Technologies and were used as purchased.
3.2.2 Coarse pulp preparation
Chips were preheated in an atmospheric steamer for 15 minutes. 55°C water was added
to the chips to bring the consistency to approximately 20% (Liquor to wood ratio of 5:1).
This mixture was hand fed into a hopper which in turn was screw fed into the refiner.
Care was taken to maintain the correct L/W throughout the process. The plate gap was
set to 1.0mm and the average energy consumption was 850kWh/ODT. CSF of the pulp
obtained was not measurable and contained mostly matchsticks and fibre bundles.
3.2.3 Enzyme activity determination
A standard enzyme activity determination method was applied in this study [13]. In this
method, we applied enzymes to hydrolyze standard substrates, then used a
spectrophotometer (Multon Roy, Spectronic 1001 Plus) to test the absorbance of the
coloured solution obtained after applying the DNS method as described by Miller [14].
The enzyme activity used for dosage calculations was filter paper units (FPU) and has
been found to vary between 80 – 160 FPU/ml depending on the batch. This highlights
the importance of proper assaying before using the enzyme solution.
3.2.4 Hydrolysis conditions
To simplify the hydrolysis procedures, the average value was adopted for its applicable
pH and temperature range. According to enzyme activity, appropriate enzyme dosages
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were applied in each hydrolysis. 200g of oven dried wood (ODW) was made into a
solution of 10% consistency with tap water at the appropriate temperature. This solution
was brought to the proper pH with a dilute HCl solution or a dilute NaOH solution when
necessary. This was prepared within a plastic bleaching bag. After adding the
appropriate amount of the enzyme solution, the plastic bags were thermosealed and
placed in a hot water bath at 50℃. Initial hydrolysis time was chosen to be one hour.
During this time bags were massaged every fifteen minutes to ensure proper heat and
enzyme distribution throughout the hydrolysis. These massages also allow for enzymepulp mixing.
Control pulps were prepared alongside every different enzyme condition with the
exception of enzyme addition in order to eliminate the possible effects of pH
adjustments alone.
At the end of the hour, bags were removed from the hot water bath. Pulps were then
filtered (a 100 mL sample of filtrate was kept for reducing sugar analysis) and rewatered
to the refining consistency.
3.2.5 Impressafined pulp recompression and decompression in hydrolysis liquor
Wood chips from the same source were macerated in an Impressafiner™. This provided
macerated wood chips to test. This substrate was either used as was or recompressed in a
laboratory scale compression device capable of delivering a maximum of 100 atm of
compressive force. After compression, an enzyme solution of given strength was added
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to the compression chamber while the chips were expanding. Hydrolysis was then
allowed to occur following the stated conditions.
3.2.6 Reducing sugar determination
The filtrates collected from the hydrolysis liquors were tested for reducing sugar
concentration following the same colorimetric method as described above [12, 14].
3.2.7 Refining conditions
The refiner was first run for an appropriate amount of time (1 hour) to ensure proper
shaft thermal balance thus maintaining correct gap measurements throughout the entire
process. Once this was achieved, plate gap was set to 0.50, 0.30 and 0.15mm for first,
second and third stage refining respectively. Feed rate of chips to the refining zone was
controlled using a set speed of 2 on the feeder motor control as well as by hand feeding
to the hopper to avoid plugging. This amounted to a feed rate of approximately 75g
ODW per minute. The main motor was not stopped between stages. The pulp collected
was weighed and strained and/or rewatered to adjust the consistency to the correct value.
Pulp that remained in the refiner, stuck in the gaps, was measured previously and was
found to be on average 50g ODW. This loss was accounted for when adjusting
consistency and feed time was also modified accordingly. Consistencies were chosen to
be 15, 20 and 20% for the first, second and third stage respectively. This was done to
limit the amount of steam generated during refining. An ION 7330 energy meter was
coupled to the motor to allow for accurate energy consumption monitoring.
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3.2.8 CSF testing
Following hydrolysis and refining, CSF was determined. In this case, pulp was collected
after the final pass in the refiner and was sealed in air-tight bags to balance moisture and
prevent mould growth. The moisture content was checked before CSF was measured
following the same basic procedures described in TAPPI standard method T 227 om-09.
3.2.9 CLSM imaging
CLSM images were taken on a Leica TCS-SP2 Confocal LM. Sample preparation was
done using the small lab-scale compression device with dyed dextran solutions. These
impregnated samples were then directly imaged. Whole chips, impressafined chips and
coarse pulp were all treated with a dyed dextran solution (0.02% in distilled water), in a
wood to liquid ratio of 1:10, to observe the penetration in the various substrates. A
control without compression was also done with the substrates being soaked in a
solution of the same concentration over night. Chips and macerated chips sizes were
carefully selected and were all roughly 25X35mm while thickness was between 3 and
5mm. After treatment and selection, transverse sections of wood were obtained from the
middle of the sample with razor blades. These were fixed to glass slides and directly
observed in the CLSM. The excitation wavelength was 595nm and emissions between
610 and 620nm were collected.
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3.3 Results and Discussion
3.3.1 Impact of substrate size and enzyme selection on reducing sugar production
Figure 3-2 shows the reducing sugars produced using varying dosages of the enzyme
solution on all three different substrates sizes. As seen in this figure it is obvious that the
increased surface area of the refined coarse pulp had a noticeable impact on the amount
of reducing sugars produced. Although the macerated chips appeared to have an increase
in accessible surface area when compared to the whole chips, as seen in Figure 1, the
amount of reducing sugars released after a 1-hour hydrolysis were comparable to the
amounts released by the whole chip treatment at the same dosages, except for the highest
dosage where there was a slight improvement in sugar production. The increase in
surface area for the macerated wood chips is obviously less significant at the
microscopic level than what the macroscopic examination would suggest. The sugars
produced are still relatively small, even for the highest amount of reducing sugars
produced (18mg/g ODW) which was obtained with the coarse pulp substrate and the
highest dosage of enzyme used (5FPU/g ODW). This amount of reducing sugar
produced corresponds to a 1.8% loss in oven dry mass.
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Figure 3-2: Reducing sugars released from Black Spruce substrates of differing size after
a 1-hour hydrolysis using the enzyme solution.
Using a compression/decompression cycle on the macerated wood chips also had an
effect on the amount of reducing sugar produced during hydrolysis. When compression
times of 10 minutes and 20 minutes were used, hydrolysis was able to liberate 2.8 and
3.0mg/g ODW, respectively. The difference between these two trials is negligible and
falls within the standard deviations found for these two measurements. This indicates
that compression does little to affect actual sugar production; however, this does not
indicate if the depth of penetration is changed which could impact SEC. Both the
compression trials showed a slight increase over the positive control of macerated chips
that were simply placed in the hydrolysis liquor with no compression which produced
2.3mg of reducing sugars per gram of ODW. This slight increase is likely due to the

74

increased penetration of the enzyme into the wood chip which gives the enzyme solution
access to more reaction sites.
Figure 3-3 gives a graphical representation of this.
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Figure 3-3: Reducing sugars released from macerated wood chips using various
mechanical pretreatments and after a 1-hour hydrolysis using the enzyme solution.

3.3.2 Enzyme treatment and effects of substrate size on energy consumption
The substrates obtained during the reducing sugar tests were immediately refined after
being hydrolysed. This avoided the need of boiling the pulps to deactivate the enzyme
since the heat generated during refining is sufficiently high to denature these enzymes
[15]. Figure 3-4 shows the comparison between different substrate sizes after hydrolysis
with the enzyme solution. In this comparison, the whole chips and the macerated chips
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show variable decreases and some increases in the amount of energy consumed during
refining with no clear trend. It is possible that there is some optimization that could be
done to determine a suitable dosage which could be used. The variability was likely
caused by the fact that the size difference of whole and macerated chips can be quite
significant. There was a decrease in SEC at the 1FPU/g ODW dosage of 8.6% for the
chips and a smaller 2.7% decrease at 3FPU/g ODW for the macerated wood chips.
However, the deviations in the measurements, some as high as 10%, can make this
difficult to say with certainty. The coarse substrate trial however shows a clear and
significant impact of enzyme dosage on the refining energy consumption. The largest
drop was a 36% decline in refining energy compared to the control and this was
achieved at the highest dosage tested of 5FPU/g ODW. In this figure it is apparent that
the control for the whole chips is lower than for those of the compressed and coarse
substrates but the CSF obtained after the 3 stages of refining was much higher, ~225mL
as opposed to 125 and 90mL for the compressed and coarse substrates respectively. The
average difference of about 500kWh/ODMT (low of 250 and a high of 750
kWh/ODMT) between refining the chip control and coarse substrate control along with
the added 800kWh/ODMT, shown in the figures as the bar extension over the standard
deviation bars which is to prepare the coarse substrate, can seem like a big difference but
when considering the final stage of pulp making, fibre development, is often the most
energy intensive and that going from ~230mL to ~80mL CSF can consume as much as
1200kWh/ODMT [16].
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Figure 3-4: Refining energy consumption of the three different substrate sizes being
studied using increasing dosages of the enzyme solutions. The areas in dashed outlines
that appear in the macerated chip and coarse substrate graphs on top of the main bars
represent the additional energy required to produce those specific substrate sizes. (From
top to bottom: whole chips, macerated chips and coarse pulp)
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3.3.3 Effects of compression/decompression on specific energy consumption
Since the changes in surface area alone did not help in improving energy consumption
for the macerated wood chips but as evidenced by the work done by Hart et al [12] and
the increase in the amount of reducing sugar produced using impregnation, it was
decided to attempt to have the macerated wood chips recompressed and allowing them
to decompress in hydrolysis liquor. Since the first trial did not show any significant
savings up to 5FPU/g ODW, a dosage of 10FPU/g ODW was used in this experiment.
When no compression was done with an enzyme hydrolysis the amount of energy
reduction was only slightly better at 3.4% than the reduction obtained at the 5FPU/g
ODW dosage. However, when compression was applied, the reductions in SEC were
much better getting as high as 15.3% when the macerated wood chips were compressed
for 10 minutes. At 20 minutes of compression, an 8.9% reduction in SEC was obtained.
The difference could be due to difficulties in having a uniform distribution of hydrolysis
liquor during the expansion period. Another possibility is that holding the compression
for longer led to slower expansion of the wood which could be thought of as a transition
between elastic and plastic deformation. Figure 3-5 shows the SEC results for the
different pulp treatments used.
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Figure 3-5: Comparison between various pulp treatments on refining energy
consumption. The macerated wood chips were used as is without recompression, treated
with enzymes without compression and treated with enzymes following different
compression times.
3.3.4 CLSM imaging
The chips and macerated chips were soaked overnight in a solution of 0.02% dyed 70k
MW dextrans. Coarse pulp was not tested as this substrate would be completely stained
and no useful information would be obtained. The size of dextran was chosen based on
some known enzyme sizes and that many are under 70kDa [17, 18]. The assumption was
then made that any enzyme smaller than this should be able to penetrate at least as far as
the molecular probe. The top two images in Figure 2-6 show one end and the outer edge
of a middle section of a transverse slice from the middle of a chip. The outer edges of
the chip are stained as well as some penetration from the end. This endwise penetration
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is to be expected as it follows the grain of the wood and is in accordance with well
accepted chemical pulping knowledge [19-21]. There is very limited penetration
(>150µm) in the thickness of the chip which is also well established in chemical pulping
literature. Consideration was also given to the possibility that the dye leached from the
dextran backbone migrating deeper into the wood without its conjugate. However, the
stability of this system has been investigated and leaching was found to be negligible
[22-23]. The bottom two images in Figure 3-6 show a macerated wood chip of similar
dimensions than those of the whole chip picture above. The macerated wood chips
contain numerous cracks and fractures which create many more avenues for the
molecular probe to penetrate deeper into the wood. Due to the broken nature of this
wood, imaging was much more difficult and the images represent limited focal planes.
However, it is evident that there is more penetration into the thickness of the chips as
well as from the end.
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Figure 3-6: Transverse section from the middle of a whole chip stained with the
molecular probe. These images are stacks of single CLSM images in which fluorescence
was observed (top two images) Transverse section from the middle of a macerated chip
stained with the molecular probe. These images are stacks of single CLSM images in
which fluorescence was observed (bottom two images).
When a compression/decompression cycle was applied to the chips, penetration into the
ends was greatly improved. Penetration into the thickness of the chip was not much
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affected, however, endwise penetration was greatly enhanced into the chip through
natural channels; the lack of penetration from that direction would not be an issue in an
industrial setting. The top two images in Figure 3-7 show a section from a compressed
treated chip. The section was taken from a similar region as the section for the
corresponding images in Figure 3-6. In this image it is clear that penetration into the
wood chip reaches much further than when no compression/decompression was used,
with some dyed pathways reaching several millimetres into the chips (~3mm).

Similar observations can be made for the macerated wood chips that were submerged in
the staining solution during a compression/decompression cycle. Penetration was not
greatly improved through the thickness of the chip but penetration from the ends was
enhanced. Final depth of the penetration was similar to that of the wood chip in the top
two images in Figure 3-7; however, more channels were used and this is most likely due
to cracks and fractures formed during the maceration process which opened more
avenues for the molecular probe to penetrate. The bottom two images in Figure 3-7 show
the penetration from one end of a macerated wood chip. Again penetration was almost
able to reach the middle of the chip (~3.0mm). The end of the chip in this case is almost
completely saturated with the stain and many more channels reach the depth mentioned.
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Figure 3-7: Transverse section from the middle of a whole chip compressed and
decompressed in the staining solution. These images are stacks of single CLSM images
in which fluorescence was observed (top two images). Transverse section from the
middle of a macerated chip compressed and decompressed in the staining solution.
These images are stacks of single CLSM images in which fluorescence was observed
(bottom two images).
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3.4 Conclusion
It is clear from the results that adding one or more compression/decompression cycles to
an enzyme treatment with Celluclast® 1.5L can improve its ability to increase sugar
production as well as lower SEC. A 15.3% drop in SEC was observed when comparing
between macerated wood chips that were compressed/decompressed in the hydrolysis
liquor and when they were simply soaked in the solution. This was accompanied by a
slight increase in sugar production going from 2.3mg/ ODW to 2.8mg/g ODW for the
positive control and the 10-minute compression/decompression cycle respectively.

Using 70kDa dyed dextran as a molecular probe was an effective method to model the
improved penetration of the enzyme solution. It was evident from the obtained images
that compression/decompression was able to increase penetration of large molecules into
chips. It was also able to show that the added cracks and fractures that were created
during the destructuring process was able to further enhance the ability of the molecular
probe to penetrate into the ends of the chips.
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Chapter 4:
The Mechanism of Energy Savings in Enzyme Pretreated Wood Chips
Refining – Improved Fibre Separation

Abstract
Black spruce (Picea mariana) wood chips were subjected to enzymatic pretreatments,
using an enzyme formulation containing cellulolytic and hemicellulolytic enzymes,
combined with light mechanical treatments including downsizing and/or
compression/decompression. These pretreatments were followed by 3 stages of
mechanical refining in a lab scale disc refiner. Depending on the treatment, the overall
energy savings obtained could be as high as 15%. Most of the savings were obtained
during the first stage of refining. Pulps collected after this stage were imaged using TEM
and SEM. Differences were observed between differing treatment types. The most
significant differences were seen when macerated chips were compressed and allowed to
decompress in enzyme solutions. Enzyme treatments are able to change the rupture
pattern during refining which lowers the overall SEC as evidenced by improved pulp
freeness and direct energy measurements. Increasing enzyme penetration helps to
improve the overall SEC savings and also improves the distribution of energy savings
throughout the refining stages by moving initial fibre separation from the middle lamella
into the secondary wall.
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4.1 Introduction
TMP are still in demand despite the recent tumble in the pulp and paper market. This is
mainly due to very high yields (~95%) that limit the need for vast quantities of raw
material. These pulps also have certain attractive qualities such as bulk and opacity that
lend themselves well to certain types of end products. These selling points coupled with
advancements that have allowed for better recyclability have permitted the sector to
remain viable for the time being; however, this is a very energy intensive process and
with increasing energy costs, which will likely only continue to increase in the near
future. These mills will need to continue researching and implementing novel
innovations in order to remain viable.
One such area of interest is biopulping. This process involves the use of different strains
of fungi that have the ability to degrade certain components in wood structure. This
degradation in turn makes for an easier separation of fibres from whole wood. The main
focus has been on lignin-degrading basidiomycetes called white rot fungi. These fungi
are capable of selectively degrading the lignin in woody substrates. They do this in order
to feed on carbohydrates exposed from the delignification process. Some studies have
shown significant specific energy consumption (SEC) reductions (as high as 40%) when
chips were inoculated with strains of white rot fungi [1-3].
Biopulping does have its disadvantages. Since the organisms used in these types of
applications need to be grown, chips must be relatively sterile. They also have to stored
for long periods of time, sometimes weeks, and kept at specific temperatures and
humidity in order to optimize this growth [4]. The implementation of a mill that would
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be equipped to handle these demands would have a much larger footprint than a
traditional mill of similar capacity. This would in turn require much more capital. To
help overcome these drawbacks, focus has shifted towards the enzymes produced by
these fungi.
Industrial scale enzyme production and purification methods have come a long way.
Protein engineering and genetic engineering of new organisms capable of producing
novel enzymes in sufficient quantities have made significant advances in the last
decades. These man-made enzymes are able to withstand the more severe conditions
found in industrial process streams. As more active enzymes are discovered and/or
created, treatment times will continue to drop and efficiencies will continue to increase.
Some studies report significant energy savings with relatively short treatment times (as
low as 30 minutes) [5]. Since sound wood has a median pore size of 20-40Å [6] and on
average hydrolytic enzymes are greater than 50Å [7, 8], decreases in enzyme size, while
maintaining activity, will likely play a key role in these improvements [9, 10].
Even though the enzyme mechanisms and the reactions that they catalyze are becoming
better known, the exact process that allows these reactions to lower the amount of
energy required to reach a given degree of refining is still not very well understood.
During purely mechanical refining (refiner mechanical pulping, RMP, and pressurized
ground wood, PGW) fibre separation occurs between the primary and secondary wall
and more preferably between S1 and S2 layers, but in TMP, the initial separation usually
occurs at the middle lamella leaving lignin behind which can interfere with interfibre
bonding and increase the amount of energy needed for fibrillation [11]. A study by Lei
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et al. [12] suggested that the use of a xylanase pretreatment prior to refining could
loosen the fibre wall allowing ruptures to occur predominantly at the preferable S1-S2
boundary and lowering refining energy.
Compression/decompression has been shown to facilitate penetration of aqueous
solutions by a few studies [13, 14] and one in particular by Hart et al. [15] investigated
the impregnation of enzymes for the reduction of energy in APMP. In this present study,
the use of a complex enzyme mixture containing both cellulolytic types (endoglucanase
and cellobiohydrolase) along with a hemicellulase (mannanase) was used to pretreat
black spruce chips. The wood chips were first macerated using an Impressafiner-type
chip maceration device. This device provides both shear and compressive forces. The
macerated chips were then recompressed prior to being allowed to decompress in the
enzyme solution. Samples of hydrolysed macerated chips were imaged by SEM and
TEM to see the effects of enzymatic hydrolysis, the rest was refined in a KRK Ltd.
single disc atmospheric refiner coupled to an energy monitor which was used to
determine SEC. Samples were taken from the first stage of refining and again imaged
using SEM and TEM to examine if the changes in energy observed corresponded to
changes in the fibre separation location predicted by Lei et al [12].
4.2 Experimental
4.2.1 Materials
Woody material: 100% Black spruce (Picea mariana) wood chips were collected
after washing and screening from Irving Pulp & Paper, Saint John, NB. Some chips were
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compressed with an Andritz Impressafiner providing macerated wood chips. This
process consumed, on average, 75kWh/oven dried ton (ODT). The macerated chips were
tested for moisture using Tappi method T210 cm-03 [16] before further treatments were
applied.
The enzyme solution, Celluclast 1.5L, used was provided by Novozyme Inc. (USA). The
applicable pH for this enzyme solution is from 4.0-5.0 and the temperature can range
from 40-60°C. Soaked pulp initial pH was roughly 5.5. Diluted reagent grade HCl or
NaOH was used to adjust the pH accordingly. All other chemicals and reagents were
purchased from Sigma Aldrich or Fisher.
4.2.2 Methods
4.2.2.1 Enzyme activity determination
Standard enzyme activity determination methods were applied in this study [17]. In this
method, we applied enzymes to hydrolyze standard substrates, then used a
spectrophotometer (Multon Roy, Spectronic 1001 Plus) to test the absorbance of the
coloured solution obtained after applying the DNS method as described by Miller [18].
The enzyme activities obtained are listed in Table 4.1. CMCase, filter paper and
mannanase activity were determined using carboxymethyl cellulose, Whatman #1 filter
paper and locust bean gum as substrates, respectively. The reducing ends of the sugar
chains released are measured following the methods mentioned above.
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Table 4.1: Enzyme Activities
Activity type Enzyme activity
(AU/mL)
CMCase

1850

Filter paper

150

Mannanase

285

4.2.2.2 Hydrolysis conditions
According to preliminary work, the enzyme dosage was chosen to be 10 Filter
Paper Units per gram of oven dried wood (FPU/g ODW) and applied in each enzyme
treatment. 200g of ODW was made into a solution of 10% consistency with tap water at
50°C. The solution was brought to the proper pH with a dilute HCl solution or a dilute
NaOH solution when necessary. This was prepared within a plastic bag. After adding the
appropriate amount of enzyme solution, the plastic bags were thermosealed and placed
in a hot water bath at 50°C. Initial hydrolysis time was chosen to be one hour. During
this time bags were massaged every fifteen minutes to ensure proper heat and enzyme
distribution throughout the hydrolysis. A control was prepared in the same way with the
exception of enzyme addition in order to eliminate the possible effects of pH
adjustments alone.
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At the end of the hour, bags were removed from the hot water bath. Chips were then
dewatered (a 100 mL sample of filtrate was kept for reducing sugar analysis) and
rewatered to the refining consistency.
Recompression and decompression of macerated wood chips in hydrolysis liquor
Wood chip maceration was done at PAPTAC’s Pointe-Claire, Qc in an MSD
Impressafiner. Macerated wood chips were either used as obtained or recompressed in a
laboratory scale compression device capable of delivering a maximum of 100 atm of
compressive force. After compression, an enzyme solution of given strength was added
to the compression chamber while the chips were expanding. Hydrolysis was then
allowed to occur following the stated conditions.
4.2.2.3 Refining conditions
The refiner was first run for an appropriate amount of time (1 hour) to ensure proper
shaft thermal balance thus maintaining correct gap measurements throughout the entire
process. Once this was achieved, the plate gap was set to 0.50, 0.30, and 0.15mm for
first, second, and third stage refining, respectively. Feed rate of chips to the refining
zone was controlled using a set speed of 2 on the feeder motor control as well as by hand
feeding to the hopper to avoid plugging. This amounted to a feed rate of approximately
75g OD material per minute. The main motor was not stopped between stages. The pulp
collected was weighed and strained and/or rewatered to adjust the consistency to the
correct value. Pulp that remained in the refiner, stuck in the gaps, was measured
previously and was found to be on average 50g ODP. This loss was accounted for when
adjusting consistency and feed time was also modified accordingly. Consistencies were
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chosen to be 15 and 20% for the first and last two stages respectively. This was done to
limit the amount of steam generated during refining. An ION 7330 energy meter was
coupled to the motor to allow for accurate energy consumption monitoring.
4.2.2.4 CSF testing
Following hydrolysis and refining, CSF was determined as a measure of degree of
refining. In this case, pulp was collected after the final pass in the refiner and was sealed
in airtight bags to balance moisture and prevent mould growth. The moisture content
was checked before CSF was measured following the same basic procedures described
in TAPPI standard method T 227 om-09 [16].
4.2.2.5 Imaging
SEM images were taken on a JEOL JSM6400 Digital SEM. TEM images were taken on
a JEOL 2011 STEM. Sample preparation was done at the Microscopy and Microanalysis
Facility at the Fredericton campus of the University of New Brunswick. Enzyme
precipitation was done following a method described by Donaldson [19]. In this method,
enzyme-treated substrates are dewatered and then soaked in a solution of 10%/10% (v/v)
phosphotungstic/hydrochloric acids (PTA). Their group showed that this solution was
able to precipitate cellulase enzymes. The precipitate formed was described as being a
complex since the precipitate formed was while heat-denatured protein precipitate was
brown.
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4.3 Results and Discussion
4.3.1 Structural changes of macerated chips as observed by TEM
Donaldson used the technique described in the Experimental section to observe enzyme
penetration within holocellulose and alpha-cellulose. Figure 3-1 shows control samples
stained with either KMnO4/lead citrate (top images), which was used by Donaldson, or
uranyl acetate/lead citrate (bottom images). It was decided that the lighter images
provided by the uranyl acetate/lead citrate stain allowed for better visualization of the
various cell wall layers and was thus chosen for all subsequent images. In the images
provided in Figure 4-1, there are clear indications of mechanical-type disruptions caused
by shear and compression forces produced during maceration. The fibres are being
pulled and torn apart, mainly in the ML and between it and the primary layer P.
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Figure 4-1: Examples of control fibres. The top images were stained with KMnO4/lead
citrate while the bottom images were stained with uranyl acetate/lead citrate.
Figure 4-2 shows several images taken of a matchstick from the macerated chips treated
with 5.0FPU/g ODW of the enzyme solution and stained using the uranyl stain. Some
precipitates can be seen on the lumen side, as well as on most accessible surfaces.
According to Donaldson, these are enzymes fixed by the PTA solution. Several areas of
the fibres shown in the left image contain some areas weakened by enzymatic attack.
One such area is highlighted by a small black square. The other images are further
magnifications of the same area. The damage to the fibres shows clear indications of
fibre material “dissolution” as the enzymes are working. The larger black precipitates, as
mentioned earlier, are large agglomeration of protein from the enzyme. The enzymes
that are penetrating deeper into the hydrolysis site are too small to create larger
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agglomerations and are thus not seen here. Figure 4-3 shows another area depicting
some more enzyme attack. The bigger precipitates are more likely larger agglomerations
of enzymes (considering they are close to 250nm across while a typical enzyme is
around 3-11nm across). Donaldson also observed this. Some smaller precipitates can
also be seen along the area where the hydrolysis is occurring. Energy-Dispersive X-ray
spectroscopy was done in an attempt to confirm the formation of a tungsten complex;
however, the concentrations were either too low or there was no complex formation and
any Tungsten associated with the protein was washed away.
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Figure 4-2: The top left image shows part of a macerated wood chip decompressed in an
enzyme solution. After dewatering, the chips were treated in a PTA solution to fix and
deactivate the enzyme. There is clear evidence of wood cell wall hydrolysis. One such
area is magnified and shows precipitated enzymes.
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Figure 4-3: Another area from the treated sample showing more enzyme activity and
precipitation
4.3.2 Specific Energy Consumption
In a previous article [20], the authors presented work showing that macerated chips that
were compressed and allowed to decompress in the enzyme solution resulted in greater
energy savings (~15%) than either chips that were compressed\decompressed or
macerated without compression\decompression. Figure 4-4 shows, on the left, a graph
taken from Pelletier et al, 2013 [20], and presents the overall SEC after three stages of
refining. Data are averages of two separate runs and error boars are standard deviations
(SD). The graph on the right in Figure 4-4 shows the final CSF obtained as a method of
comparing degree of refining. CSF is slightly different but falls within +/-10mL which is
typical for mechanical pulps [16], especially considering that the SD for compressed
values are larger than for controls. These graphs show that the different pulps have been
refined to comparable levels.
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Figure 4-4: Overall SEC reductions (Pelletier et al, 2013).an freeness of finished pulp
(triplicate of each refining run for a total of 6 measurements with SD).
Furthermore, comparing various treatments conditions for the macerated chips and
breaking down the energy savings into which refining stage saved the most energy.
Figure 4-5 clearly shows that in all cases most of the energy saved occurs during the first
stage. This is to be expected since the majority of the weak points created by the
treatment should be broken. An important observation made in the previous paper [20]
was that the compression\decompression treatment could improve enzyme penetration
under certain conditions and this could also explain why its energy consumption
distribution between the stages is slightly more balanced than the others. Extending
compression time seemed to have a negative impact on penetration but could be caused
by a number of factors including the low number of replicates (2), the difficulties in
accurately reproducing decompression speeds. This last possibility could also hint at
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changes in material properties of the macerated chips; it is possible that extending
compression time affected the chips ability to decompress as fast as with lower
compression times.

Figure 4-5: Percentages of overall energy savings attributed to each stage of mechanical
refining depending on treatment conditions.
4.3.3 SEM and TEM of 1st refined pulps
The energy savings distribution obtained indicated that some interesting changes to
wood structure and fibre separation were occurring during the first stage of refining.
Pulps collected from this stage were then used to collect both SEM and TEM images in
the hopes of finding some differences in fibre separation location. First, whole chips
(untreated and enzyme treated) were refined in order to compare with the macerated
(untreated and compression enzyme treated). Figure 4-6 shows various SEM images of
untreated whole chips (on the left) and enzyme treated chips (on the right). In these
images there are some differences observed. The top left image of a fibre bundles shows
slightly less separation and slightly more overlap than the treated sample to the right.
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The right side sample shows the beginnings of some fibrillation along with more distinct
separation between the individual fibres. The middle and bottom left fibre surfaces show
ML and P wall remainders covering fibre bundles while in the images to the right, the
deeper P wall, transitioning to the secondary (S1, S2, or S3) wall, is exposed as
evidenced by the directionality of the microfibrils [21, 22].
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ML

P or

ML

S1

P or
S1
ML

Figure 4-6: SEM images, at various magnifications, of control (left side) where all fibres
are covered in ML and P remainders. Enzyme-treated (right side) whole chips after one
stage of refining showing some increased fibrillation and some exposed P or S1.
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Similar images were taken after refining the untreated and enzyme-treated macerated
chips. Since some minor changes were observed for the whole chips while little to no
change in energy consumption was observed [20], it was expected that the macerated
chips with better energy savings observed would show greater changes to fibre
separation. Figure 4-7 shows SEM images of untreated (on the left) and enzyme-treated
(on the right) macerated chips after one stage of mechanical refining. Maceration alone
seems to have improved fibre separation which resulted in some energy savings on its
own. This has been observed in prior works [23, 24] (The top two images in Figure 4-7
are very similar to the top two images in Figure 4-5. Fibre bundles appear smaller,
containing fewer fibres resulting in better separation. Also, when using higher
magnification, it becomes evident that the enzyme treated macerated chips have more
exposed microfibrils than in any other of the treatment conditions. It is clear when
comparing the left and right side images for the bottom two rows that the peeling
observed in the enzyme treated samples reaches deeper into fibre cell wall and exposes
more cellulose microfibrils.
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ML

ML

ML

S2

P
S1

Figure 4-7: SEM images, at various magnifications, of control (left side). Enzymetreated (right side) macerated chips after one stage of refining
TEM imaging of the same samples revealed further differences between the various
treatments that help explain the differences in SEC. Figure 4-8 again compares untreated
whole chips (on the left) and enzyme-treated chips (on the right). The images to the left
show some severe mechanical tearing and cutting with some disruptions making it
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completely through the fibre wall. Any delaminations that do occur usually happen in
the middle lamella or at the interface between that layer and the primary cell wall. While
enzyme penetration is limited in whole chips, there is evidence that some enzyme action
did take place as is evidenced by some changes in mechanical action in the images on
the right. In these images, some separation occurs into the secondary cell wall.
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ML

ML
ML-P

Figure 4-8: TEM images, at various magnifications, of control (left side) and enzymetreated (right side) whole chips after one stage of refining.
The macerated chips showed some significant differences from the whole chips without
needing any enzyme treatment. Figure 4-9 shows the untreated (on the left) and enzyme
treated (on the right) enzyme treated macerated chips. In the images on the left, it is
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evident that the fibres produced from the macerated chips have thinner walls and seem
more collapsible. They seem more like what one would expect from a secondary or third
stage of refining. It seems that maceration alone could greatly improve refinability of
wood. However, fibre separation continues to occur mainly in the middle lamella and
primary cell wall. On the right side, there is more evidence that macerated chips were
more susceptible to enzyme treatments. Images here show several areas of cell wall
erosion caused by enzyme attack. These weakened points also allow for easier
mechanical separation which causes more of these separations to occur into the
secondary wall.
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Figure 4-9: TEM images, at various magnifications, of control (left side) and enzymetreated (right side) macerated chips after one stage of refining
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4.4 Conclusions
SEM images showed that there was some improvement in fibre separation when using
enzymes. These included improved separation from bundles as well as the beginnings of
fibrillation during the first stage of refining.
Higher magnification images showed that the primary and secondary walls were
becoming exposed after one stage of refining for the enzyme treated samples with the
enzyme treated macerated samples showing much more exposed microfibrils than the
enzyme treated whole chips.
Non-treated whole and macerated chips showed very little change. But maceration alone
seems to improve initial fibre separation even without enzyme treatment.
TEM images supported these results by showing fibre separation clearly occurring in the
secondary wall for enzyme treated samples, more so for macerated chips than whole
chips.
TEM images also provided evidence for enzymatic dissolution of fibre wall materials. It
is this action which provides the weakened bonds cut during refining.
From the distribution of energy savings, it can be said that most of the weakened areas
created by enzyme attack are taken advantage of during the first stage of refining. This is
especially true when no efforts are made to improve penetration where ~60% of the
energy savings occur in the first stage.
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When compression\decompression is used to help improve enzyme penetration, the
energy savings distribution is shifted to a 40/30/30 split indicating that the enzyme
weakened bonds deeper in the wood and/or fibre structure also leading to the best energy
savings.
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Chapter 5:
The Mechanism of Energy Savings in Enzyme Pretreated Wood Chips
Refining – Changes in Wood Cell Wall Chemistry

Abstract
In this chapter, some of the results from Chapters 3 & 4 are re-examined and enhanced
by including light microscopy (LM), more SEM imaging, handsheet property
measurements (including both optical and physical properties), results from a Fibre
Quality Analyzer (FQA). These observations are coupled with molecular
characterisation techniques in to investigate the possible influence of chemical bonding
on the energy savings observed.
FT-Raman and NMR were used to investigate lignin and lignin-carbohydrate-complexe
(LCC) structural changes caused by the enzyme treatment. First, FT-Raman analysis
showed that, with increasing enzyme dosage, native lignin peaks became more
pronounced indicating that lignin is being dissociated from the LCC within the wood
cell walls. CP-MAS NMR results also indicated that certain bonds related to LCC, along
with peaks representative of β-glycosidic bonds, were being increasingly cut with
increasing enzyme dosage. These changes to the molecular connectivity within the cell
walls could help explain how enzyme treatments can affect fibre material strength
properties and also explain changes to observed fibre bundle fracture patterns which in
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turn explains the mechanisms behind the reduction in specific energy consumption
(SEC).
5.1 Introduction
As mentioned in previous chapters, in mechanical pulping, mechanical energy is used to
breakdown the starting woody material to give a final pulp which can be used to make
paper. Since there is very little change to the chemistry of the lignocellulosic matrix
during this process, mechanical pulp yields are usually well above 90% of starting
material. However, in the fungal-based applications that resulted in reducing energy
consumption of mechanical pulping, the energy savings were accompanied by some loss
of yield [1-4]. This indicates that there is at least some hydrolysis of certain wood
components or chemical modifications. This was also observed in Chapters 3 & 4 in
enzyme trails given the release of reducing sugars.
Direct enzyme applications on chips have produced mixed results as reported by others
[4, 5]. In Chapters 3, the application of enzymes on macerated chips and matchsticksized chips reduced refining energy by as much as 15% and 36%, respectively. In
Chapter 4, the energy savings were attributed to changes in fibre separation location
from the ML in TMP to the S1-S2 region which is typical of RMP and to changes in
fibrillation [6-8]. The actual phenomena that consume energy during mechanical are the
elastic deformations of wood and fibres, and friction in the fibre flow between refiner
plates which generates heat [9, 10].
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Wood is a heterogeneous material with various types of wood cells and wood chemical
compounds. Individual fibres are also made up of three basic components: cellulose,
hemicelluloses and lignin. Due to the nature and complexity of the various
interconnections of these three main components, wood behaves like a visco-elastic
material under conventional refining conditions with lignin basically determining its
stiffness. Wood-chip refining includes two stages, namely, fibre separation and fibre
development. In the fibre separation stage, wood chips are ground into individual fibres;
and in the fibre development stage, the complex microstructure of fibres is destructed
with the outer layers, i.e., P and the outer layer of the S1 being peeled out, exposing the
S2 and generating fines and debris [11, 12]. This refining process is done only by
mechanical forces. It is the accumulated stress produced by these forces during cyclical
loading periods that eventually produces plastic deformations, coupled with fatigue
induced failures, which result in fibre development. It is for these reasons that a large
amount of energy is consumed in refining [13-16].
The simple fact that mixed results for refining energy savings with enzyme treatments
are still obtained, even with the advanced knowledge of enzyme composition and
mechanisms, clearly indicate the lack of some fundamental understanding of enzymeaided mechanical pulping. The issue at play here has to do with the overall complexity
of lignocellulosic materials and their recalcitrance to biodegradation. Enzyme
penetration into wood structures directly influences the enzyme’s effects and efficiency.
More importantly, the changes at a molecular level caused by enzymes in wood
structures must be eventually responsible for the changes in refining as observed. Since
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woody materials are basically complex biopolymers, applying non-destructive chemical
characterization techniques to enzyme treated pulp samples might help elucidate which
chemical bonds are the key players in refining energy savings. One such technique, CPMAS NMR is a powerful tool for the non-destructive analyses of complex biopolymers
(or regular polymers) in their solid-state. It allows for the study of spatial entanglement
of different components of complex polymeric matrices. This method is particularly
useful in the study of woody materials which, in the case of black spruce, are basically a
complex matrix of 4 biopolymers: cellulose, lignin, glucomannan and very little xylans
(at ~1-4% extractives are negligible). The most significant advantage of this method is
the fact that no extractions are necessary. Since these extractions involve some difficultto-quantify chemical modifications, CP-MAS NMR offers a way to avoid those
undesirable modifications that could complicate or render impossible any accurate study
of the chemical bond configurations. Gerasimowicz et al [17] used this technique to
study the complete enzymatic digestion of cellulose to give enzymatic lignin (EL) and
showed that there were still carbohydrates in the EL. This study also revealed that there
was an increase in methoxy groups indicating that this could be the site for LCC
linkages. In another study, Willis and Herring [18] showed that changes in lignin
structure and interconnectivity to cellulose and hemicelluloses could be tracked using
CP-MAS.
FT-Raman is yet another spectroscopic method that can help clarify chemical bond
changes within a complex biopolymer matrix. Agarwal et al [19, 20] have been
instrumental in the development of FT-Raman applications within the realm of
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lignocellulosics. Initial work centered on the identification of spectral contributions from
lignin and carbohydrate moieties. More advances continued with micro-Raman
techniques that have been used to study the lignin distribution within the ultrastructure
of Black Spruce cell walls, as well as crystallinity determinations [21]. In another study,
Zhu et al [22] used a variation of the crystallinity measurement technique to characterize
cellulose nanofibrils.
In this Chapter, FT-Raman and CP-MAS NMR are used to investigate whether changes
in chemical bond structure and LCC linkages could help further explain changes in
fracture location within fibre cell walls and reductions in refiner energy consumption.
Several of the previous result are summarized to better compare to results on final pulp
and paper properties.
5.2 Experimental
5.2.1 Materials
Woody material: 100% Black spruce (Picea mariana) wood chips were collected after
washing and screening from Irving Pulp & Paper, Saint John, NB. Some chips were
compressed with an Andritz Impressafiner providing macerated wood chips. This
process consumed, on average, 75kWh/oven dried ton (ODT). The macerated chips were
tested for moisture (Tappi method T210 cm-03) before further treatments were applied.
The enzyme solution used was provided by Novozyme Inc. (USA). The enzyme
solutions consist mainly of cellulases (both endoglucanases and cellobiohydrolases) and
a small portion of hemicellulases (mannanase and xylanase). The applicable pH for this
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enzyme solution is from 4.0-6.0 and the temperature can range from 40-60°C. Soaked
pulp initial pH was roughly 5.5. Diluted reagent grade HCl or NaOH was used to adjust
the pH accordingly, depending on pulp suspension initial pH. All other chemicals and
reagents were purchased from Sigma Aldrich or Fisher.
5.2.2 Methods
5.2.2.1 Enzyme characterization
Standard enzyme activity determination methods were applied in this study [23]. In this
method, we applied enzymes to hydrolyze standard substrates, then used a
spectrophotometer (Multon Roy, Spectronic 1001 Plus) to test the absorbance of the
coloured solution obtained after applying the DNS method as described by Miller [24].
The enzyme activities obtained are listed in Table 1. CMCase, filter paper, mannanase,
and xylanase activities were determined using carboxymethyl cellulose, Whatman #1
filter paper, locust bean gum, and xylan birch xylan as substrates, respectively. The
reducing ends of the sugar chains released are measured following the methods
mentioned above. Enzyme protein concentration was determined using the Bradford
reagent technique [25].
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Table 5.1: Enzyme activities
CMCase

1850 (CMCase/mL)

Filter paper

150 (FPU/mL)

Mannanase

285 (MU/mL)

Xylanase

1000 (AXU/mL)

5.2.2.2 Pretreatment conditions
Depending on what was being tested, enzyme dosages as low as 0.15mg to as high as
37.5mg/g ODW were used. For refining trials, 200g of ODW was made into a solution
of 10% consistency with tap water at 50°C. When testing did not require refining, 5g
ODW samples were used and treated under the same conditions. The solution was
brought to the proper pH with a dilute HCl solution or a dilute NaOH solution when
necessary. This was prepared within a plastic bag. After adding the appropriate amount
of enzyme solution, the plastic bags were thermosealed and placed in a hot water bath at
the given temperature. Initial hydrolysis time was chosen to be 1.5 hours. During this
time bags were massaged every fifteen minutes to ensure proper heat and enzyme
distribution throughout the hydrolysis. A control was prepared in the same way except
for enzyme addition to eliminate the possible effects of pH adjustments alone. At the end
of the hydrolysis period, bags were removed from the hot water bath. Solids were then
dewatered, (a sample of filtrate was kept for reducing sugar analysis) and rewatered to
the refining consistency. When the treated substrates were to be refined, no boiling was
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needed to deactivate the enzymes since temperatures produced within the refiner gap are
sufficiently high to denature the proteins used [26].
5.2.2.3 Reducing sugar determination
The filtrates collected from the hydrolysis liquors were tested for reducing sugar
concentration following the same colorimetric method as described above.
5.2.2.4 Recompression and decompression of macerated wood chips in hydrolysis
liquor
Wood chip maceration was done in an MSD Impressafiner. Macerated wood chips were
either used as obtained or recompressed in a compression device devised by our group
which can deliver a maximum of 100 atm of compressive force. After compression, an
enzyme solution of given strength was added to the compression chamber while pressure
was being released and the chips were expanding. Hydrolysis was then allowed to occur
following the above stated conditions.
5.2.2.5 Refining conditions
A KRK high-consistency, atmospheric disc refiner (No. 2500-I), equipped with KRK
stainless steel A-type plates (305mm in diameter), was used to perform all refining and
energy consumption trials. The refiner was first run for an appropriate amount of time
(one hour) to ensure proper shaft thermal balance thus maintaining correct gap
measurements throughout the entire process. Once this was achieved, the plate gap was
set to 0.50, 0.30, and 0.15mm for first, second, and third stage refining, respectively.
Feed rate of chips to the refining zone was controlled using a set speed of 2 on the feeder
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motor control as well as by hand feeding to the hopper to avoid plugging. This amounted
to a feed rate of approximately 75g OD material per minute. The main motor was not
stopped between stages. The pulp collected was weighed and strained and/or rewatered
to adjust the consistency to the correct value. Pulp that remained in the refiner, stuck in
the gaps, was measured previously and was found to be on average 50g OD pulp. This
loss was accounted for when adjusting consistency and feed time was also modified
accordingly. Consistencies were chosen to be 15 and 20% for the first and last two
stages respectively. This was done to limit the amount of steam generated during
refining. An ION 7330 energy meter was coupled to the motor to allow for accurate
energy consumption monitoring.
5.2.2.6 CSF testing
Following hydrolysis and refining, CSF was determined as a measure of degree of
refining. In this case, pulp was collected after the final pass in the refiner and was sealed
in airtight bags to balance moisture and prevent mould growth. The moisture content
was checked before CSF was measured following the same basic procedures described
in Tappi standard method T 227 om-09.
5.2.2.6 Microscopy
TEM images were taken on a JEOL 2011 STEM. Sample preparation was done at the
Microscopy and Microanalysis Facility at the Fredericton campus of the University of
New Brunswick. SEM samples were first submitted to a series of ethanol dehydrations
and then critical point drying (CPD) was done using liquid CO2. After CPD, the dried
samples were mounted on adhesive tape and coated with carbon evaporation and
123

sputtered with gold. These were examined in a JEOL 6400 SEM operated at 15 kv and
images were collected digitally. TEM samples were prepared using techniques described
by Donaldson [27] without enzyme precipitation.
CLSM images were taken on a Leica TCS-SP2 Confocal LM. Sample preparation was
done using the small lab-scale compression device with dyed dextran solutions. These
impregnated samples were then directly imaged. Whole chips and impressafined chips
were treated with a dyed dextran solution (0.02% in distilled water), in a wood to liquid
ratio of 1:10, to observe penetration. A control without compression was also done with
the substrates being soaked in a solution of the same concentration over night. Chips and
macerated chips sizes were carefully selected and were all roughly 25x35mm while
thickness was between 3 mm and 5 mm. After treatment and selection, transverse
sections of wood were obtained from the middle of the sample with razor blades. These
were fixed to glass slides and directly observed in the CLSM. The excitation wavelength
was 595nm and emissions between 610 and 620nm were collected.
Light microscope images were taken on a Leica DM4000M. A few drops of a dilute
pulp suspension were placed onto glass slides and allowed to air dry over night before
images were acquired.
5.2.2.7 Fibre Quality Analysis
Fibre length weighted mean length and length weighted fines percent were measured in
a Fibre Quality Analyzer (FQA, Optest, Canada) following all relevant instructions for
sampling were provided by the operating manual.
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5.2.2.8 Handsheet properties
Laboratory hand sheets were made per Tappi T205 sp-02 and physical testing of hand
sheets was followed per Tappi T220 sp-01.
5.2.2.9 Spectroscopy
A (instrument name and model) equipped with a Ge (or InGAs) was used to obtain the
FT-Raman spectra. NIR excitation at 1064 nm was provided by a Nd:YAG laser. The
spectra were measured by averaging 2048 scans at a 4 cm-1 resolution, and the laser
power was 300 mW. Hydrolyzed samples were washed and placed in NMR tubes and
used as such in a “cold finger” sample compartment to avoid sample burning.
Solid state CP-MAS 13C NMR spectra were obtained at 100.64 MHZ using a Bruker
Avance 400 MHz spectrometer. Air dried samples were packed in 4 mm zirconia (ZrO2)
rotors. 600 scans were acquired at 2 s recycle delays for each recorded spectrum.
Spinning rate was 11 kHz. CP contact time was 2.6 ms. Calibration was done externally
to the carbonyl carbon of glycine at 176.06 ppm.
5.3 Results and Discussion
5.3.1 Enzymatic Dissolution Of Wood Components
Both overall mass loss and reducing sugars produced by enzyme treatment are used to
evaluate the enzyme’s effect on wood components. It can be seen from Figure 5-1 that
overall, when increasing the enzyme loading, the amount of reducing sugars produced
increases, as does mass loss. Reducing sugars released only represent a small fraction of
the whole pulp mass (<4%) at the maximum enzyme dosage for which reducing sugars
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were determined (7.5mg/g ODW). Due to chromaphoric interferences, reducing sugars
usually slightly overestimate the amount of released glucose [28]. When the yield is
determined directly by mass loss, the yield loss is only below 2.5%. However, it must be
understood that hydrolyzed mass does not necessarily represent the number of bonds cut
within the wood matrix. Some bonds may be cut which will affect the wood structure
and the subsequent refining but not necessarily lead to dissolution of the carbohydrate
chains. As an indicative measure, the presence of reducing sugars at least indicates that
the enzyme cocktail does influence wood components.

Figure 5-1: Calculated mass loss based on reducing sugars in filtrate and actual mass
loss from filtered, washed pulp mass.
In order to see how chip size affects enzyme treatment effectiveness, different substrate
sizes prepared for these studies have different accessible surface areas. Intact, whole
chips were obviously the least accessible to enzymes, followed by macerated chips and
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finally matchsticks. Chip maceration produces a substrate with overall dimensions
similar to those of whole chips, but macerated chips are cracked and splintered which
should create greater access to chip interiors. In matchstick-sized chips, accessibility to
fibre lumens and surfaces would be much greater. As seen in Figure 3-2, enzyme
treatments on matchsticks produced a significantly greater amount of reducing sugars as
compared to whole chips; however, maceration had little effect on the amount of
reducing sugars produced. The increase in surface area for the macerated wood chips is
obviously less significant at the microscopic level than what the macroscopic
examination would suggest. And as mentioned for Figure 5-1, the highest amount of
reducing sugars produced still only corresponds to a mass loss of less than 2%.
5.3.2 Effect Of Enzyme Pretreatment On Refining Energy Consumption
Figure 3-4 shows the amount of energy consumed, at different enzyme loadings, during
refining of three different chip sizes (whole chips, Figure 3-4 (top), macerated chips,
Figure 3-4 (middle), and matchsticks, Figure 3-4 (bottom)). From these graphs it can be
seen that for whole chips and macerated chips, enzymatic treatment had little effect on
the overall refining energy consumption. While there are some slight decreases in energy
consumption observed for the whole chips (~7% for some dosages), these decreases are
very close to the standard deviations on the measurements and no trend was observed.
These are likely due to the heterogeneity of chip size and density within each sample
bag. This heterogeneity is reduced for macerated chips. This is reflected in the lower
standard deviations observed in those measurements. However, the mechanical
pretreatment that produced the macerated chips did not improve the effectiveness of the
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enzyme treatment as no reductions in refining energy were observed for this substrate
either. While no clear trends were observed for the first two substrate sizes, this was not
the case for the matchsticks. When wood chips are reduced to matchstick size,
significant reductions in SEC were obtained. Increasing enzyme dosages were able to
produce increasingly greater energy savings, with the highest dosage tested (1.5mg/g
ODW) producing the largest reduction in SEC (36%). In this figure it is apparent that the
control for the whole chips is lower than for those of the macerated chips and
matchsticks but the CSF obtained after the 3 stages of refining was much higher,
~225mL as opposed to 125 and 90mL for the macerated chips and matchsticks
respectively. The energy needed to produce the macerated chips (80 kWh/ODMT) and
the matchsticks (800 kWh/ODMT) are shown as hashed, outlined bar extensions in
Figure 3-4 (middle) and Figure 3-4 (bottom), respectively. The average difference of
about 500kWh/ODMT (low of 250 and a high of 750 kWh/ODMT) between refining the
chip control and the macerated chip or matchstick control is explained by the more
advanced fibre development for those two chip sizes (225 mL vs 125 mL and 90 mL).
The final stages of fibre development is the most energy intensive and that going from
~230mL to ~80mL CSF can consume as much as 1200kWh/ODMT [29].
5.3.3 Effects Of Enzyme Penetration Into Wood Chips On Enzyme Effectiveness
Although the added surface area produced by maceration did not improve enzyme
treatment outcomes on their own, previous work combining enzyme treatments with
impregnation have yielded some positive results [30]. A small, bench-scale compression
device was design and built that could recompress and then decompress the macerated
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chips in the enzymatic solution to see if improved penetration could improve enzyme
effectiveness. As the first trial did not show any significant savings up to 1.5mg/g ODW,
the enzyme loading was doubled in this experiment. Using the higher dosage (3.0 mg/g
ODW) without compression, the amount of energy reduction was only slightly better,
3.4%, than what was obtained at the previous “uncompressed” dosage. However, when
compression was applied, the reductions in SEC were much greater getting as high as
15.3% when the macerated wood chips were compressed for 10 minutes. At 20 minutes
of compression, an 8.9% reduction in SEC was obtained. The differences observed
between compression times could possibly be explained by difficulties in ensuring
uniform distribution of the enzyme cocktail solution within the compression chamber
during the compression stage. Another possibility could be that extending the
compression time could lead to a reduction in the elasticity of the wood and slower
expansion would limit penetration of the liquor. The results shown in Figure 5-2 indicate
that through compression/decompression of wood chips in enzyme solutions, wood
chips can absorb more enzymes into their structure.
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Figure 5-2: Comparison between various wood chip treatments on refining energy
consumption. The macerated wood chips were used as-is without recompression, treated
with enzymes without compression and treated with enzymes following different
compression times. (avg final CSF 140 mL SD 16 mL).
In order to directly observe the improved penetration, the whole chips and macerated
chips were soaked overnight in a solution of 0.02% dyed 70k MW dextrans. The size of
the molecular probe was chosen based on studies [31, 32] giving sizes for various
enzymes acting on lignocellulose. This size also gives a limit to penetration by size
exclusion and it can be assumed that smaller enzymes can reach at least the same depth.
Figure 5-3 shows images of transverse sections of chips and macerated chips either
soaked or compressed in the dye solution. Figure 5-3a shows a chip that was soaked
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overnight but not compressed. Figure 5-3b shows a similar sized chip but having been
compressed in the dextran solution. A significant difference in penetration can be seen in
the image. Figure 5-3c and Figure 5-3d show similar changes in macerated chips. For
both whole and macerated chips, soaking was only able to stain the outer edges with
some limited penetration, which was greater for the macerated chips than the intact ones
due to new fractures and fluid access points, into the chip interior. The endwise
penetration is to be expected as it follows the grain, hence the lumens, of the wood and
is in accordance with chemical penetration in a chemical pulping process [33-35]. There
is very limited penetration (>150µm) in the thickness of the chip which is also well
established in chemical pulping literature. Since the dyed dextran’s stability has been
investigated in the past [36, 37], it was assumed the smaller dye molecule did not
separate from its dextran support to leach further into the chips. Figure 5-3b and Figure
5-3d confirm that impregnation does help penetration of enzymes deeper into chips
which in turn promote treatment effectiveness.
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Figure 5-3: Transverse sections from the middle of a whole chip and macerated chip
stained with the molecular probe. These images are stacks of single CLSM images from
focal planes in which fluorescence was observed.
5.3.4 Effect Of Enzyme Pretreatment On Fibre Separation In Refining
It is understandable that for an enzyme treatment to be viable, the enzymes must be able
to penetrate into the chips, and preferably, into the fibre walls. The CLSM work seems
to indicate that an impregnation step would greatly improve the effectiveness of a pre132

refining enzyme treatment. However, this does not explain how energy is saved in the
refining process. Some of our previous work [7, 8, 38, 39] indicated that changes to
initial fibre fracture locations and separations could help explain the reduction in
refining energy. In Chapter 4, we found that the greatest energy savings were obtained
when the savings were more evenly distributed through all three refining stages as
opposed to being weighted more heavily on the first stage. Energy-savings distributions
were improved when impregnation was able to help with enzyme solution penetration.
When only shallow penetration occurred, smaller energy savings were obtained and
most occurred during the first stage. This indicates that while more energy savings
potential might exist in the more energy intensive fibre development stages there is still
a mechanism occurring in the first stage that could help reduce subsequent refining. To
investigate this possible mechanism, pulp samples were collected between the first and
second refining stages and used to obtain SEM and TEM images.
Only whole chips and macerated chips were compared because, again, matchsticks
would not be very comparable as most fibres would be fully separated after the first
stage of refining. Fibre bundles and fibres from enzyme-treated and untreated whole
chips are shown in Figure 5-4. Both treated and untreated whole chips still contain
mostly fibre bundles. However, there are some differences that can be observed in these
bundles. Bundles produced from untreated chips contain fibres that are still firmly
adhered to each other as shown in Figure 5-4a and Figure 5-4b. Individual fibres can be
found but these are still covered in lignin and only show limited external fibrillation.
Treated chip samples show more distinct fibre separation occurring between bundled
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fibres. In the bottom images, clear fibre delineations can be seen on fibre bundles.
Whereas the top images clearly show lignin sheaths with P and ML (highlighted on
Figure 5-4a) remainders covering the fibres and bundles, the bottom images show breaks
in the fibre bundles and fibres which go deeper into the P wall and can expose secondary
wall layers as evidenced by the directionality of the faint microfibrils (highlighted in
Figure 5-4c with white arrows) observed [39, 40].
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Figure 5-4: SEM images, at various magnifications, of control (a, b) and enzyme-treated
(c, d) fibre bundles produced from whole chips after one stage of refining.
When using macerated chips, much greater fibre separations were observed after the first
stage of refining. While no significant energy savings were obtained for the whole chips,
energy savings were obtained for the compressed macerated chips. This suggests that
even more apparent changes should be, and indeed were, observed for this substrate size.
SEM images of both untreated (a, b) and enzyme-treated (c, d) macerated chips are
shown in Figure 5-5 after one stage of mechanical refining. On its own, maceration has
been shown to provide some energy savings [41, 42] and in this case would seem to also
improve fibre separation. Fibre bundles are still present but usually contain fewer fibres
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than in bundles from the whole-chip pulp. In the bottom images, enzyme pre-treated
macerated-chip fibres, many more cellulose microfibrils are exposed which are very
clearly seen at higher magnification (white arrows in Figure 5-5d), as are the ML and P
(highlighted in Figure 5-5d) remainders being peeled back from the surface.
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Figure 5-5: SEM images, at various magnifications, of control (a, b) and enzyme-treated
(c, d) macerated chips after one stage of refining.
Figure 5-6 gives TEM images of the same fibres obtained after the first stage of refining
of untreated (a, b) and enzyme pre-treated whole chips (c, d). These images add
additional fibre fracture location evidence to explain changes in SEC. Figures a and b
show some typical RMP type mechanical actions with cutting, tearing and shearing
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actions that can result in shives production and loss of fibre length with little fibre
development. In this case, delaminations that do occur usually happen in the ML or
between it and P. While enzyme penetration is limited in whole chips, the bottom
images do show some changes in fibre fracture location, moving some separations to
within the secondary wall; however most still occur at the ML/P interface (shown in
Figure 5-6e). But having said that, these separations are much cleaner than without
enzyme treatment and less fibre damage is observed. Some of the bottom images also
show wall dissolution caused by enzyme attack.

a

b

d

e

c

ML
P

f

S

Figure 5-6: TEM images, at various magnifications, of control (a, b, c) and enzymetreated (d, e, f) whole chips after one stage of refining.
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It is clear from Figure 5-7 that there are some significant differences between whole chip
fibres and macerated chip fibres. Figure 5-7a-c show images of fibres obtained from
macerated chips, without an enzyme treatment, after the first stage of refining. The
mechanical actions and high pressure of the mechanical pretreatment have produced
more collapsed fibres. This helps promote fibre development in the later stages. This
also at least partially explains the energy savings observed for macerated chip refining.
Figure 5-7d-f show some significant cell wall dissolution caused by enzymatic attack
(white arrows in Figure 5-7e and Figure 5-7f), indicating that maceration increases fibre
accessibility to the enzymes. These weakened points also allow for easier mechanical
separation which causes more of these separations to occur into the secondary wall.

a

b

d

e

c

f

Figure 5-7: TEM images, at various magnifications, of control (a, b, c) and enzymetreated (d, e, f) macerated chips after one stage of refining.
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5.3.5 Effect Of Enzymes At The Molecular Level Of Wood
The visual evidence presented so far helps support the idea that the change in fibre
fracture location is an important factor in the energy savings observed in enzyme
pretreated mechanical pulping. The enzyme cocktail used contained cellulolytic and
hemicellulolytic enzymes which attack the carbohydrate backbone of the lignocelluloses
matrix by hydrolyzing specific bonds. When a sufficient number of bonds have been cut,
reducing sugars pass into the treatment liquor and can be quantified. In mechanical
refining, low enzyme dosages and treatment times are used to limit the amount of yield
loss. As discussed previously, in this study yield loss was <2%. Since very little
reducing sugars are released, and yet there are some significant reductions in SEC, there
must be more bonds being hydrolyzed that are not represented by reducing sugar
production alone.
FT-Raman has already been used as a non-destructive method to study plant cell walls in
some detail [19-21, 41-43]. Agarwal el, have identified contributions from carbohydrates
and lignin within Black Spruce Raman spectra [19] and have gone on to use Raman
microscopy to look at lignin and carbohydrate distributions within cell walls [20]. They
have also used micro-Raman techniques followed by univariate and multivariate
analysis to quantify cellulose I crystallinity [21]. In another study, they used their
techniques to determine the amount of ethylenic residues in bleached black and white
spruce which could then be used to quantify residual lignin in bleached pulp [41].
Gierlinger and Schwanninger [42] also used micro-Raman to study cell wall
organization of poplar wood fibres using characteristic peaks to create a visual 2D map
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of cell wall chemistry and ultrastructure. More recent work has used chemical
modification [43], as well as genetic suppression [44], of lignin from different sources
(i.e. hardwoods and softwoods) to help further elucidate lignin’s complex structure.
These kinds of analysis help to solidify peak identifications which can then be used to
track chemical or enzymatic wood processing treatments.

FT-Raman was used to track changes in lignin peak position and intensity as enzyme
dosage was increased. As is seen in Figure 5-8, as enzyme dosage is increased, peaks
attributed to lignin intensify and become more prominent. Several peak clusters exist
within Black Spruce’s Raman spectra around 500cm-1, between 1100 cm-1 to 1500 cm-1,
an intense peak at 1620 cm-1, with a few smaller clusters starting at 2900 cm-1. These
have all been thoroughly studied and identified in the literature cited above. What is of
note here is that as enzyme dosage and enzyme treatment intensity increases, more
carbohydrate bonds are being cut and this weakens their influence on the Raman spectra
allowing the lignin contribution to increase and become more apparent. This was true for
the first two dosages; however, burning occurred in the two highest dosages (plots not
shown). This problem was likely caused by the need to balance laser intensity against
induced-fluorescence intensity which likely resulted in burning here [45, 46]. Even at
small dosages and with very little reducing sugars produced, there are some evident
changes in lignocellulose bonding. While these observations indicate changes at a
macromolecular level, more in-depth spectral analysis could yield even more intricate
bonding knowledge. Work will likely continue down this path.
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Figure 5-8: FT Raman spectra of matchsticks treated with increasing dosages on
enzyme cocktail.
As far as molecular structural characterization, high-resolution nuclear magnetic
resonance imaging is a powerful tool and can be used to clarify a great deal on
molecular spatial orientation and interconnectivity. Solution state NMR has been around
for decades and has certainly advanced organic chemistry by leaps and bounds. It
continues to be used to study solutions of polymers and has been used recently to
investigate and quantify LCC linkages in poplar [47]. Changes to cellulose structure
during acid hydrolysis have also been reported [48]. It is evident from the literature that
LCC linkages further complicate an already complex biopolymeric matrix. LCC’s
contribution to the overall mechanical strengths of wood fibre walls is becoming
apparent.
As important as solution state NMR is to the study of lignocellulosic biomass, it still
requires some form of chemical or enzymatic degradation to obtain spectra which could
lead to misinterpretations. By using solid state CP-MAS NMR, spectra can be obtained
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without need for solvation, thus preserving native structures. Previous works have
identified contributions from lignin and carbohydrates within these spectra [17, 18].
Previous works have also identified peaks in Black Spruce CP-MAS NMR spectra that
could be important in LCC bonds [18, 29, 49, 50]. Figure 5-9 shows the CP-MAS NMR
spectrum from Black Spruce pulps starting at the top with the control followed by
0.3mg, 1.5mg, 3.0mg, and 6.0mg of protein per g ODW, respectively. At this scale, the
prominent carbohydrate peaks are dominant; however, as enzyme dosage increases
peaks in the aromatic region above 110 ppm increase in intensity and start becoming
more apparent. This reflects what was observed in the Raman spectra. In Table 5.2, three
important peak height ratios are tracked with increasing enzyme loading. The peaks at
~151 ppm and ~148ppm have been linked to changes in β-O-4 ether linkages and Cα-Cβ
bond and are suspected to be key locations for LCC bonds [49, 50]. As the ratio between
peak heights at 148ppm and 151ppm decreases, this indicates cutting of these bonds. As
seen from the table, and Figure 5-9, and more so in Figure 5-10 which is a superposition
and enlargement of this area, there is a clear reduction of the peak around 151 ppm and
increase of the peak at 148 ppm. This further supports the importance of LCC bonds in
the structural integrity of fibre cell walls.
Using the peak heights at 148 ppm and comparing them to the heights of the peak at 72
ppm reveals that the contribution of lignin components to the spectra increases with
increasing enzyme dosage. When plotting these height ratios against enzyme dosages,
regression gives a linear trend with r-values of 0.90 for the first ratio, while the second
ratio follows the trend observed in reducing sugar production (see Figure 3-2). This is
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shown in Figure 5-11. This last trend was also expected, since it is the loss of
carbohydrates, as reducing sugars in the filtrate that would cause the changes to that
specific height ratio. These changes in molecular bonding within the lignocellulosic
matrix appear to have mechanically weakened the fibre wall structure, allowing for
easier refining.

Figure 5-9: Control CP-MAS 13C NMR spectrum shown as an example of what the full
spectrum looks like.
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Figure 5-10: CP-MAS 13C NMR spectra of the control (a), 0.3mg/g OWD (b), 1.5mg/g
ODW (c), 3mg/g ODW (d), 6mg/g ODW (e) superimposed and enlarged to highlight the
differences occurring in the important aromatic spectral region between 110 ppm and
160 ppm.
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Table 5.2: Peak height ratios of important peaks
Enzyme

Height of peaks

Ratio of peak

Ratio of peak

loading

at 147.6 ppm

height from

height from

(mg/g ODW)

and 151.7 ppm

151.7 ppm to

147.6 ppm to

147.6 ppm

72.33 ppm

0.73

0.046

0.3

211.60 / 143.22

0.68

0.061

1.5

419.32 / 266.30

0.64

0.097

3

406.09 / 258.61

0.64

0.103

6

351.73 / 193.30

0.55

0.098

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0.12
0.1

0.08

R² = 0.8994

0.06

Ratio 152ppm/148ppm

0.04

Ratio 148ppm/72ppm

0.02
0

0

2
4
6
Enzyme loading, mg/g ODW

Height ratio, 148ppm/72ppm

163.66 / 119.69

Height ratio, 152ppm/148ppm

0

8

Figure 5-11: The two significant peak height ratios plotted against enzyme loading.
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5.3.6 Effect Of Enzyme Pretreatment On Fibre Morphology & Pulp Properties
Studying the final pulps obtained from the most successful trials, i.e. the matchsticks
treated with 1.5mg/g ODW of the enzyme cocktail that gave a 36% reduction in SEC,
provided more evidence to support that the changes in fibre fracture location and
chemical bond breakage are important factors in the observed energy savings. In some
cases, when certain carbohydrate enzymes are used in mechanical refining for energy
savings, there is a drop in strength properties due to fibre weakening as reported in the
literature [2, 5, 51, 52]. Most often it is tear strength that is negatively affected by this
loss in fibre length [53]. Figure 5-12 in this study, shows that fibre length is also affected
by the enzyme cocktail but the loss of length only occurs once the pulp has been refined.
This indicates that mechanical action is required to take advantage of these newly
created weaknesses and that enzyme activity alone will not produce fibre development
to any great extent. Loss of fibre length also indicates that fibre integrity is affected
along its length as well as radially through the cell walls. In the works relating to fibre
length loss, the authors point to some pre-existing fibre weakness that may exist that
would be targeted by certain cellulolytic components. A recent study looked at bleached
softwood Kraft pulp to study its digestibility for bioethanol production [54]. It was
found that fibre cutting occurred at fibre dislocations. These dislocations are caused by
mechanical loading stresses that the trees experience during growth. Although these
dislocations could only be seen with lignin-free fibres, they are undoubtedly also present
in TMP fibres which might help explain the fibre shortening observed in Figure 5-12.
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Figure 5-12: Fibre length change with enzyme pretreatment before and after PFI beating.

Figure 5-12 shows results from initial PFI screening trials. In those experiments, length
loss is only significant with much higher enzyme dosages but when a lab-scale KRK
disc refiner is used, fibre length is affected at much lower dosages, as is seen in Figure
5-13. In this figure, fibre length loss begins at low dosages and increases as dosage is
increased with a loss of about 30% when using a dosage of 1.5mg/g ODW. This
decrease in fibre length is accompanied by an increase in fines percent. These fines are
mainly composed of the cut fibre pieces which resulted from fibre shortening, along
with fibre fragments from cell wall peeling as described [55].
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Figure 5-13: Changes in fibre length and fines percent in enzyme treated wood after
three stage mechanical refining with a KRK disc refiner.

These changes in pulp quality can be better understood by visual examination of fibre
morphology changes. Figure 5-14 shows light microscope images of pulps obtained after
three stages of refining control (top group) and 1.5mg/g ODW of enzyme pre-treated
matchsticks (bottom group). The bottom images of enzyme pre-treated pulps show fibres
which are thinner and more flexible with split and frayed ends. Ribbon-like, highly
fibrillated fibres create stronger interfibre bonding forces and should help offset the loss
in fibre length. Looking more closely at the fibres surfaces’ help offer more insights into
the interfibre bonding potential of these fibres.

148

Figure 5-14: Light microscope images showing fibre morphology of final pulp produced
from untreated (top group) and enzyme pretreated (1.5 mg/g ODW) (bottom group).

The images from Figure 5-14 show that on a millimetre scale, fibres obtained from
enzyme pre-treated matchsticks appear to be more flexible, conformable and have
greater external fibrillation. These factors that give rise to a greater number of fibre-fibre
mechanical interactions produce physical interactions between fibres whereas surface
chemistry will determine the strength of the molecular interactions at these contact
points [56-58]. While this current paper does not directly address fibre surface
chemistry, we use ours and others past findings that relate fibre surface morphology to
surface chemistry and allow for determining what fibre cell wall layer or component is
exposed (ML, P, S1, S2, or S3) [9, 63-65]. From these works, interpreting the SEM
images in Figure 5-15 is straightforward. Figure 5-15a and Figure 5-15b show fibres
produced from control samples of the prepared matchsticks. In these images, it is
149

obvious that mechanical refining has produced some external fibrillation, as expected,
and the same can be said for Figure 5-15c and Figure 5-15d which present pulp fibres
prepared from enzyme pre-treated matchsticks (1.5mg/g ODW). The key difference is
from which fibre cell wall layer these fibrillations were generated. In Figure 5-15a and
Figure 5-15b, the fibre cell walls are smooth which indicates that these fibres are still
covered in a lignin sheath and that the fibrillations are also composed of ML and P
fragments. This is in stark contrast to the fibres from Figure 5-15c and Figure 5-15d
which present obvious ridges that represent cellulosic microfibrils. Microfibrils and
fibrillations generated from the S layers are much more hydrophilic and produce much
stronger intermolecular bonds [62]. The increased exposure of the S layer in fibres
produced from enzyme pre-treated wood is caused by better fibre separation in the first
stage as well as fibre cell wall weakening caused by enzymatic attack on key bonds
within the ultrastructure as discussed in the previous sections. These changes to fibre
ultrastructure and to what kind of surface chemistry is exposed will directly impact
paper properties.
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Figure 5-15: SEM images showing fibre surface morphology of final pulp produced
from untreated (a, b) and enzyme pretreated (1.5 mg/g ODW) matchsticks (c, d).
Figure 5-16 gives the results of paper testing on handsheets prepared from untreated and
enzyme treated pulps. Early biomechanical pulping using fungi had some brightness
reduction issues that are not observed in this study, as evidenced by the slight increase in
final pulp brightness observed here [1-5]. Fungal treatments must produce certain
components that can cause staining issues which are unrelated to the carbohydratedegrading enzymes. As expected, tear strength is significantly impacted by the reduction
in average fibre length, with drops of ~10% with dosages as low as 0.15mg/g ODW and
continues to drop by about 30% at a dosage of 0.9mg/g ODW before slightly reversing
at the highest enzyme loading tested of 1.5mg/g ODW and a drop of~15% from the
control. The fibre shortening and concomitant increase in fines percent mentioned earlier
from the FQA data most definitely play a role in the strength properties observed in
these tests. Fines play an important role in mechanical paper sheet formation but their
effects will vary depending on the type of fines [63]. When fibrillar fines produced from
the S layers are predominant, sheets formed will be denser and will have greater tensile
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strength. As seen in Figure 5-14 and Figure 5-15, Enzyme treatments would seem to
encourage production of these types of fines and this is supported by the tensile strength
and sheet density results obtained. However, as more fibre fragments from fibre cutting
are generated this trend is reversed which is also observed in the handsheet test results.

Figure 5-16: Handsheet properties of final pulps produced from very matchsticks treated
with increasing enzyme loadings.
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5.4 Conclusions
To better understand the results from Chapters 2 to 4, non-destructive spectroscopic
techniques were used to investigate how the internal chemistry and bond structure within
the cell walls were altered when enzyme pretreatments were used. In both FT-Raman
and CP-MAS 13C NMR, peaks associated with lignin increased in relative intensity
when the enzyme loading was increased. This was caused by the specific hydrolysis of
carbohydrate components by the cellulase and hemicellulase components within the
enzyme cocktail. Solid state NMR proved to be the more useful technique as changes to
peak heights proved that not only did the lignin peaks become more prominent as dosage
increased but also that ratios of certain peaks proved that certain bonds were being
selectively cut, specifically the β-O-4 ether linkages and Cα-Cβ bond said to be prime
locations for LCC bonds and the β-glycosidic bonds of the cellulose backbone, all of
which were reduced by this particular enzyme cocktail.
Final pulps obtained from pre-treated substrates showed improved bonding ability due to
improved fibre surface properties which were more favourable to interfibre bonding.
There was some significant loss in fibre length which resulted in some tear strength loss;
however, this was somewhat offset by the improved tensile strength and interfibre
bondability of the produced fibres. This fibre length loss has been attributed to
preferential enzymatic attack to specific locations of fibre weaknesses such as pit
openings and especially to fibre dislocations. It has been mentioned that certain enzyme
components, endoglucanases, attack preferentially these areas and in the future,
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tweaking of the enzyme cocktail formulation might help limit this type of fibre length
loss.
Overall, enzyme pretreatments to reduce mechanical pulping energy consumption show
great promise for industrial application. As deeper understanding of how refining and
enzymatic fibre modifications act together to produce pulps with similar or improved
qualities while lowering SEC are gained, better and more effective formulations and
process schemes will be developed. When combining these types of treatments with
other energy saving process alterations such as using ISS or low-consistency refining,
more viable commercial applications can be developed.
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Chapter 6:
6.1

General Summary and Future Work

General Summary

The work presented in this thesis sought to enhance our knowledge of the mechanisms
involved during biopulping: a method that attempts to mimic the ability of
lignocellulosic-degrading fungi to alter wood cell structures in order to improve pulp
and paper processes. More specifically the works in this thesis focused on the use of
fungi-derived enzymes on the potential to reduce the amount of energy consumed during
the production of TMP, and mechanical pulps in general. Several enzyme formulations
were screened at the bench scale using a PFI mill. The enzyme formulations determined
to be the most promising were then used to treat chips, macerated chips, compressed
chips, match-sticks sized chip fragments, and very rough pulps. Macromolecular
fluorescent dyes were used to track the penetrability of certain chip sizes while also
verifying the ability of compression treatments to improve enzyme penetration. These
treated wood substrates were subsequently refined in a lab-scale disc refiner. Energy
consumption was monitored and the resulting pulps were used to prepare handsheets.
Some of the pulp was also kept for the various analyses presented herein.
PFI milling of coarse primary refiner pulps obtained from NewPage Port Hawkesbury’s
production line containing >95% Black Spruce, was used to screen a number of enzymes
formulations in order to determine which ones would be best suited for further
investigation. Four different formulations were done by the candidate while a fifth
formulation was subjected to similar experiments by post-doctoral fellow, Dr. Zou. All
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five formulations were found to have impacted fibre morphology and to some extent
lowered the CSF for a given number of revolutions. Two of the five were almost purely
hemicellulolytic formulations of xylanase or mannanase. The other three were
formulations (e.g. cellulase A, cellulase B, and cellulase C) containing cellulases (both
exo- and endo-cellulases), cellobiohydrolase, mannanase, and xylanase, in differing
ratios. Cellulase B seemed to have the greatest impact on fibre morphology and CSF
drop; however, it was deemed too aggressive on fibre length, a key parameter for
maintaining pulp strength and thus paper strength. Results from the cellulase C trials
found that this formulation presented a good compromise between fibre characteristics
and potential CSF drop. This enzyme was selected as the best candidate to continue on
to more detailed investigations.
The selected enzyme formulation, Cellulase C, was then used on wood substrates of
different physical sizes. Wood chips and coarse pulps, containing >95% Black Spruce,
were obtained from Irving Paper Ltd in Saint John for these trials. These materials were
selected, sorted, screened and mechanically pre-treated to give different starting
materials: wood chips, macerated wood chips, match sticks and coarse pulp. The various
materials were then treated in a temperature-controlled water bath, inside heat-sealed
plastic bags containing solutions of varying enzyme concentrations. A series of
treatment bags were also cyclically compressed during treatment to determine whether
this method could further reduce energy consumption in refining. After the selected
treatment times, the wood material was drained, washed and refined in a KRK
atmospheric, disc-refiner. Energy consumption was monitored and reducing sugars
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quantified. Based solely on mass transfer principals, the wood substrate with the greatest
exposed surface should produce the greatest savings and reducing sugar concentrations.
This was true for the most part. The coarse pulp did indeed produce far more reducing
sugars, and the energy consumed during its refining reduced by the largest amount.
However, this represents the lowest possible amount of overall energy savings in a mill
setting, given that the coarse pulp must be prepared by refining, thus limiting the refiner
passes where an enzyme treatment could help reduce energy consumption.
Cyclical compression during enzyme treatment was able to further reduce energy
consumption up to the macerated wood chip size. Given that this mechanical pretreatment method exists on an industrial-scale and is a relatively low energy consuming
device, the results obtained during refining of the macerated wood chips enzymatically
treated under cyclical compression were encouraging. In order to further support these
findings, a fluorescent dye, of a molecular size similar to some of the larger cellulases
available, was used to impregnate macerated wood chips with and without cyclical
compressions. CLSM images taken of slivers from both treatment series’ showed that
cyclical compressions were able to enhance the penetration of macromolecules into the
wood chips via their lumens and pore structures.
While the results presented thus far have shown that enzyme treatments can reduce
energy consumption in mechanical refiners, and that cyclical compressions can further
improve energy savings in large sized wood substrates, the mechanism by which energy
is saved, is still not completely clear. By looking at fracture patterns caused by
mechanical refining at the fibre-wall level for treated and untreated pulps, certain
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observations can be made to indicate how energy consumption is reduced and fibre
properties are maintained or improved. The pulps obtained during the refiner trials were
sampled after each refiner pass, and after the final pass, the remaining pulp mass was
saved for further work. These works included microscopic observations of the treated
and untreated fibres at different refining stages, as well as an analysis of the breakdown
of the energy savings by refining stage. This showed that the energy reductions were
coupled with a change in fracture and delaminating patterns of the fibre cell walls. The P
layer and S1 layer were exposed earlier in the refining series using treated fibres, and
more S2 layer was exposed in the final pulps of treated fibres. Since the ultimate goal of
mechanical refining is to expose the S2 layer and create fibrillation, it would appear that
enzyme treatments achieve this by exposing more of the S2 layer, earlier, which in turn
would lead to better pulp properties at lower energy consumption levels. These observed
changes in fracture and delamination patterns are evidence that the enzyme formulations
are affecting cell wall integrity. The enzymes’ ability to weaken the cell walls is further
supported by microscopic observations of the fibre cell walls being dissolved.
Pulps collected after one-stage of KRK refiner were also examined using FT-Raman and
CP-MAS NMR, in order to observe any possible changes to the molecular bonds within
the fibre cell walls. The spectroscopic techniques looked for changes in the LCC. FTRaman analysis showed that, with increasing enzyme dosage, native lignin peaks
became more pronounced indicating that lignin is being dissociated from the LCC
within the wood cell walls. CP-MAS NMR results also indicated that certain bonds
related to LCC, along with peaks representative of β-glycosidic bonds, were being
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increasingly cut with increasing enzyme dosage. In both FT-Raman and CP-MAS 13C
NMR, peaks associated with lignin increased in relative intensity when the enzyme
loading was increased. Changes in ratios between cellulosic reference peaks and the
lignin peaks in solid state NMR indicated that certain bonds were being selectively cut,
specifically the β-O-4 ether linkages and Cα-Cβ bond said to be prime locations for LCC
bonds and the β-glycosidic bonds of the cellulose backbone, all of which were reduced
by this particular enzyme cocktail. These changes to the molecular connectivity within
the cell walls could help explain how enzyme treatments are able to affect fibre material
strength properties and also explain changes to observed fibre bundle fracture patterns
which in turn explains the mechanisms behind the reduction in specific energy
consumption (SEC).
The enzyme treated pulps obtained after the third and final refining stage showed
improved bonding ability due to improved fibre surface properties, as shown in the
microscopic images. There was some significant loss in fibre length which resulted in
some tear strength loss; however, this was somewhat offset by the improved tensile
strength and interfibre bondability of the produced fibres. This fibre length loss has been
attributed to preferential enzymatic attack to specific locations of fibre weaknesses such
as pit openings and especially to fibre dislocations.
In closing, even at the level of its most basic constituent, the wood cell or fibre, wood is
still a very complex material. The three main components (i.e. lignin, hemicellulose, and
cellulose) that make up most of wood’s chemical composition vary in concentration
throughout the cell wall. Not only do the general chemical compositions vary, there are
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also several sub-types of each. These sub-types can either be attributed to changes in
chemistry where monomers and side chains are modified; or they are due to physical
changes, as is the case for the different physical architectures of cellulose. These
variations in chemical composition and physical structure make wood an incredibly
complex biomaterial with so many variations between tree species, and within the plant
kingdom in general, but also with age. For these reasons, lignocellulosic biomaterials are
as interesting a subject of study as ever before, with mysteries yet to solve.
6.2 Future Work
A number of avenues remain to be pursued in this particular line of study. A continued
search either in nature, or through protein engineering for smaller, more active proteins,
could lead to more efficient, cheaper enzyme formulations. Work on enzyme ratios in
the formulations could also lead to improved fibre length retention while also increasing
potential energy savings.
While this study has showed a relationship between reduction in energy consumption
and enzyme dosage, as well as CP MAS NMR height ratios, other studies show
correlations between the same parameters and the ratios of amorphous to crystalline
cellulose determined through X-Ray diffraction. A comparative study between the two
methods could possibly help further elucidate the mechanism that produce the energy
savings in mechanical refining. Once these spectroscopic methods are optimized, they
could improve the lab-scale processes of screening enzyme and formulation for their
impacts on lignocellulosic biomass.
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Interstage pulp screening could help improve enzyme treatment efficacy by selecting
certain pulp fractions which would benefit the most from the treatment. This would
reduce the overall enzyme usage, while also targeting the most recalcitrant fibres for
treatment. The fibres that have already reached their desired degree of refining are
spared from enzymatic treatment, which should help reduce the amount of average fibre
length loss overall.
The mill-scale trial undertaken using the specified enzyme formations did produced the
amount of reducing sugars anticipated; however, the observed decrease in refining
energy consumption was not as high as hoped. Since the trial was within production
runs, it was difficult to have complete control of all the variables, such as production rate
and refiner gap control. Further trials at pilot scales, where fine control over all of the
refining parameters, should be completed.
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