AcTA UNIVERSITATIS AGRICULTURAE SUECIAE

S

SLU

DoctoraL THEsIS NO. 2023:49
Facurty oF FOREST SCIENCES

Production and characterisation of pine wood
powders from a multi-blade shaft mill

AT1ANU KUuMAR DAS




Production and characterisation
of pine wood powders from
a multi-blade shaft mill

Atanu Kumar Das
Faculty of Forest Sciences
Department of Forest Biomaterials and Technology
Umea

S

SLU

SWEDISH UNIVERSITY
OF AGRICULTURAL
SCIENCES

DOCTORAL THESIS
Umea 2023



Acta Universitatis Agriculturae Sueciae
2023:49

Cover image: Contour plot of modelled particle size distribution

ISSN 1652-6880

ISBN (print version) 978-91-8046-150-4

ISBN (electronic version) 978-91-8046-151-1

https://doi.org/10.54612/a.7jcf9n9bte

© 2023 Atanu Kumar Das, https://orcid.org/0000-0003-2661-7802

Swedish University of Agricultural Sciences, Department of Forest Biomaterials and
Technology, Umed, Sweden

The summary chapter of this thesis is licensed under CC BY 4.0, other licences or copyright
may apply to illustrations and attached articles.

Print: NRA Repro AB, Umea 2023


https://doi.org/10.54612/a.7jcf9n9bte

Production and characterisation of pine wood
powders from a multi-blade shaft mill

Abstract

Wood is an important raw material for the manufacture of consumer products and in
achieving societal goals for greater sustainability. Wood powders are feedstock for
many biorefining and conversion techniques, including chemical, enzymatic and
thermochemical processes and for composite manufacture, 3D printing and wood
pellet production. Size reduction, therefore, is a key operation in wood utilisation
and powder characteristics, such as shape, particle size distribution and
micromorphology play a role in powder quality and end-use application. While in a
green state, the native chemical composition and structure of wood are preserved.
Powders are commonly produced from wood chips using impact mills, which require
pre-sized, pre-screened and pre-dried chips. These steps necessitate repeated
handling, intermediate storage and contribute to dry matter losses, operation-based
emissions and the degradation of the wood chemistry.

This thesis investigated a new size reduction technology, known as the multi-blade
shaft mill (MBSM). The MBSM performance was studied through the milling of
Scots pine (Pinus sylvestris L.) wood using a designed series of experiments and
through modelling with multi-linear regression (MLR) analyses. Light microscopy
combined with histochemical techniques were used to investigate particle
micromorphology and distribution of native extractives in powders. The aim was to
evaluate the technical performance of the MBSM with relation to operational
parameters, to characterise the produced powders and to evaluate the technology
through comparison with impact milling.

The results showed that the MBSM could effectively mill both green and dry wood.
Produced powders showed distinct differences compared to those obtained using a
hammer mill (HM). The specific milling energy of the MBSM was lowest for green
wood and within the range of other established size reduction technologies.
However, much narrower particle size distributions were observed in MBSM
powders and they had significantly greater amounts of finer particles. Particles with
high aspect ratio and sphericity were a characteristic of MBSM powders and this



was true for wood milled above and below its fibre saturation point. MBSM powders
from green wood showed evidence of higher specific surface area, larger pore
volume and greater micropore diameter than those from HM powder. Preliminary
microscopic examination suggested that cell walls in MBSM powders showed
evidence of retaining their original native wood structure. Consequently, their
extractive content appeared intact. This was in contrast to HM powder and it may
reflect the differences between the two size reduction mechanisms. According to the
produced MLR models, the results suggest that MBSM milling is more akin to a
sawing process and opposite to that of impact-based mills.

Keywords: wood milling, powder technology, multi-blade shaft mill, size reduction,
powder characterisation, experimental design, wood microscopy, particle size
distribution
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MBSM powder from dry wood, (f) Dried MBSM powder from dry wood, (g)
Non-dried hammer mill powder and (h) Dried hammer mill powder. Scale
bars represent 30 uym (a-f, h and h inset top right), 50 um (g and h inset
bottom left) and 100 um (g iNSEL). .oevvieeiiiiee e 72

Figure 15. Effect of mill type, milling parameters and drying on the micro-
structural deformation. MBSM powders (a-f) and hammer mill powders (g
and h) are shown where (a) Non-dried MBSM powder from green wood, (b)
Dried MBSM powder from green wood, (c) Non-dried MBSM powder from
wood at fibre saturation point, (d) Dried MBSM powder from wood at fibre
saturation point, () Non-dried MBSM powder from dry wood, (f) Dried MBSM
powder from dry wood, (g) Non-dried hammer mill powder and (h) Dried
hammer mill powder. Scale bars represent 20 um (a-c, € and h), 10 um (d),
B0 M (£, ).ttt e e e e r e e e e e e aan 74

Figure 16. Effect of mill type, milling parameters and drying on the distribution
of neutral triglycerides (red/pink staining) in the cellular system of pine wood
powder using Nile blue (NB). MBSM powders (a-f) and hammer mill powders
(g and h) are shown where (a) Non-dried MBSM powder from green wood,
(b) Dried MBSM powder from green wood, (¢) Non-dried MBSM powder from
wood at fibre saturation point, (d) Dried MBSM powder from wood at fibre
saturation point, (e) Non-dried MBSM powder from dry wood, (f) Dried MBSM
powder from dry wood, (g) Non-dried hammer mill powder and (h) Dried
hammer mill powder. Scale bars represent 30 um (a, b, d, f and h inset), 70
Mm (c), 10 ym (e), 50 um (g, ginsetand h)...........cocceeeeiiiiiiiiiiieeee e, 76

Figure 17. Effect of mill type, milling parameters and drying on the distribution
of lipids (i.e. fats/free fatty acids) in pine wood powders using Sudan black B
(SB). MBSM powders (a-f) and hammer mill powders (g and h) are shown
where (a) Non-dried MBSM powder from green wood, (b) Dried MBSM
powder from green wood, (c) Non-dried MBSM powder from wood at fibre
saturation point, (d) Dried MBSM powder from wood at fibre saturation point,
(e) Non-dried MBSM powder from dry wood, (f) Dried MBSM powder from
dry wood, (g) Non-dried hammer mill powder and (h) Dried hammer mill
powder. Scale bars represent 30 um (a, d and f), 20 ym (b), 10 uym (c), 70
pum (e), 50 uym (g, h and h inset), 100 ym (g inSet).......ccooviiiiieiiiieeeeee 78
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Figure 18. Effect of mill type, milling parameters and drying on the distribution
of unsaturated fats in pine wood powder using osmium tetroxide. MBSM
powders (a-f) and hammer mill powders (g and h) are shown where (a) Non-
dried MBSM powder from green wood, (b) Dried MBSM powder from green
wood, (c) Non-dried MBSM powder from wood at fibre saturation point, (d)
Dried MBSM powder from wood at fibre saturation point, (e) Non-dried
MBSM powder from dry wood, (f) Dried MBSM powder from dry wood, (g)
Non-dried hammer mill powder and (h) Dried hammer mill powder. Scale
bars represent 30 uym (a, b and e-h), 20 ym (c and d), 100 ym (g inset)... 80

Figure 19. Side and front views of the main shaft of the multi-blade shaft mill.
The thickness and width of the boards (A) and stems (B) influence the
engagement angle and the number of teeth engaged, both in the vertical
(left) and horizontal (right) planes (Paper II)...........ccccovvreeeeeeiiiiciiiiieeee e 83

Figure 20. Manufactured bioplastic (a) deep eutectic solvent (DES)
treatment, (b) fused deposition modelling (FDM) and (c) stereolithography
(SLA) from wood powders obtained from MBSM...........ccccccoeeiiiieneeennnnns 86
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AoR
BD
BET
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BTC
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DM
DMP
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DS
FDM
FMP
FS
FSP
GMP
HGI
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Artificial neural network

Angle of repose

Bulk density
Brunauer-Emmett-Teller

Blade speed

Biomass technology centre

Deep eutectic solvent

Dry mass

MBSM powder from dry wood
Design of experiment

Wood basic density

Fused deposition modelling
MBSM powder from wood at fibre saturation point
Feeding speed

Fibre saturation point

MBSM powder from green wood
Hardgrove grindability index

Hammer mill
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Particle size distribution
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1. Introduction

Wood is an important biomaterial to enable the shift to a sustainable
development and the eventual phase-out of fossil-based resources [1]. Many
pathways to wood utilisation in the bioeconomy rely on size reduction to
powders (i.e. wood particulates having a diameter less than approximately 1
mm). For example, applications for wood powder may include feedstock for
biorefining processes (such as biochemicals) [2], making bio-based
composites (such as particleboard or wood plastic composites (WPC)) [3, 4],
3D printing [5], water treatment [6, 7], paperboard manufacturing [8], paper
making [9] and the manufacture of wood fuel pellets [10].

Wood, the product of living trees, retains its natural chemical
composition, when it is still green. The utilisation of wood in this state is
especially desirable for biorefining where native chemicals and cell wall
structure are conserved in the material as long as the wood maintains its
moisture content (MC), whether used immediately after felling or
temporarily stored in water [11].

Common size reduction technologies require several steps to reduce
wood to a powder [12] (Figure 1). Technologies presently used in industries
are impact mills (i.e., hammer mills), attrition mills (i.e., disc mills) and knife
mills [12]. Pre-sized, pre-screened, and pre-dried sizes are necessary for
these mills in order to facilitate handling and prevent clogging.

For instance, hammer mills can produce 0.2 to 2.0 mm powders from
wood chips that range in size from 10 to 70 mm [13-15]. This two-step
pathway to powder requires chipping, screening, intermediate storage,
handling and drying. These operations increase the risk of material loss and
the deterioration of the wood. They also have associated emissions which
may include decomposition losses in the wood [16]. Moreover, each of the
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operations with these technologies [13] take up time, demand extra financial
resources and the potential for undesirable environmental pollution [17].

l

Debarked logs

Chipper

Figure 1. A common pathway to reduce wood to a powder.

The properties of wood powders can vary widely. Powder characteristics,
including particle shape, particle size distribution (PSD) and
micromorphology are key factors that may strongly affect their success in
utilisation. The physical characteristics of wood powders are dependent on
the size reduction technology used to produce them [18]. Chipping and
drying [19] changes the cell structure of wood. Size reduction then has an
impact on the particle micromorphology, surface characteristics, porosity
and surface properties as well as particle aspect ratio and sphericity. The bulk
behaviour of the powder is influenced by the above properties. Well-known
examples include how wood powder combustion is a function of particle
shape and PSD [20] and how the feeding behaviour of powder depends on
its bulk density [21].
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Size reduction technologies also affect the chemical characteristics of
wood powders and influence their uses. For instance, wood drying and
chipping in the pulp and paper industry influence the turpentine and tall oil
yields in the kraft pulping process [11]. Fracture mechanisms in wood are
influenced by to what extent water is present in the material; green and dry
wood break differently. When wood is milled, a high moisture content lead
to greater exposure of carbohydrates on the particulates and a low moisture
content tends to expose more lignin [22]. Observable differences in
enzymatic digestibility are brought about by these morphological features
[18].

Wood powder production requires energy input due to the fracturing of
wood cells through applying forces, i.e., shear, compression, impact, and
cutting [12]. The hydrogen bonds between cells play a vital role preventing
its fracture. Therefore, the water in wood regulates the bonds that produce
strength characteristics. As MC increases, the bonding weakens until it
reaches the fibre saturation point (FSP) and beyond [23, 24]. If the MC falls
below the FSP, the bonding is enhanced. As a result, the strength of wood
with a high MC is compromised [25], making it simpler to break and turn
into wood particles. Conversely, to transform wood into a powder, a MC at
or above the FSP requires less energy than with dry wood. Although the
excess water in cell cavities has no effect on the strength of wood [25], it has
a significant role in size reduction [26] and sawing by working as lubricant
[27]. The above behaviour of wood and the influence of MC on energy
requirements in milling is similar to that in sawing processes.

The energy input and degree of size reduction are proportionally
associated; the finer the powder generated, the greater the required energy
input [12, 14, 28]. This well-known relationship has been postulated for
biomass from existing inorganic materials [29]. For both wood sawing and
impact milling, the effects of wood species, wood density, grain orientation
and temperature on energy consumption have been investigated [30].

1.1 Size reduction technologies

Technologies for the size reduction of wood are various in kind with the end
purpose of utilisation in mind. Based on the principles employed, the
characteristics of the product can be very different. The downstream
operations determine the desired size. For instance, the chemical and
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mechanical pulp industries, which make pulp, consider the chip length,
breadth, and thickness. As a result, they employ wood chips and chipping
equipment that can produce chips of the appropriate grade. The chipper is
unable to create finer particles so that chips must subject to fine grinding.
However, green wood chips cannot normally be used in fine grinding so
drying step is necessary. This and the mill type used affects the final
properties of the powder. Powder production technologies have been divided
into five major classes and these are impact mills, ball media mills, air jet
mills, roller mills and other types such as the shearing attrition mill [31].

1.1.1  Impact mills

Impact mills are widespread and can be subdivided into different types based
on their mechanical actuators such as hammers, high speed rotating discs,
annular and axial flows [31]. The mechanical stresses created are shear and
impact [32].

Hammer mills are almost exclusively used for milling wood [13, 33]. In
these designs, hammers are set on the rotor to move freely or fixed, and
ground products are discharged through the slot or screen [31]. Schell and
Harwood [34] have described a similar type in which suction fan is used to
draw feed material and air flow is applied to collect the pulverized products,
which are separated by a cyclone. The particle size is possible to control by
maintaining rotational speed and number of the hammers, and air flow,
which controls the residence time of the particle inside the mill [34]. The
opening size of the screen or sieve can control the particle size [14]. Several
authors have observed the smaller size of powders, the smaller screen size
and the high rotational speed has provided more homogenize size of
powders. Gil et al. [35] milled poplar (Populus sp.) wood by hammer mill
with two different sieve sizes namely 5 mm and 2 mm. The obtained size of
the particles was <0.1 mm to 5 mm for the Smm sieve and <0.1 mm to 2 mm
for the 2 mm sieve [35]. The geometric mean of the particle size was 0.63
mm when the used sieve size was 5 mm and 2 mm resulting in a geometric
mean particle size of 0.30 mm [35]. The size reduction is dependent on the
comminution ratio (ratio of initial and final particle size) during milling [36].
The same authors obtained a hardwood powder of 1.60 to 6.35 mm with
comminution ratio of 3.5 to 14 using a 11 kW hammer mill.
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1.1.2 Ball media mills

Ball media mills use either balls or beads to pulverize the input materials.
These are categorised into two types, i.e., a vessel and agitator drive, based
on the driving mechanism of the balls or beads. Vessel drive ball media mills
can be further divided into three varieties, i.e., tumbling, vibrating, and
planetary/oscillatory ball mill, depending on the method agitation [31]. The
ball type has an impact on milling performance [33]. The double impact
technique is used by oscillatory ball mill [37]. Attrition and compression are
mechanical stresses for vibration ball mill; these stresses are maintained by
vibration of the tank [38]. In terms of energy consumption, the vibration mill
with multiple tube is more efficient in comparison to vibration ball mill with
single tube [39]. All kinds of materials can be ground to superfine powders
by a vibrated and planetary ball mill [40]. For example, Karinkanta et al. [41]
and Karinkanta et al. [42] have produced 0.02 to 0.10 mm and 0.02 to 0.25
mm Norway spruce (Picea abies) wood powders, respectively by oscillatory
ball mill.

1.1.3 Airjet mills

In air jet mills, the jet is used to generate high impact energy to produce fine
powders. These mills disperse the powders to avoid re-aggregation. The jet
mills are further categorised into three typical types such as fluidised-bed,
target collision and attrition types. In the case of fluidised-bed, the feed
particles are inserted into the fluidised material and the grinding mechanism
is due to collisions among particles. For the target collision type, the feed
particles are agitated using an air jet stream to produce collisions. The
attrition type has two types of structures, a tubular ring and a pan shaped
structure. The grinding takes place by the collision of feed particles with tube
wall and among particles [31]. Karinkanta et al. [43] have used fluidised-bed
opposed jet mill to produce 0.19 to 0.21 mm Norway spruce (P. abies) wood
powder.

1.1.4 Roller mills

There are generally two types of roller mill; one of them is the roller-type
and another one is roll-type mill. Roller-type mills are that type where rollers
are rolled in a vessel or on a table, but in roll-type mills, particles are fed and
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pulverised between two cylindrical rolls. The main principle of this concept
is the cracking of feed particles through high pressure followed by
disintegrating to fine particles [31]. Researchers have used roll-type mills to
make powders from wood shavings prior to enzymatic hydrolysis [44-46].
Tamura et al. [33] used vertical roller mill (roller-type) to mill 10 mm waste
wood chips to obtain particle size < 1.0 mm.

1.1.5 Attrition mills

Disc mills are the main type of attrition mill. These are used in the pulp and
paper industry [34] and disc milling is the chief method for mechanical
pulping [18]. Disc mills are classified as single and double disc having
straight profiled blades [15]. A double disc mill consists of either a stationary
or a rotating plate or both of them as counter rotating plate. The particle size
depends on machine speed, plate spacing and type of plate and refiner [34].
Disc mills have also been applied in wood milling. Fougere et al. [18] have
produced 0.05 to 0.11 mm aspen (Populus sp.) wood powder using a single
disc mill.

1.1.6 Other mills

Vibration mill

A vibration mill works like ball mills with the difference being the media
used for pulverisation. In this mill, ball and rods are used as pulverisation
media. It consists of a vessel and vibration meter. Mechanical shock and
shear forces are utilised to pulverise the wood in this mill [47]. Kobayashi et
al. [48] has used a vibration mill to obtain 0.02 to 0.50 mm pine (Pinus sp.)
wood powder.

Centrifugal mill

Centrifugal mill employs impact and shear forces to pulverise materials. It
has a rotor and a ring sieve and pulverisation takes place between them [49].
Repellin et al. [30] have produced 0.50 mm spruce (Picea sp.) and beech
(Fagus sp.) powders using a centrifugal mill.

28



Air classifier mill

This mill is comprised of a feeding screw, milling section, and air classifier
[42]. There is an impact beater and a fixed triangular-ribbed grinding track
around the milling chamber [50]. A study on an air classifier mill has shown
that it can produce 0.02 to 0.25 mm wood powders [42].

1.2 Factors affecting wood milling

Factors affecting the size reduction of wood include mill type [31, 51], size,
grinding equipment, speed and air flow [51] and material quality, which
comprises density [31, 51], toughness, hardness [31], young’s modulus [51],
and strength [31, 51].

Milling technology has an influence on the powder properties, i.e.,
mechanical and surface properties [52]. Mill type [32], the rotation speed
(angular speed) of the mill and opening size of the screen [14] can control
the particle size. The size dispersion of the particles becomes lower when
higher rpm is used. The smaller opening of the screen generates finer
particles compare to the bigger opening of the screen.

The properties of wood also contribute to the milling performance. For
example, toughness inhibits the breakage of the wood. The toughness of
wood is correlated with its density [23]. Researchers have observed that the
higher density of pine (Pinus sylvestris L.) (258 kg m™) is more difficult to
mill than the lower density of poplar (Populus sp.) (149 kg m) [13].

Prediction of the mill ability of wood can indicate the energy
requirement, performance and capacity of the desired mill. Researchers have
adapted the Hardgrove grindability index (HGI) to know the grindability of
the particular wood species and it indicates that the appropriate methods need
to be considered prior to mill [53]. HGI was originally developed for coal
types [54]. Bridgeman et al. [53] have checked the milling ability of <10 mm
and >20 mm short rotation coppice willow (Salix sp.) chip (MC 8.9 %) by
ball mill following the method of Agus and Waters [55] and Joshi [56].
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1.3 Energy consumption in size reduction

The elasticity of lignocellulosic fibres in wood makes size reduction an
energy-intensive operation. With energy expenditure comes cost and
achieving fine powders from wood can be challenging [13].

The energy consumption depends on the MC of material and the target
size of particles [26, 57]. Miao et al. have confirmed the relationship between
high consumption and small particle size [58]. Temmerman et al. [57] have
adapted milling theories from inorganic materials to wood with some
success.

Moisture content plays a key role in the strength of wood and there is a
strong relationship between wood MC and the extent of hydrogen bonding
between organic polymers in its cell walls. Bonding decreases as moisture
increases for the MC range between oven dry wood and its fibre saturation
point [23, 24]. Moisture then causes a reduction in the strength properties of
wood [25] and it enhances the breakage of wood during milling within this
range, leading to lower energy consumption.

The specific energy consumption in relation to particle size has been
relatively well studied. Holtzapple et al. [59] evaluated energy consumption
from milling poplar (Populus sp.) wood chips (initial size 25.4 x 6.4 mm) in
a two-stage double disc attrition mill, an attrition mill and hammer mill. They
observed an electrical energy demands of: 656 kWh t! (2.36 MJ kg') to
obtain a 0.106 mm powder with the two-stage double disk attrition mill; 261
kWh t! (0.94 MJ kg!) to obtain a 0.850 mm powder with the attrition mill
and 50 kWh t! (0.18 MJ kg™!) to obtain a 2 mm powder by two-stage hammer
mill. Similar relationships between energy and particle size were seen by Gil
et al. [26] and Temmerman et al. [S7]. These results demonstrate the elevated
energy use required to obtain especially fine powders from wood.

The wood species also has an influence on energy consumption. A study
on poplar (Populus sp.) and pine (P. sylvestris L.) milling showed that the
required energy for producing 1000 pm mesh pass as 95 % weight product
was 120 and 150 kWh t! DM, respectively, using a two-stage hammer mill.
(11 kW and 15 kW with rotation speed 3000 rpm). The sizes, initial MC and
bulk densities (based on arithmetic means) were 9.52 mm, 11.9 % and 149
kg m? and 12.1 mm, 14.3 % and 258 kg m™ from poplar and pine chips,
respectively [13]. The higher bulk density of pine chips (in part due to pine’s
higher density) was the attributed cause of the higher energy consumption
compared to poplar. Repellin ef al. [30] also compared the milling of two
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wood species, spruce and beech, milled 2 to 4 mm chips using a knife mill
followed by a centrifugal mill to obtain a 0.5 mm powder. Milling the spruce
consumed 750 kWh t! while the beech consumed 850 kWh t! to achieve the
target powder size. Although the authors did not consider the influence of
the basic density, nor the bulk densities of the chips, on the energy used, they
are likely important factors in explaining the observed differences. For
example, the basic density of spruce (P. abies) (430 kg m™) [60] and beech
(Fagus sylvatica L.) (752 kg m>) [61] wood differ appreciably.

Besides wood species, wood MC and selection of screen size also
contribute to energy consumption during milling. Gil et al. [26] used a
hammer mill with different screen sizes to reduce poplar chips to powders.
The size and MC of the chips were in the range of 8.64 to 18.42 mm and 5.11
to 31.80 %, respectively. The energy consumption was 27.5 to 219 kWh t!
to obtain particle sizes of 0.28 to 0.93 mm. In another study, Temmerman et
al. [57] performed hammer milling of pine (Pinus sp.), spruce (P. abies), oak
(Quercus sp.) and beach (F. sylvatica L.) wood chips with moisture contents
of 1.1 to 22.4 % and maximum sizes of 4.93 to 7.38 mm using different
screen sizes. They obtained minimum product sizes were 0.40 to 0.46 mm
using 4.9 to 307 kWh t! of milling energy. Both of the above studies have
reported the high-energy consumption associated with milling wet wood
chips and the increase of energy consumption with the decrease in screen
size. Although this can be predicted based on milling theory, the relationship
between MC and the effective energy used on the feedstock is not clear. As
wet materials cause clogging issues with the screens of hammer mills, the
high energy use is a result of long duration milling (due to clogging) and not
necessarily due to production of fine particles. This dilemma stems from the
fact that hammer mills are not designed to mill wet wood.

It follows that milling technologies themselves influence the energy
required to produce wood powders. Hammer mills required from 8 to 130
kWh t! to produce particle sizes of 1.6 to 9.5 mm from 19 mm hardwood
chips having MC of 6 %, while energy consumption for disc mills ranged
from 200 to 400 kWh t! for 1.6 mm powders [15]. This indicates that disc
mill require more energy than hammer mills to achieve similar particle sizes.
Karinkanta et al. [41] observed oscillatory ball mills required 100 to 380
kWh t! for 0.020 to 0.10 mm powders from 1 to 2 mm Norway spruce (P.
abies) saw dust. Yet a classifier mill uses 1 664 to 38 160 kWh t! to obtain
a0.023 to 0.25 mm powder [42]. Jet mills require energy inputs of 12 981 to
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29 703 kWh t! (47 to 107 kJ g!) to get 0.0199 to 0.0692 mm powders from
pre-grinding Norway spruce saw dust of 0.193 to 0.205 mm [62]. Kobayashi
et al. [47] milled 22 mm Norway spruce wood chips to a size of 0.15 mm
using a vibration mill having an energy consumption of 800 kWh t! (0.8
kWh kg™!). This shows that the oscillatory ball mill needs lower energy input
compared to air classifier, jet and vibration mills.

1.4 Wood powder properties

Wood powder properties are important for end-use applications. Physical
properties can be described by particle density, shape, size distribution, mean
size, flow ability and moisture content for thermochemical conversion and
pelletisation [63]. These physical properties are interdependent and may
affect processing, transportation and storage operations in terms of cost and
the feasibility [64-70].

1.4.1 Moisture content

Wood powder MC is an important parameter which affects quality itself,
such as handling characteristics and flow ability [63] and processes in
different ways [65]. High MC in wood powders lowers their heating value
and influence the gasification and combustion of fuels in the boiler [65]. It
also affects the filling or feeding in fluidised beds, feed hoppers as well as
other equipment [67, 71].

Milling itself can alter the MC of the material. The MC reduction of the
poplar (Populus sp.) wood powder (8.1 %) was 30 % during two stage
hammer milling of poplar chips (11.8 %) [13]. Gil et al. [26] have observed
a MC reduction in the range of 12.3 to 38.9 % during hammer milling of
poplar wood. The authors have used different level of moisture content of
chips (5.11 to 31.8 %). The MC reduction was 10.2 % for hammer milling
of douglas fir (P. menziesii or P. douglasii) wood chips with moisture content
of 12.8 % [63].

The reduction of MC depends on the type of mill, initial MC and target
size of wood powder. Researchers have observed that hammer mills can
contribute to reducing moisture content more than a knife mill [69]. Higher
MC reduction occurs for smaller particles and higher initial MC of wood
chips. In hammer mills, obtaining smaller particles takes longer retention
times. Consequently, the MC reduction is higher for smaller particles. The
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drying mechanisms are attributed to diffusion and capillary processes. The
process starts when free moisture is evaporated from the surface by diffusion
when warm air passes over the particle and then moisture in the material is
transported to the surface. Evaporation takes place from the internal solid
surface during the last stage of drying [72]. Wood particles break many times
during the milling process and this increases surface area rapidly. The greater
surface area enhances contact with conveying air, working as a drying agent
in the chamber of mill and this creates better opportunity to evaporate
moisture from the particle [35]. The other factors affecting drying are
residential time of particles inside the milling chamber and the frequency of
impacts [73, 74]. Heat is released for a single impact during milling [73, 74]
and this heat is used within the mill chamber to evaporate moisture.

1.4.2 Particle size distribution

The particle size distribution (PSD) of a powder depends on the mill type
used to produce it. For example, the two-stage hammer mill can produce <1
mm wood particle while knife mill produces <1.5 mm wood particle. Particle
size is normally defined as the nominal diameter of the particle [63]. PSD is
an important characteristic of a powder and has implication for downstream
processes. For example, the burn-out time of fuel particles is dependent on
size of that particle [63]. During the utilisation of fines as ignition primers,
size distribution is an essential parameter to control the flame and flow
criteria in fluidised beds [67, 70].

1.4.3 Shape

Particle shape factor is defined by two or three dimensions of the particle
[63]. In general, two dimensions are inadequate for representing the shapes
of irregular particles [69, 75]. Mohsenin [76] has used thirteen standard
charted shapes to define the particles using a photograph or cross section of
that particle. Schell and Harwood [34] observed different shapes of hybrid
poplar wood particles from hammer and disk mills. Particle shapes tended to
be needle-like and elongated for hammer mills, while disk mills produced
shorter and broader particles. Paulrud et al. [69] found that hammer mills
produced elongated, narrow, rectangular and regular shape wood powders
from a mixture of pine and spruce wood. On the other hand, a knife mill
produced short, broad and quadratic-shaped particles. Gil et al. [35] have
observed rectangular, fibrous and hook-shaped poplar wood particles in
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hammer milling. Kobayashi et al. [47] reports rounded particle shape from
Norway spruce milled in a vibration mill. Tannous et al. [63] found that
larger particles had a needle-like shape whereas smaller particles were close
to spherical when milling Douglas fir (Pseudotsuga menziesii L.) in a
hammer mill. Therefore, the milling technology, species, and screen size
affect the resulting shapes of the wood powder. The shape of wood particles
is also dependent on the particle size.

Shape is obtain described by shape factors such as aspect ratio and
sphericity (Paper III). The aspect ratio can be defined as the ratio of particle
length and particle diameter [68, 77] or alternately, the ratio particle width to
length (Paper III).

Kobayashi et al. [47] have reported aspect ratios of <0.5 for Norway
spruce wood powders produced by vibration mill. Karinkanta et al. [41] and
Karinkanta et al. [42] have found the aspect ratio ranges of 0.56 to 0.69 and
0.29 to 0.43, respectively for Norway spruce wood powder obtained from
oscillatory ball mill. The high aspect ratio was for the smallest particles.
Norway spruce powder produced with a jet mill showed and aspect ratio
range of 0.34 to 0.42 [62]. Vibration milled pine wood powder [48] and
hammer milled Douglas fir wood powder [63] showed aspect ratios of 0.20
to 0.33 and 0.31 to 0.55, respectively.

1.4.4 Specific surface area

Researchers have also studied the specific surface area of wood powders.
The specific surface area of willow wood powder milled by hammer mill
[58], Norway spruce powder milled by oscillatory ball mill [42] and pine
wood powder milled by vibration mill [48] was 0.01 to 0.10, 1.6 — 3.4, and
1.79-2.92 m? g'!, respectively. The specific surface area is dependent on the
size and shape of the particle. For a given mass of a powder, the specific
surface area grows exponentially as the particle size decrease.

1.4.5 Bulk density

Bulk density is a measure of how much particulate mass is contained in a
volume of space. It is often measured and defined in two ways; there is the
loose (or poured) density and the tapped density [63, 69, 77]. Density
determination depends on different factors include cylindrical vessel
diameter [78], volume and mass of material, frequency of tapping, particle
orientation [77, 79, 80], particle distribution [81, 82], particle length [83, 84],
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particle density [81, 82] and moisture content of particles [77, 81, 82]. Bulk
density has an influence on the flow ability, compressibility [85, 86], storage
and transportation operations [87, 88].

The bulk density of hammer milled poplar and pine wood powder was
226 and 329 kg m™ dry mass (DM) respectively [13]. Gil et al. [26] have
observed the poplar wood powder milled by hammer mill in the range of 174
to 265 kg m~. Willow wood powder produced by hammer mill [58] and pine
wood powder produced by knife mill [89] showed a bulk density range of
158 to 280 and 381 kg m™, respectively.

Tapped density values have also been reported in literature. Gil ef al. [35]
milled poplar wood by hammer mill with two different sieve sizes namely 5
mm and 2 mm. The poured and tapped bulk density of the particle for the 5
mm sieve was 166 to 172 kg m™ and 176 to 204 kg m™ and for the 2 mm
sieve it was 197 to 211 kg m™ and 214 to 262 kg m>, respectively. The
increased tapped bulk density was 5.12 and 20 % for the 5 mm sieve, and
3.98 to 24 % for the 2 mm sieve. In another study, Tannous et al. [63] have
found the loose and tapped bulk density of Douglas fir wood powder of 95
to 181 and 157 to 239 kg m?, respectively.

The milled wood powder has higher bulk density compared to initial raw
material. The increment of bulk density was 11 to 97 % compared to the feed
material for hammer milled poplar wood [26]. The increment of density was
>50 % for poplar and 27 % for pine wood powder produced by hammer mill
[13]. The reasons behind the increasing of milled product density are
moisture content of input material, homogenized particle shape, resilient
downsized particle and production of wide as well as well graded PSD by
the hammer mill which have distinctive criteria of size distribution [26].

Bulk densities depend on particle density, particle shape, moisture
content, inter-particle friction, applied pressure and the porosity of bulk
powder [35]. Hook shaped particles have an interlocking tendency [90] and
this type of shape is typical of larger particles, which worsen the
rearrangement of the particles and decrease the bulk density [35].

1.4.6 Hausner Ratio

Hausner Ratio (HR) is the ratio of loose or poured bulk density and tapped
density [91]. Tannous et al. [63] have measured the HR for hammer milled
Douglas fir wood powder to be in the range of 1.31 to 1.85.
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1.4.7 Angle of Repose

The angle of repose (AoR) is one key criteria of powders and refers to the
angle between the inclination of free surface and the horizontal bulk solid
pile. It is an indication of the interparticle friction [92]. It characterises the
flow behaviour of powders [92] and granular materials [93]. It is correlated
with many crucial criteria, which include stratification [94, 95], avalanching
[96-98] and segregation [99-101]. For instance, the angle of repose was
45.27 to 52.05 °, 37.46 to 46.41 °, 45.61 to 51.65 ° and 38.76 to 51.18 ° for
four different types of poplar wood powders [26]. The powders were
produced with differing parameters using a hammer mill rpm and initial size
of poplar wood chip. The controlling variables for AoR are moisture content
[26], particle size [26, 100, 102], particle shape [103, 104], particle density
[104] and bulk density [35].

1.5 Wood powder properties vs applications

The physical properties of wood powders, for example shape and PSD, are
influenced by the mechanical milling process and are important criteria for
using powders in different kinds of applications [4, 105-115].

1.5.1 Raw materials for composites

Wood powder is mainly used for composites called particleboards [116], and
they are one of the most important wood-based products in Europe [117].
The first commercial wood powder composite was made in 1916 [118].
Global particleboard production is at 93 Mm?® and comprises 2.2 % of total
global wood production [119]. There are important criteria for these
feedstock, for example, low density, strength properties, flexibility and cost
effectiveness are the main criteria for using wood powder in composite
products [120]. The binding agents of wood powder composites are adhesive
i.e., UF (urea formaldehyde) [117, 121-125], epoxy-resin [126], PF (phenol
formaldehyde) [127, 128]; thermoplastic i.e., polyethylene, polypropylene,
polystyrene, polyvinyl chloride, polyethylene-terephthalate [108, 113, 118,
120, 129-141]; natural adhesive [142, 143] and Portland cement [144-151].
There is no need for binding agents in particleboards from wood powder
[152]. Recently, wood plastic composites have become more popular. The
range of wood powder for wood powder plastic composites is 0.18 to 0.45
mm [118].
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Wood powder morphology, i.e., size and shape, has a great impact on the
quality of wood-based composites [128, 146, 152]. The size of the particles
affects the physical and mechanical properties of the board [121, 124, 150,
153, 154]. The finishing of composites made from smaller particles is smooth
and uniform in appearance [118]. Larger particle increases the strength
properties significantly [108, 123, 124, 130, 132-134, 141, 145, 155]. On the
other hand, Jaya et al. [135], Rasat et al. [139], Leu et al. [156], Khalil et al.
[136], Takatani et al. [113] and Maiti and Singh [138] have investigated that
smaller fractions of wood powders enhance the strength properties of the
composite in comparison to composite fabricated from larger size wood
powder. The internal bonding [124, 153, 154] and water absorption [113,
124] were higher for smaller particle compared to larger particle but water
absorption is higher for larger particles in other studies [134, 136, 137, 155].
Rimdusit et al. [140] have reported that the suitable size of wood powder for
better mechanical properties is 0.20 to 0.30 mm but the wood powder size
<0.125 mm is the best for the composite quality investigated by other
researchers [156]. Shape of the wood particles also affects the quality of
board [146]. There is also a positive correlation between aspect ratio of the
particles in the powder and the strength properties of the composite [108,
132, 137].

1.5.2 Power generation

Wood is often combusted as a powder or a pellet at power plants [20]. The
size of wood powder for combustion is dependent on the type of boiler, for
example, fluidised bed or fixed bed and feeding position, such as, in-bed,
under-bed or over-bed [157]. The size of wood powder influences the
residence time [158-160] and its thermodynamic conversion in the burner
[14]. The volatile yields decrease with the increasing of particle size [109]
and both particle size and shape have an influence on the devolatilisation
time [161]. Particles smaller than 0.1 mm play an important role on flame
stability in wood powder burners [14]. Typical size of woody biomass
particles are 6 mm for combustion process [162] but the co-firing of wood
powders with coal generally require particle size <1.0 mm [13, 163]. Wood
particles larger than 3 mm in co-firing applications significantly increase the
probability of incomplete combustion [ 160, 164]. According to Adams ef al.
[105], wood powders, <0.1 mm, are also crucial for ignition time.
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1.5.3 Wood pellet production

Wood powders are used as a feedstock in the production of wood pellets [20].
The motivation for pelleting include the heterogeneous structure [165] and
the low bulk density (154 to 165 kg m™) of woody biomass [166] which
causes poor handling [165] and storing [167]. These can be overcome though
densification [163, 168]. The densification process can be categorised into
three types, i.e., extrusion, briquetting and pelleting [168]. Pelleting of
woody biomass is popular [165], and wood pellets are common secondary
fuels for co-firing with coal in coal-fired boilers [163]. Pellets are also of
interest for conversion via gasification [169]. The global production amount
of wood pellets is 39.36 Mt and this accounts for 1.2 % of global wood
production [170].

The particle size in powder influences the durability of pellets [171-173].
Small particle diameters (<2.0 mm) enhance the mechanical properties of the
pellet. The smaller particle has big surface area, which results in stronger
bonding in the pellet matrix [171]. On the other hand, small particles (<1
mm) can also dry out easily during pelletisation causing reduced strength.
Feedstock with particle diameters below 0.5 mm, however, have a negative
impact on pellet quality [ 165]. In practice, most pellet producers use powders
that have between 2 to 4 mm particle diameters. Some studies have shown
no differences in some pellet characteristics (e.g. bulk density) over this
range [171].

1.5.4 Pulp and paper industry

Wood powder is widely used as organic filler in paperboard manufacture,
such as duplex board [8], and in papermaking [9]. Utilisation of wood
powders can reduce production cost by increasing the bulk and decreasing
the consumption of steam [174]. Wood powders may play a role of enabling
better remove the water. Thus, it can contribute to the reduction of steam use.
Incorporation of wood powders also has a negative impact on strength
properties of paper products, for example, burst strength, breaking length,
stiffness and compressive strength [8, 175] but these can negotiated through
modifying surface of the powders with starch [8]. Wood powder is also used
as organic pigment [176]. Wood powder is used in filter paper and it
increases the absorption and adsorption capacity of filter paper [177, 178].
Seo et al. [179] has conducted research on using wood powder as coating
material in combination with calcium carbonate but brightness and strength
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properties, except for stiffness, are poor. The authors have claimed that the
use of <200-mesh screen wood powder can improve the properties.
Application of wood powder as a filler instead of traditional inorganic filler
can solve the problem of recycling, wearing of equipment parts and
calendaring pressure in papermaking process [176].

The size of the powder is important if used as an organic filler in pulp and
paper industry. The most likely size of wood powder for using as organic
filler is 0.01 to 0.10 mm [12]. Sami et al. [176] has reported that the size of
wood powder is 0.002 to 0.021 mm for employing as a pigment. Navarre ef
al. [177, 178] have concluded that the appropriate size of wood powder is
0.001 to 0.150 mm for applying as a filler in filter paper. To use as a coating
material together with calcium carbonate, 200 mesh of wood powder is not
good enough and the size should be more smaller than 200 mesh with
bleaching for getting better brightness and strength results [179].

1.5.5 Feedstock for biorefining

A biorefinery is a facility, which is composed of equipment, methods and
processes for the conversion of biomass (wood and non-wood) to chemicals,
power and fuels [180]. Woody biomass is one of the most important
lignocellulosic feedstock for biorefining [180]. The macromolecular
components of wood, hemicellulose, cellulose and lignin, can be converted
into different types of fuels and chemicals [180].

Biofuels

The pathways for the production of biofuels from woody biomass are
fermentation after saccharification (acidic or enzymatic hydrolysis),
pyrolysis and gasification after size reduction of wood [180].

Fermentation is the technique to convert sugar into ethanol by
microorganism [ 180]; sugar is extracted from wood by acid hydrolysis [180]
or enzymatic hydrolysis [115, 180, 181] of cellulose and hemicellulose of
wood. On the other hand, cellulose is the main source of sugar in wood and
well-studied in literature [182-184]. The lignin and hemicellulose content
affect the enzymatic digestibility of wood [185-187]; the efficiency of
enzymatic digestibility can be improved by removing hemicellulose [186]
and lignin [106, 181, 184, 186, 188]. The removal of lignin entails the
accessibility of enzyme to cellulose by creating pores and increasing internal
surface [182]. On the other hand, Leu S.-Y. and Zhu [189] have concluded
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that removal of hemicellulose is more effective than removal of lignin to
create pores for enzyme to get access to cellulose. Cellulose crystallinity
affects the hydrolysis of cellulose [106, 107, 182, 185, 187, 190-192], but
the modification of cell wall of wood has a more positive impact on cellulose
hydrolysis [182]. Particle size and milling type, which has contribution on
size reduction and cellulose crystallinity, affect the digestibility of
lignocellulosic biomass [ 107]. Smaller particle sizes increase the surface area
and this increases the available surface area for reactions, causing a higher
efficiency of hydrolysis [193-195]. The smaller the particle size of wood
powder, the more decrease in cellulose crystallinity with higher surface area,
which influence the hydrolysis of wood powder [15]. Effective hydrolysis
requires a particle size of 1 to 2 mm [15]. Dasari and Berson [196] have
observed a similar trend that finer red-oak (Quercus rubra) wood powder
(sawdust) is better suited to enzymatic hydrolysis; 0.033 to 0.075 mm
provided more glucose in comparison to larger sizes. Morphological
variation in wood powder, for example, breakage of cellulose and lignin
bonds, can enhance enzymatic hydrolysis [197].

In pyrolysis, wood is heated in the absence of oxygen and bio-oil is one
of the products produced. It is used for the production of heat and electricity
[180]. There are different types of pyrolysis, such as, bubbling fluidised bed,
microwave pyrolysis and fixed bed fast pyrolysis. Fast pyrolysis of wood, at
500 °C and 1 s, can yield 75 % bio-oil and smaller particles enhance the
reaction [198]. Particle size and shape of wood powder influence the rate of
heating, drying and reaction [109].

Gasification of wood is another process for producing biofuels [180,
199]. There are two types of gasifiers, i.e., fixed and fluidised-bed; the
heating agents for gasification are air, oxygen and steam [180]. Gasification
product is syngas (CO and H>), which is used for producing fuels to generate
power [169, 180]. Wood powder size and shape affect the gasification
efficiency of gasifier [200]. The optimum size of wood powder is 3 to 50 mm
for fixed bed gasifier, while the size restriction of wood powder is 0.1 to 5
mm but it can be 1 to 2 mm for fluidised-bed reactors [180].

In addition to these, hydrothermal liquefaction (HTL) is another
technique to produce bio-oil from wood powders. In this case, the
concentration of wood powder is 15 % (mixed with water) and pH is adjusted
by adding Na>COs. The mixture is heated up to 350 °C with pressure 20 MPa
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for 15 min and then, the bio-oil is extracted from the aqueous phase and
solids [201].

Chemical products

Furfural and furans can be achieved by degradation of hemicellulose during
hydrolysis of wood [184]. Tar is one of the chemical products of wood during
pyrolysis of wood powder. The particle shape and size affect the yield of tar;
near-spherical shape with similar mass and smaller size of all shapes wood
powder increase the yield of tar [109]. The gasification of wood powder can
also provide chemicals [169, 180]. Lignophenols are derived from grafting
monomeric phenols with propane units of native lignin; these lignophenols
are used for producing different type of value added products [202, 203].
Meanwhile, this native lignin is derived from milled wood [204]. For the
extraction of lignin, smaller size is important; Funaoka and Fukatsu [205]
and Funaoka et al. [206] have used 80 mesh and Radoti¢ and Mic¢i¢ [207]
have mentioned the required size of wood powder for extracting lignin is
0.25 to 1.0 mm.

1.6 Potential applications of wood powder

As the bioeconomy evolves, wood powders will find more and more uses in
consumer and smart products. Some potential future applications are
presented in this section.

1.6.1 Source of food

Cellulose is the main component of wood and a plentiful global resource,
which can be recycled from wood products and be a potential source of food
for humanity. Superfine powders from woody biomass is the starting point
on a pathway for functional food, an example dietary fibre [40].

1.6.2 3D printing

3D printing is a promising technology in the near future; low cost customised
products can be printed and the process can be profitable as well [208].
Interest has been growing in 3D printing since 2013; it is the latest
technology to use raw materials efficiently [209]. Wood powders can be used
in the 3D printing process as an additive with others material, for example,
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lignin, polyhydroxyalkanoate (PHA), nanocellulose, colour master batches,
and talcum, to produce wood-based products, such as a wrist watch [209].

In previous studies, wood powder has been used as additive 3D printing
[209-213]. The use of wood powder is cost effective and environmentally
friendly by replacing synthetic origin resin [211]. The particle size of the
powder should be small; powders with ultra-fine size are used as wood filled
filament for 3D printing [209].

Kariz et al. [211, 212, 214] and Tao et al. [215] used 0.237 mm beech
wood (F. sylvatica L.) and 0.014 mm aspen wood powder for 3D printing,
respectivley; spruce wood powder (0.8 to 2 mm) as bulk material was used
in 3D printing process [210]. As per findings, researchers reported that the
physical properties, for instance, moisture content, swelling and mechanical
properties, such as, modulus of elasticity were degraded using wood powder
as an additive [212]. On the other hand, Kariz et al. [214] observed that a
smaller portion (10 %) of wood powder helped to get higher tensile strength
in the product. Tao et al. [215] observed the lower temperature of thermal
degradation with wood powders, although without affecting the melting
temperature. Poor strength properties stems from the formation of voids and
clusters of powder within the bulk of the structure [214]. Tisserat et al. [213]
have observed poor internal bonding between wood powder (Maclura
pomifera and Paulownia sp. wood) and polylactic acid, which reduces the
tensile strength of filaments for 3D printing. However, the effect of printing
parameters and wood particle quality, including wood species, need to be
better characterised to identify suitable composition for wood powder used
as 3D printing filaments [214].

1.6.3 Water treatment

There is great interest in developing cheap water treatment [216] and
renewable lignocellulosic materials may permit a low cost for water
treatment chemicals [216, 217]. Wood powder (saw dust) has been widely
studied for removal of organic pollutants, such as, fats [218] and inorganic
pollutant, for example PB (II), Ni (II), Cd (II) [219], U, Co, As, V, Sb, Ni
[220], NOs™ [216, 220, 221], SO4* [220], Cr (V1) [222], Cu, Zn, Fe [223].
Authors have used pine (Pinus sylvestris L.), red fir (4dbies magnifica),
spruce (Picea abies Karst. L), oak (Quercus sp.), poplar (Populus sp.), cherry
(Prunus avium), ash (Fraxinus excelsior), hornbeam (Carpinus betulus),
balsa (Ochroma pyramidale), lauan (Toona calantas) and walnut (Juglans
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sp.) powders. Ucun et al. [224] and Bagherifam et al. [225] have also used
ground cone pine wood and pine wood, respectively to measure the
efficiency of removing Cr (VI) and U (IV) from solution. The physical and
chemical characteristics of wood are responsible for the absorption of
pollutants from water [217, 218]. The presence of carboxylic, phenolic and
hydroxyl groups are the key mechanisms for absorption of heavy metals
[219,222,223,226]. Surface modification has also been carried out to absorb
pollutants from water [216, 218, 221, 225]. The absorption efficiency is
dependent on the properties of wood powder; particle size and surface area
of wood powder are the key parameters for the efficacy of absorption of
water pollutants [6]. The used particle sizes in previous studies is in the range
of 0.09 to <2 mm [6]. Reported surface areas of wood powders range from
0.72 to 1.44 m? g'! [6, 222, 225].

1.6.4 Nanocellulose production

Wood powder is also a potential feedstock in the emerging field of
nanocomposites. Research on extracting nanocellulose to develop bio-based
nanocomposites for advanced applications have been carried out. For
example, nanocellulose obtained from <60 mesh poplar (Populus
ussuriensis) wood powder was used to develop conductive nanocomposite
[227]. In another study, nanocellulose extracted from 60-0 mesh poplar wood
powder was used to apply in wound dressing and tissue engineering [228].
A bio-based adhesive was made from nanocellulose obtained from <0.2 mm
beech and spruce wood [229]. Jonasson et al. [230] characterised the
nanocellulose produced from hybrid aspen (Populus tremula x tremuloides)
wood powder.

1.7 Experimental design and statistical analysis

Statistical tools have been used to study the size reduction of wood and to
illuminate relationships between size reduction process parameters and
resulting powder characteristics. Jiang et al. [22] studied the impact of
feedstock moisture content on powder PSD using Tukey's model with SAS
9.0 software. Others have looked at the correlation and model fitness for
energy consumption, Hausner ratio, and Carr-compressibility index
concerning particle size using Levenberg-Marquardt's non-linear regression
model [28]. The relationship between energy consumption, powder moisture
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content and particle size have also been studied using backpropagation
(Levenberg-Marquardt) algorithms in artificial neural network (ANN)
models [26].

1.7.1  Design of experiment

The design of experiment (DOE) method is used to minimise the number of
tests to perform in order to obtain useful data for resolving issues. DOE is
considered for the screening, optimisation and robustness testing. The most
contributing factors along with their ranges are identified in the screening
design. The combined effect of influential factors for optimising the
operation conditions is analysed by the optimisation design. The influence
of changing of factors setting on the desired result is investigated using
robust design.

DOE facilitates the experimenter to conduct the research in an organised
way. It supports to set up the experiments based on the objectives. Although
it offers a number of experiments, it provides accurate information by the
interaction effects of the factors. The model accuracy confirms the influence
of factors and the intensity is described by the regression coefficients.
Contour plots assists the explanation from a range of possible settings. A
screening design with DOE can add value to detect the factors and target
settings for further investigation in details.

1.7.2 Modelling

A liner regression model explains the relationship between a single
independent and dependent variable. A multi-linear regression (MLR)
model, on the other hand, expresses the relationship between the multiple
independent variables and dependent variable (often denoted as response)
[231,232]. It also known as multiple regression. It develops a single equation
using the used variables to predict the intensity of independent variables
[232]. It considers the linear relationship between independent and
dependent variables and non-correlation between independent variables.
The independency between observations, equal variance of independent
variables and normal distribution of errors are also considered during
developing MLR model. MLR interprets the results with coefficients, R?
(coefficient of determination) values, significance, confidence intervals and
residuals. Coefficient is the change of dependent variable with the changing
of independent variable. R? values indicates the explanation of variability of
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dependent variables by the independent variables. The p-values measures the
level of significant of model and coefficient. Confidence intervals is the
range of values where the true population should be. Residuals are the values
obtained from the difference between predicted and actual values and it
should be normally distributed for a good fit of the model.

Projections to latent structures or partial least squares (PLS) is used to
make a model using all the independent and dependent variables [233]. It can
accept the collinearity among the variables. In general, a design unfit for
MLR can be analysed by PLS. MLR relies on the orthogonality while PLS
can handle if it is distorted. The condition number represents the model
behaviour and it ranges from 10 to 20. Beyond this range, the model is unfit
for MLR and PLS can be used to generate a well explained model.
Furthermore, PLS can manage the missing values of responses but it is not
possible for MLR. PLS model is interpreted using scores, loadings and
variable importance of the projections (VIP). Scores represent the general
trend, outliers and groups of observations. Loadings express the correlation
between two variables. VIP uses all variables with weighted summary [234].
Principal component analysis (PCA) is an unsupervised method that studies
the maximum differences in variability of the X variables. PLS/OPLS
models iteratively the co-variance between an X variable matrix and one or
more responses. In orthogonal projections to latent structures (OPLS), the
systematic variation are separated into correlated (predictive towards a
response) while the uncorrelated (orthogonal) variation is left out. This
enables easier interpretation since all co-variation is collected in one
predictive component. Additional information of the analysed system can be
gained by studying the orthogonal components which can include systematic
variation unrelated to the studied response. Orthogonal projections to latent
structures discriminant analysis (OPLS-DA) model provides the class
information. It explains the difference between two groups and possible
reasons are responsible between the variables [235].
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1.8 Objectives of the study

The overall objective of thesis was to investigate the milling performance of
amulti-blade shaft mill and to characterise the wood powders produced using
this new technology. The specific research objectives were to:
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Describe the influence of the milling parameters and the moisture
content of wood input material on the resulting powder properties using
a series of designed experiments

Investigate the energy consumption of the mill in relation to the obtained
particle size distributions of powders and how the shape of input
materials affects energy consumption

Develop valid multilinear regression models to describe the mill
performance

Characterise particle size distributions of produced powders using
mechanical sieving and other physical properties using standard methods
and compare them to powders produced using a hammer mill
Characterise particle size distributions and particle shape properties
using two-dimensional image analysis

Describe and compare the characteristics of MBSM and hammer
powders using staining methods and light microscopy



2. Materials and methods

2.1 Preparation of raw material

Scots pine (Pinus sylvestris L.) thinned trees of 22 to 32 year-old were procured from
a plantation forest, Vindeln, Sweden in September 2019. Defect-free, straight, and
similar diameter trees were selected from the site and delivered to the Biomass
Technology Center (BTC), Swedish University of Agricultural Sciences, Umea,
Sweden (Figure 2).

Figure 2: Procurement of trees.

From the procured trees, 47 (27 for MBSM and 20 for hammer mill) were selected
based on diameter, straightness, and presence of similar type of knots (Figure 3).
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Figure 3. Grading (a) and selection (b) of trees.

Logs of 1.7 m length were cut from the bottom of the selected trees to minimise
the tapering of the stem. The range of stem diameter between top and bottom was 10
to was used to debark the log. This was done carefully to avoid 14 cm. To avoid
contamination, i.e., chain-oil, a hand saw was used. A drawknife removing stem
wood (Figure 4). To adjust the log moisture content for experiments, drying at 25 °C
was carried out on selected logs in a drying cabinet (Elvdrmedetaljer, Skurup,
Sweden). The moisture content of cross-sectional discs which were cut from either
end of the log were used to setup the experimental design. Three moisture content
(MC) levels were defined; 11 to 24 %, 26 to 31 %, and 38 to 51 % wet basis (wb).
The logs were wrapped in plastic to preserve the MC level. The final log length used
in the experiments was 1.6 m.

Figure 4. Debarking using a drawknife (a) and the debarked log (b).

Ten pine (P. sylvestris L.) boards were obtained from a local sawmill (Savar ség,
Norra Timber, Umed, Sweden). Their average age was 60 (standard deviation = 18)
years, determined by counting the annual growth rings. The boards were resized to
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a dimension of approximately 1100 % 150 x 50 mm. Selected boards were dried and
stored as mentioned above. The defined MC levels were 13 to 16 %, 20 to 24 %, and
21 to 33 % (wb).

2.2 Milling technology

The prototype multi-blade shaft mill (MBSM) (Klingmill AB, Torshilla,
Sweden) had a roller table, a feeding section, and outlet for the collection of
the produced powder (Figure 5a). The mill accepted log diameters up to 280
mm. The milling principle relies on two 350 mm-wide bladed shafts, each
driven by an electric motor with a rated power of 55 kW and speed of 1480
rpm. The blades on the first and second shaft consisted of eight and 24 teeth,
respectively. The blades’ teeth clearance angle was 18°, rake angle 5° and
kerf 4.2 mm for the first shaft. For the second shaft, rake angle and kerf were
15° and 3 mm, respectively. For all the experiments, the feeding direction
was constant, whereby the lower edge of the log was tangential to the
perimeter of the blades on the first shaft (Figure 5b).

For comparative purposes, a hammer mill (Biihler Hammermill Vertica,
Switzerland (DFZK 1) was used. It consisted of a vertical grinding shaft, an
electric motor, floating hammers, and a 2 mm circular sieve. The motor
capacity was 55 kW at 1480 rpm. The hammer configuration was 12 x 4.
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Figure 5. (a) The prototype multi-blade shaft mill (MBSM) without its housing
enclosure. The roller table, feeder and the two shafts connected to the motors are visible.
The sample collector is not fitted to the outlet in the photograph. (b) The principle of
operation of the MBSM and (c) the multi-blade shaft (Paper I).

2.3 Experimental design and procedure

A full factorial (two-level) experimental screening design with one centre
point having three replications was used for the milling experiments. There
were three variable factors, MC, feeding speed, and sawblade speed (Table
1). The ranges of MC, feeding speed, and sawblade speed for log milling
were 10 to 50 % (wb), 1.3 to 2.6 m min ™!, and 52 to 72 m s™!, respectively.
For board milling, the ranges of MC, feeding speed (FS), and sawblade speed
(BS) were 13 to 33 % (wb), 1.3 to 2.3 m min!, and 52 to 72 m s,
respectively. The responses for log milling were specific milling energy
(kWh t' DM), the wood powder particle size distribution (PSD, mass %),
and the wood powder bulk density (kg m~ DM) while it was solely specific
milling energy (kWh t"! DM) for board milling. A method of trial and error
was applied to set the range of experimental factors.

The milling was performed according to a random run order from the
experimental design, ensuring that the centre point experiments were
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dispersed; one at the start, one near the middle, and one at the end. Before
milling, each log/board was weighed and its length recorded and a bag was
installed for sample collection. The logs/boards were fed via the roller table
to the centre of the MBSM feeding section. A data acquisition system
(INTAB PC-logger 3100) was used to record the electrical power (kW) and
mill setting factors at 1 Hz frequency. After each milling, the sample bag was
removed, sealed, and weighed followed by a cleaning of the mill. The mass
of the remaining (unmilled) log/board end was recorded to obtain the correct
mass balance. The length of the milled log/board (with end length subtracted)
was used to determine feeding speed.

For hammer mill experiments, 20 logs were debarked and fed to a chipper
(Edsbyhuggen, Woxnadalens Energi AB, Sweden). The chips were dried in
an in-house-built flat-bed dryer to obtain a moisture content of 7.2% (wb).
The chips were then screened (EO554, Fredrik Mogensen AB, Sweden) to
an accepted size of 1.9 to 16 mm. The chips were then hammer milled with
a 2 mm screen. The electrical power (kW) of the chipper and hammer mill
was recorded at 1 Hz by a power logger (Fluke 1735, Fluke Corporation
Everett, WA USA). An overview of the procedure is shown in Figure 6.
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Table 1. Experimental design.

Experiment Run Factors
Name Order Moisture Feeding speed  Blade speed
content (%) (m min™) (ms?)
NI 21 13.1 1.32 52
N2 5 46.4 1.32 52
N3 14 13.6 2.28 52
N4 23 41.7 2.16 52
NS 25 16.8 1.26 72
N6 9 44.0 1.32 72
N7 8 16.0 2.64 72
N8 11 41.8 2.28 72
N12 18 13.8 1.38 52
N13 6 46.3 1.32 52
N14 28 13.8 2.22 52
N15 7 51.4 2.22 52
N16 20 13.0 1.44 72
N17 10 42.0 1.32 72
N18 22 13.2 2.4 72
N19 16 38.1 2.64 72
N20 5 11.8 1.38 52
N22 15 30.7 1.86 62
N23 17 11.0 1.38 52
N24 4 42.6 1.32 52
N25 13 24.0 2.28 52
N26 27 433 2.16 52
N27 24 13.0 1.38 72
N28 3 45.4 1.38 72
N29 12 15.5 2.28 72
N30 19 413 2.28 72
N31 29 28.9 1.8 62
N33 2 25.6 1.86 62
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2.4 Sampling

All wood powders were collected and sampling was carried out using the
systematic coning and quartering method (SS-EN ISO 14780:2017). All
samples were dried at 105 °C overnight within 20 minutes of milling except
those for extractive, micromorphological, and cytochemical analyses
(including cross-sectional discs) which were stored at -20 °C. The dried
samples were sealed in the plastic bag separately for further analysis. The
MC of wood powder was used for determining the log MC.

2.5 Analysis of powder properties

2.5.1 Particle size distribution

The particle size distribution (PSD) was measured based on the mass per cent
according to the standard method (EN 15149-2:2010) using sieves (Cisa,
Spain) with a sieve shaker (Analysette 3, Fritsch, Germany). The standard
(ISO-3310.1) sieve sizes were 0.063, 0.125, 0.25, 0.5, 1.0, 1.4, 2.0, 2.8, 3.15,
8.0 and 16.0 mm. A 0.5 to 0.7 L wood powder sample was used and the
shaker was set at 1.5 mm amplitude for 10 min, selected by trial and error.
The total mass of wood powder and the mass of each fraction were measured.
These were used to calculate the mass per cent of each size fraction. PSD
was determined in triplicates for each of the 27 MBSM samples and hammer-
milled samples.

2.5.2 Powder bulk density

The bulk density (BD) (kg m> DM) of oven-dried wood powders was
determined following the standard method (EN 15103:2009). Both the loose
and tapped bulk densities were measured. A 5.4 L cylindrical vessel was used
for measuring the bulk densities. For tapped density, the wood powder was
compacted using the sieve shaker using an amplitude of 1.5 mm for 20 min.
The Hausner ratio (HR) is the ratio of the tapped density to the loose bulk
density.

2.5.3 Image and BET analysis

The powder samples used in image analysis and Brunauer-Emmett-Teller
(BET) surface area analysis were screened to exclude particles larger than
1.0 mm using a sieve shaker (Analysette 3, Fritsch, Germany) and were then
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divided with a rotary sample divider. The used amplitude and duration for
the screening were 1.5 mm and 10 min, respectively.

A 2D image analyser (Camsizer XT Particle Analyser, Microtrac Retsch
GMBH, Germany) with software (Camsizer XT 6.3.10, Microtrac Retsch
GMBH, Germany) was used to determine powder PSD and particle shape at
the Department of Engineering Sciences and Mathematics, Luled University
of Science and Technology, Luled, Sweden. The used size detection range
was 0.001 to 3 mm. Analysis was carried out in triplicate using sample sizes
of2.8t0 6.1 g.

BET analysis was performed by Celignis Analytical, Ireland, using a
surface area and pore size analyser (NOVA 2200e series, Quantachrome
Instruments, Boynton Beach, USA). These measurements were carried out
on two MBSM powders, those having the highest and lowest bulk density,
and hammer mill powder. The sample size was 1.1to 1.3 g.

2.5.4 Micromorphology and extractive distribution

A variety of microscopical histochemical techniques was applied to analyse
the extractive distribution in produced powders and their morphological
properties. Stains were used for visual analysis of micromorphology and
extractives; Saffranin for micro-morphological, Nile blue for neutral
triglycerides, Sudan black B for total lipids and osmium tetroxide for
unsaturated fats. The extent of Micro-structural distortions in powders was
analysed using polarized light microscopy.

Saffranin for morphological analysis

Non-dried powder samples were removed from the storage (— 20 °C) 15 to
20 minutes before preparation at room temperature. Samples were
submersed in a 0.1% Saffranin solution for 3 to 5 minutes and the excess
stain was removed by pipette. Samples were then rinsed three times with
ultra-pure water, the excess being removed with pipette. The samples were
placed on glass slides, and glycerol-gelatin was added. A cover slide was
placed over each sample.

Nile blue staining for triglycerides

Non-dried powder samples were removed from the storage (— 20 °C) 15 to
20 minutes before preparation at room temperature. The wood discs were
removed from the storage (— 20 °C) 2 h before preparation at room
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temperature. Wood blocks (approx. 1 x 1 X 1 cm) were cut by hand saw and
soaked in ultra-pure water before sectioning (7 to 10 pm) using a microtome.
Solutions of 1% aqueous Nile blue, ultra-pure water and 1% acetic acid were
heated separately at 37 °C for 10 to 15 minutes. Each sample was submersed
in Nile blue and heated at 37 °C for 5 minutes followed by excess removal
with pipette. It was then rinsed three times with hot ultra-pure water followed
by removing the excess with pipette. AA was added to the mixture, which
was then heated at 37 °C for 30 s with removal of the excess with pipette.
Finally, it was rinsed three times with hot ultra-pure water followed by
excess removal. The samples were placed on glass slides and mounted with
glycerol-gelatin followed by covering with a slide. Light microscopic
analysis was done following the similar methods discussed above.

Sudan black B for total lipids

Samples and sections were rinsed with a 70 % ethanol solution for a few
seconds and the excess ethanol was removed with pipette. Samples were then
submersed in Sudan black B/ethanol solution (70 %) and the mixture was
left to stand for 25 minutes. The excess was then removed with pipette
followed by rinsing with 70 % ethanol solution for 1 minute followed by
excess removal. It was then rinsed once with 50 % ethanol and twice with
ultra-pure water. Excess ethanol and water were removed. Samples were
mounted with glycerol-gelatin as above.

Osmium tetroxide for unsaturated fats

Samples and sections were submersed in a 1% aqueous osmium tetroxide
solution (w/v) for one hour. The excess osmium tetroxide solution was
removed with pipette. Rinsing was done four times with ultra-pure water
with excess removal. The samples were mounted as above.

Micro-structural deformation

For micro-structural distortions within fibre walls, wood powders were
processed using the above method except any staining applied. Samples were
submersed in ultra-pure water for five minutes, followed by removing the
excess amount of water with pipette. They were mounted as above using
glycerol-gelatin.

All prepared slides were visually analysed by light microscope (Leica
DMLB). Analysis of fibre cell wall deformations used a polarised light
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source. Digital images of the samples were taken using Infinity X-32 digital
camera and processed using Leica IM50 Image Manager software.

2.5.5 Angle of repose

The apparatus used to determine angle of repose has been described [28] and
consists of a graduated vertical wall attached at right angles to a horizontal
plate. Powders were fed to the apparatus through a funnel above a vibrating
channel. Particles fall from the channel onto a chute attached with funnel, at
45 ° to the plate, and pile up on a plate to form a half cone whose height and
base radius are used to calculate angle of repose. Powder samples were first
screened using a 1.0 mm sieve to avoid flow interference from oversized
particles. The powder sample size used for measuring the angle of repose
was 60 to 65 g. The angle of repose (4oR) is calculated using Equation 1 in
which /4, (mm) is the height and 7, (mm) is the radius of the pile of powder.

AoR (°) = Degrees|ATAN{(h, x 4)/(r, x 2)}] (1)

2.6 Milling energy

The specific milling energy for MBSM milling ey (kWh t! DM) was
calculated using Equation 2, in which my (kg DM) is the dry mass of the
milled log, 71 (s) is the log milling time, Py (kW) is the feeding power of the
log and P,, (kW) is the milling power of log.

em = ml\_/ll ZtM(Pf + Pm) ty (2)

The specific milling energy for hammer milling e, (kWh t! DM) was
calculated using Equation 3, in which mj; (kg DM) is the dry mass of the
hammer-milled wood powder, #. (s) is the chipping time, Pc (kW) is the
chipping power, # (s) is the hammer-milling time and P, (kW) is the
hammer-milling power.

en =My (B (P X te) + Xy, (Pa X th)) €)
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2.7 Powder yield

The yield of powder Yp (%) for MBSM milling was determined using
Equation 4, in which D,,, (kg DM) is the dry mass of powder and D, is the
dry mass of log.

Y,(%) = (222 x 100 “)

Dmi

2.8 Modelling and analysis

MODDE Pro-12 software (Umetrics Sartorius, Umea, Sweden) was used to
develop models based on responses and factors using multilinear regression
(MLR) analysis. SIMCA 16 software (Umetrics, Umea, Sweden) was used
for evaluating the wood particle aspect ratio and its effect on bulk density
based on orthogonal partial least squares (OPLS) projections to latent
structures [233] and orthogonal partial least squares discriminant analysis
(OPLS-DA) [235]. Aspect ratio data were selected for PSDs of 50 to 500
pm. Based on the manufacturer of the Camsizer, values outside of this range
were not deemed statistically reliable. According to UV-scaling in SIMCA,
all data were mean centred and scaled to equal variance. Aspect ratio was put
in a vector (X) as factor and powder bulk density considered as a response
was put in a vector (Y). There were two groups denoted as class 1 and 2
based on initial wood MC. General trends and patterns in the data and outlier
detection were evaluated by an initial principal component analysis (PCA).
R? (coefficient of determination, describing the amount of explained
variation in X), Q? (coefficient of multiple determination, describing the
amount of variation in the cross-validated subsets predicted by the model)
and RMSEcv (root mean square error using cross-validation with seven cross
validation groups and the same number of iterations) diagnostics were used
to evaluate the calibration (OPLS) and discriminant models (OPLS-DA).

2.9 Summary

A summary of all methods used in the thesis is given in Table 2.
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Table 2. An overview of used materials and methods in the thesis.

Resources and methodologies

Paper

II

111

v

Materials

Whole logs (Pinus sylvestris L.)

Boards (Pinus sylvestris L.)

Wood powder (Pinus sylvestris L.)

Multi-blade shaft mill (MBSM)

CAMSIZER XT

NOVA 2200e¢ series

M205FA, Leica

Leica DMLB

Software

MODDE Pro-12

SIMCA

Experimental design

Screening

Model

Multilinear regression (MLR)

Orthogonal partial least squares projections to
latent structures (OPLS)

Principal component analysis (PCA)

Analysis technique

Sieve

Optical imaging

Two-dimensional image

Staining

Light microscopy

Analysis

Particle size distribution (PSD)

Bulk density

Sphericity

Aspect ratio

Surface area

X | X| X

Porosity

X

Morphology

Extractive distribution

Energy consumption
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3. Results and discussion

3.1 Particle size distribution

The cumulative PSDs from all experiments are shown in the Figure 7 and the
fraction of particles below 1.0 mm for each experiment is presented in Table
3. The MBSM prototype produced a substantially greater amount of fine
particles compared to the hammer mill. The fraction of particles <0.5 mm
was 55 to 80 % while it was 41 % for hammer-milled powders (Figure 7b).
All MBSM powders had 80 to 95 % of their particles below 1.0 mm. The

finest PSD (95 % <1.0 mm) was observed when milling wood with high MC
at high BS and low FS.

100 5
9 | 2@ 5| b
0 45
0 ; 40 ' Hammer mill
0 ~MC Med BS 62 FS 1.32 35 B MCHigh BS72FS 1.26

MC High BS 72FS 1.26 | F30
“MCLowBS72F51.26 |

MC High BS 52 FS 1.26 825
“MCLow BS52F51.26 | 220 M

=)

Cumulative percentage (mass %)
NowW B g D N

0 MC High BS 52 FS 2.64 15
o =MC Low BS 52 FS 2.64
0 2% ~MC High BS 72 F$ 2.64 10
10 ///,’ ~MC Low BS 72 FS 2.64 5 [
i Hammer mill .
0 == 0
0.00 0.063 0.125 0.25 0.50 1.00 2.00 4.00 8.00 0.063 0.125 0.25 05 <1.00 <140 <2.00
Sieve size (mm) Sieve size (mm)

Figure 7. (a) Cumulative particle size distribution of powders obtained from the multi-
blade shaft mill (MBSM) and hammer mill. (b) Specific particle size differences between
finest MBSM powder and hammer mill. Label symbols refer to MC = moisture content,
Med = medium, BS = blade speed and FS = feeding speed (Paper I).
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Table 3. Obtained responses from the designed experiments.

Experiment Run Responses
Name Order Specific milling Wood particle <1 Bulk density
energy mm (%) (kg m® DM)
(kWht!'DM)
N1 21 146.6 81.9 257.9
N2 5 133.0 89.0 158.7
N3 14 98.6 63.5 245.1
N4 23 109.8 86.0 164.2
NS5 25 231.6 93.2 232.2
N6 9 202.2 95.3 143.8
N7 8 130.6 93.1 215.5
N8 11 144.9 94.2 150.6
N12 18 175.1 80.0 242.7
N13 6 119.5 83.7 161.0
N14 28 114.5 82.2 243.9
N15 7 112.6 90.8 141.5
N16 20 192.4 95.0 141.8
N17 10 197.4 94.0 138.0
N18 22 132.1 86.9 236.8
N19 16 1114 90.6 169.7
N20 5 142.5 87.4 234.0
N22 15 1154 88.5 174.1
N23 17 120.7 84.0 220.3
N24 4 139.3 81.7 148.9
N25 13 127.9 81.1 154.9
N26 27 122.5 93.0 154.6
N27 24 197.2 92.1 264.4
N28 3 165.6 93.1 159.5
N29 12 160.8 86.9 2294
N30 19 1093 88.3 168.0
N31 29 150.4 86.3 183.5
N33 2 144.8 84.1 157.4

Note: *The values of particle size <1.0 mm of 63.5 % and bulk density of 141.2 kg m™
DM were excluded from the model as those values were out layer among three replicates.
It might be problem of inherent log quality. N20 is the fourth replication of one of the
experimental set ups.
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The produced MLR model (R? = 0.707 and Q? = 0.526) for PSD shows that
BS and MC have a significant (<0.05) effect on the fraction of particles <1.0
mm while FS has no direct influence on the PSD (Figure 8b). However, a
significant interaction effect (FS*BS) exists.

As depicted in the contour plot of the experimental design (Figure 9), the
range of FS (Y-axis), MC (X-axis) and BS (secondary X-axis) for the finest
PSD (Figure 9a) are 1.8 m min™!, >48% and 72 m s™!, respectively. From this
result, the mass percentage of particles below 1.0 mm increased with
increasing of wood MC and BS, and the decreasing of FS.
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Figure 8. Effects of scaled and centred factors in the response models for the (a) specific
milling energy: Yg (kWh t1) =—0.46 MC + 65.72 FS + 5.38 BS — 1.79 FS*BS — 92.16
(b) amount of wood particles <1 mm: Ypsp (mass %) = —0.62 MC + 15.93 FS + 0.84
BS + 0.01 MC*MC — 0.25 FS*BS + 41.56 (c) powder bulk density: Ygp (kg m™) =
=7.98 MC + 0.09 MC*MC + 328.28 when each individual factor is varied from its
lowest to its highest value, keeping all other factors at their average values in the design.
The error bars indicate 95% level of confidence. Symbols refer to MC = moisture
content, BS = blade speed and FS = feeding speed (Paper I).
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Figure 9. Contour plots of experimental design space showing the influence of the three
experimental design factors (moisture content (%), blade speed (m s—1) and feeding speed
(mmin 1)) on the a) specific milling energy (kWh t™! DM), b) particle size distribution (mass
%) and ¢) bulk density (kg m™ DM) of powders (Paper I).

3.2 Shape properties

The aspect ratio and sphericity of MBSM powders, determined by Camsizer,
were higher compared to hammer-milled powders (Figure 10). Clear
differences were also seen in MBSM powders milled from wood having MC
above (green curves) and below (brown curves) the fibre saturation point.
The aspect ratio and sphericity ranged from 0.54 to 0.61 and 0.51 to 0.75,
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respectively. The corresponding ranges for hammer-milled powders were
0.36 to 0.44 and 0.50 to 0.61. The MBSM mill settings had little influence
on the aspect ratio and sphericity. Using a light microscopy, shape
differences between the two powder types could be observed (Figure 11).
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Figure 10. Aspect ratio (a) and sphericity (b) of multi-blade shaft mill (MBSM) and
hammer mill powder (Paper III).

66



o v \ § " N {
e i T "R & AT o/
R AN N S TV x o 7
N AN R Ry > 5
e ".,\; e XY -~ i’)‘xi ‘} { AR ’lh\(/x:\i f % ‘4 AV \//’«-

. U a7 o Aty 2 ' \\ \
SRR VR c-,/n ,J/I Nt
ARSI S e x/-*/*""-' g
y =03\ WS - wr 4] '," d
A A et Vet BT PSP -nl‘»,i -

5 ¢ i S ol \ - \
U2 N e O '

g e et 4 d
¥, ; AR e \d’ %_' ~\"u \\

Figure 11. Optical image of powders passing through 0.5 mm sieve from (a) multl blade
shaft mill and (b) hammer mill. The black line length is 1 mm (Paper I).

At and below particle sizes of 200 um (approx. 150 to 250 um), wood
having lower MC resulted in particles with larger shape factors. The opposite
effect was observed for particles above this size. The mid-point of the
experimental design (dotted line) was positioned between the groups of
curves. The distribution of shape factors for hammer-milled powders
displayed similar behaviour.

Due to the design of the experimental procedure, the differences in shape
factors between the two groups of powders must be due to one of the
following effects or combination of them: (i) the drying steps at 105 °C after
milling or (ii) the action of the MBSM blades during milling. Considering
the first option, the presence of a MC gradient during drying causes internal
stress and leads to wood deformation [236]. Similarly, pine wood particles
showed more spherical shape and had greater porosity after rapid de-
volatilisation [237], although the temperature used in drying was
comparatively low. Considering the second option, the milling action may
have been more effective when milling wet wood because the excess
moisture acted like lubrication, which assists cutting and produces more
spherical particles. Conversely, less effective cutting means more impact
force and more elongated particles.

The range of aspect ratio and sphericity of MBSM powders were higher
than those observed in previous studies. Hammer-milled Douglas fir (P.
menziesii) powders had an aspect ratio range of 0.31 to 0.55 across a PSD of
0.07 to 0.78 mm [63]. Pine powder obtained from a vibration mill (rod and
ball mill) had an aspect ratio range of 0.20 to 0.33 across a PSD of 0.02 to
0.5 mm [48].
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3.3 Powder bulk density

The bulk density of MBSM pine wood powders (PSD of 63.5 to 95.3% <1.00
mm) was in the range of 138 to 264 kg m > DM (Table 3). The highest bulk
density (264 kg m~> DM) was observed for powders produced from wood
having the lowest MC. Powders produced from green wood had the lowest
bulk density (138 kg m™ DM). For comparison, the hammer-milled powder
showed a bulk density of 219 kg m™* DM (PSD of 92.9% <1.00 mm). These
ranges were comparable to those in the literature. For example, powders of
pine, Douglas fir and poplar wood produced by knife and hammer mills had
a range of 95 to 381 kg m> DM [13, 26, 58, 63, 89].

The MLR model (R*> = 0.88 and Q* = 0.83) produced from the
experimental data shows that MC is the only significant (p<0.05) factor on
the bulk density; the milling of wood with high MC resulted in a low bulk
density powder (Figure 8c and Figure 9c). This influence of wood MC was
validated by OPLS analysis in which the obtained MBSM powders from
green wood and dry wood were separated into two groups (Figure 12b).
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Figure 12. (a) Score plot derived from class discriminant analysis (OPLS-DA) of AR
dependence on moisture content (dry (class 1, green) and wet (class 2, blue), and (b)
OPLS calibration model for aspect ratio (X) and bulk density (Y) displaying measured
bulk density (kg m™) versus model predicted bulk density (kg m™). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Using MLR analysis with the design data showed that the natural
variations in the wood used in the study did not influence the results. For
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example, the wood density, stem diameter, tree age and number of knots did
not produce significant effects in the model; the wood MC was the main
factor (Figure 13).
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Figure 13. (a, b) Effects of scaled and centred factors in the response models for the
powder bulk density when each individual factor is varied from its lowest to its highest
value, keeping all other factors at their average values in the design. The error bars
indicate 95% level of confidence. Symbols refer to MC = moisture content, BS = blade
speed, FS = feeding speed, DS = wood basic density, NK = number of knots and AL =
Aged of log.

In the initial study, an explanation was sought for the large difference in
bulk densities, depending on the whether wood is above or below fibre
saturation point (FSP). Dimensional changes of wood, i.e., shrinkage and
swelling, occurs below the MC of the fibre saturation point (FSP) [238].
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Drying temperature is an influential factor in shrinkage [236]. Tangential and
radial shrinkage of wood veneers can be observed at 7.6 and 9.9 % and 5.4
and 5.7 % during drying at 60 and 150 °C, respectively [239]. The hydrostatic
tension occurs during wood drying, which causes internal checking and
washboard depression in the wood [240].

The low wood MC used in the experimental design was adjusted to a MC
under and around FSP by drying at 25 °C before milling, while high wood
MC was milled at above FSP. Consequently, the powders obtained from high
wood MC had higher moisture levels resulting in higher vapour pressures in
their wood matrix during drying at 105 °C [241]. This led to higher
dimensional changes in these powders. Drying temperature affects chemical
composition and crystallinity [48] and influences shape and particle density.
This may explain the low bulk density of powders obtained from high wood
MC and the observed significant factor of MC in the model (Figure 8c).

Interpretation of more recent results, which characterise shape factors
across the PSD, indicate that there may be several contributing factors behind
the bulk density results. Firstly, the initial drying of the logs may cause cell
collapse [242]. When this wood was milled, the particles formed no longer
had the native structure. On the other hand, the cells in the green wood were
saturated with water during milling which may have preserved their native
structure. All the powders, from green and pre-dried wood were dried at 105
°C thereafter. Whatever the explanation, the powders from green wood either
had their microstructure preserved during milling or had their porosity
enhanced from the drying.

BET analysis indicated that MBSM powders from green wood were
indeed more porous. Their porosity, expressed as pore volume, (0.002759
cm?® g'') was 2.8 times greater than those obtained from dry wood (0.001035
cm® g'!) and 3.1 times greater than hammer-milled powders (0.001037 cm?
g ™). Micropore diameter of MBSM powders sourced from green wood (4.52
nm) was also higher than that from dried wood (1.61 nm) and hammer-milled
(1.48 nm) powders. It is clear that in comparing two powders with identical
PSD, the one with more porous particles will have the lower bulk density.
However, in the present study, the PSD of the powders and their shapes were
also different. Both particle size and shape are important for the effective
packing of powders. For example, small particles move easily and help fill
the gaps between bigger ones, and particles with greater sphericity have
fewer points of contact with their nearest neighbours [26]. In the particle size
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range of 20 to 150 um, the number of particles was greater in powders
obtained from dry wood (67,000 particles g ') compared to powders obtained
from green wood (38,000 particles g'!). Powders from dry wood were also
more spherical. Therefore, a difference in porosity, number of smaller
particles and the particle shape can explain the large variations observed in
bulk density. According to the OPLS model, there are good correlations
between aspect ratio and bulk density (R = 0.86, Q*> = 0.84 and RMSEcv =
15.58) (Figure 12b) and particle number and bulk density (R* = 0.87, Q* =
0.80 and RMSEcv = 17.31).

In addition, the micromorphlogy and wood extractive distribution of
wood powders can attribute to difference in bulk density. The content of
extractive and fracture of wood powders can vary due to the difference of
wood MC. Microscopic and topochemistry analyses can help to investigate
the findings of considerable factors.

3.4 Powder micromorphology

3.4.1 Effects on surface and fibre properties

The surface of powders obtained from MBSM (GMP, FMP and DMP) in
both the non-dried and dried cases was smooth (Figure 14a-f), while the
hammer mill powders (HMP) had rough surfaces (Figure 14g and h). There
is an indication that fibre defibration, fibrillation and separation/release of
fibres occurs less frequently or not at all for GMP, FMP and DMP powders
(Figure 14a-f). HMP powders, on the other hand, showed fibre defibration
(Figure 14g and h, red arrows), fibrillation (Figure 14g and h, green arrows)
and release of fibres (Figure 14g and h, black arrows) in the non-dried and
dried cases. There was also a broken fibre wall observed for dried HMP
powders (Figure 14h, blue arrow).
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Figure 14. Light micrographs of powders showing the effects of mill type, milling
parameters and drying on the surface and fibre properties. MBSM powders (a-f)
and hammer mill powders (g and h) are shown where (a) Non-dried MBSM powder
from green wood, (b) Dried MBSM powder from green wood, (c) Non-dried
MBSM powder from wood at fibre saturation point, (d) Dried MBSM powder from
wood at fibre saturation point, (¢) Non-dried MBSM powder from dry wood, (f)
Dried MBSM powder from dry wood, (g) Non-dried hammer mill powder and (h)
Dried hammer mill powder. Scale bars represent 30 um (a-f, h and h inset top right),
50 um (g and h inset bottom left) and 100 um (g inset).
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3.4.2 Effects on micro-structural deformation

Images from polarised light microscopy are shown in Figure 15. The non-
dried MBSM powders of GMP, FMP and DMP showed comparatively less
damage in their cellulose fibril structure (Figure 15a, ¢ and e). The observed
continuous, sharp and less disrupted brightness of the fibre walls is likely an
indication of a more intact native crystalline cellulosic structure. In dried
MBSM powders (i.e., GMP, FMP and DMP), however, the disrupted
brightness along the fibre wall (Figure 15b, d and f, red arrows) indicated
some degree of deformation/damage to their cellulose fibril structure.
However, all HMP powders (Figure 15g and h) were found to contain
considerable defects (e.g. fibre wall breakage, dislocations etc.) in their fibre
wall suggesting the presence of induced non-crystalline structures.
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Figure 15. Effect of mill type, milling parameters and drying on the micro-
structural deformation. MBSM powders (a-f) and hammer mill powders (g and h)
are shown where (a) Non-dried MBSM powder from green wood, (b) Dried
MBSM powder from green wood, (¢) Non-dried MBSM powder from wood at
fibre saturation point, (d) Dried MBSM powder from wood at fibre saturation
point, (¢) Non-dried MBSM powder from dry wood, (f) Dried MBSM powder from
dry wood, (g) Non-dried hammer mill powder and (h) Dried hammer mill powder.
Scale bars represent 20 um (a-c, e and h), 10 um (d), 30 pm (f, g).
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3.4.3 Effects on triglyceride distribution

The non-dried and dried powders obtained from MBSM (Figure 16a-f) and
hammer mill (Figure 16g and h) showed different micro-morphological
features of extractives and their micro-distribution. There were also
variations among the MBSM powder types. In general, staining showed
comparatively strong responses (higher staining intensity) for non-dried
MBSM powders (Figure 16a, ¢ and e) compared to dried MBSM powders
(GMP, Figure 16b) and HMP (Figure 16g and h) powders. Triglycerides,
which were stained red/pink in colour, redistributed on the fibre surface as
globules mainly in the bordered pits area (Figure 16a, red arrow) for non-
dried GMP. They appeared intact in the cell lumen of ray parenchyma cells
(Figure 16c¢, green arrow) for non-dried FMP and epithelial cells (Figure 16e,
blue arrow) for non-dried DMP. For HMP, however, triglycerides were
redistributed over the particle surface for non-dried (Figure 16g, black
arrows) and dried (Figure 16h, black arrows) powders. MBSM dried
powders (i.e., FMP and DMP) had mostly clear surfaces (Figure 16d and f)
where as GMP showed small globules of triglyceride close to the bordered
pit region of the fibres (Figure 16b, red arrow).
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Figure 16. Effect of mill type, milling parameters and drying on the distribution of neutral
triglycerides (red/pink staining) in the cellular system of pine wood powder using Nile
blue (NB). MBSM powders (a-f) and hammer mill powders (g and h) are shown where (a)
Non-dried MBSM powder from green wood, (b) Dried MBSM powder from green wood,
(c) Non-dried MBSM powder from wood at fibre saturation point, (d) Dried MBSM
powder from wood at fibre saturation point, (¢) Non-dried MBSM powder from dry wood,
(f) Dried MBSM powder from dry wood, (g) Non-dried hammer mill powder and (h) Dried
hammer mill powder. Scale bars represent 30 um (a, b, d, f and h inset), 70 um (c), 10 pm
(e), 50 um (g, g inset and h).
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3.4.4 Effects on lipids distribution

Generally, all dried MBSM powders exhibited a mostly clear surface,
indicating the absence of lipids (Figure 17b, d and f). Small blue-black
globules were observed sparsely dispersed especially in the ray regions of
GMP powders (Figure 17a, red arrows) indicating the presence of lipids (i.e.
fats/free FAs). Lipids were also distributed as small globules and in small
quantity on the particle surface for non-dried FMP (Figure 17c, green
arrows) and DMP (Figure 17e, blue arrow). They were distributed as large
globules on the particle surface for non-dried HMP (Figure 17g, black
arrows) but appeared as small globules for dried HMP (Figure 17h, black
arrows). The whole ray area can sometimes appears blue-black in colour,
indicating dispersion of lipids across the whole ray cell for non-dried HMP
(Figure 17g inset, red arrowhead).
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Figure 17. Effect of mill type, milling parameters and drying on the distribution of
lipids (i.e. fats/free fatty acids) in pine wood powders using Sudan black B (SB).
MBSM powders (a-f) and hammer mill powders (g and h) are shown where (a) Non-
dried MBSM powder from green wood, (b) Dried MBSM powder from green wood,
(¢) Non-dried MBSM powder from wood at fibre saturation point, (d) Dried MBSM
powder from wood at fibre saturation point, (¢) Non-dried MBSM powder from dry
wood, (f) Dried MBSM powder from dry wood, (g) Non-dried hammer mill powder
and (h) Dried hammer mill powder. Scale bars represent 30 pm (a, d and f), 20 pm
(b), 10 um (¢), 70 um (e), 50 pm (g, h and h inset), 100 um (g inset).
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3.4.5 Effects on unsaturated fats distribution

Osmium tetroxide stained the cell lumen of parenchyma black in colour for
non-dried GMP (Figure 18a, red arrow) indicating the retention of
unsaturated fats/free FAs inside the ray cells. There were weakly stained
parenchyma cells for non-dried FMP (Figure 18c, green arrow) and DMP
(Figure 18e, blue arrow) confirming the presence of unsaturated fats/free
FAs but likely with lesser amounts. Dried MBSM powders (i.e., GMP, FMP
and DMP), on the other hand, showed mostly clear particle surfaces (Figure
18b, d and f). For hammer mill powders, they were redistributed as small
globules on the particle surface (Figure 18g and h, black arrows) and inside
the bordered pits (Figure 18g and h, green arrowheads) for both non-dried
and dried HMP. For the former, they were also seen dispersed across ray
parenchyma cells (Figure 18g, red arrowhead).
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Figure 18. Effect of mill type, milling parameters and drying on the distribution of
unsaturated fats in pine wood powder using osmium tetroxide. MBSM powders
(a-f) and hammer mill powders (g and h) are shown where (a) Non-dried MBSM
powder from green wood, (b) Dried MBSM powder from green wood, (c) Non-
dried MBSM powder from wood at fibre saturation point, (d) Dried MBSM
powder from wood at fibre saturation point, (¢) Non-dried MBSM powder from
dry wood, (f) Dried MBSM powder from dry wood, (g) Non-dried hammer mill
powder and (h) Dried hammer mill powder. Scale bars represent 30 um (a, b and
e-h), 20 um (c and d), 100 pm (g inset).
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Based on the above observations, there are clear differences in the
micromorphology of the MBSM powders examined compared to HM
powders. A likely explanation of these are the fundamentally different
mechanisms at work during size reduction. The mechanism for the MBSM
is primarily a cutting or swing force using sharp metal blades (Paper I and
Paper II) while the hammer mill acts on wood using impact and shear forces
[32]. These differences result in differences in particle surface and fibre
properties. MBSM powders were more likely to have intact structure at their
cell wall levels while HM powders appeared to exhibit more disrupted.
Stresses during drying can also enhance deformation or defects in fibre walls
[236] and increases the microfibril angle [243]. Both have been observed but
HM powder showed comparatively greater effects. The impact and shearing
forces in hammer milling can be responsible for the destruction of
parenchyma and epithelial cells leading to liberating extractives out of the
cells and spreading over particle surfaces. In contrast, MBSM powders
tended to have intact parenchyma and/or unbroken cells retaining their
extractive content.

3.5 Powder flowability

Using the angle of repose of produced powders as a response, it was not
possible to make a valid MLR model (R? = 0.25 and Q* = 0.045). In other
words, the flowability of all powder types (including hammer mill powders)
was the same and can be classified as very cohesive [63]. The flowability
according to the Hausner ratio (1.2 to 1.3) was moderate to good [244] yet
the MLR model produced has poor correlation (R? = 0.68 and Q* = 0.59)
with the MC, BS and FS factors. Larger scales and powder amounts may
enable greater accuracy in the determination of the flowability.

3.6 Energy consumption

The calculated specific milling energy for all MBSM experiments is listed in
Table 3. It ranged from 99 to 232 kWh t ! DM and was 1.2 to 2.7 times higher
than the hammer mill value (86 kWh t! DM). The lowest milling energy (99
kWh t ! DM) produced the fewest fraction of particles <1.0 mm (63.5 %).
The highest milling energy (232 kWh t ! DM) produced the greatest fraction
of particles <1.0 mm (93.2%). A direct comparison between the energy used
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with these two milling technologies is challenging for two reasons; (i) the
input materials had different forms and (ii) the final PSDs were not
equivalent. The MBSM accepts whole stems whereas the hammer mill
accepts only chips (Figure 6). The production of fine powders necessitates
greater energy expenditure than coarse powders both in theory [29] and in
practice [12]. A true comparison of milling energy must start with the same
input material and end with the same PSD.

An alternate method of comparison is to evaluate size reduction by the
amount of generated surface area on the particles when going from input
material to powder. BET analysis showed that the surface area of produced
powders was 1.38 and 0.429 m* g! for green wood MBSM and hammer-
milled powders, respectively. Using the specific milling energy, the surface
area generated from MBSM milling was 6981 m? kWh™! while the hammer
mill it was 4990 m? kWh™'. MBSM powders produced from dry wood had
surface area of 0.557 m? g ! and surface area generation of 2826 m? kWh™'.
The MLR model (R? = 0.82 and Q* = 0.73) of milling energy showed a
significant (p<0.05) positive effect from BS while FS and MC have
significant (p < 0.05) negative effects (Figure 8a). From Figure 9a, it can be
seen that the increment of specific milling energy occurs with increasing BS
and decreasing FS and MC. The highest modelled milling energy occurs for
aBSof72ms!andaFS of <1.5 mmin.

The effect of MC on the milling energy is consistent with the
understanding of hydrogen bonding between wood polymers; the lower the
MC in the wood cell wall the greater number of hydrogen bonds [23, 24].
This means the required milling energy should be greater for dry wood. At
and above the fibre saturation point (FSP), the cell is saturated and extra
water contributes to a lubrication effect during milling.

The specific milling energy in MBSM milling is comparable to that of
other mill types. For example, a two-stage hammer mill uses a 150 kWh t !
DM to produce <1.0 mm 95% powders from pine (Pinus sylvestris L.) chips
[13]. For producing 0.71 mm powders from pine chips, a knife mill consumes
238 kWh t™! [89] while an oscillatory type ball mill has a milling energy
range of 100-380 kWh t™! for 0.02-0.10 mm powders from spruce (Picea
abies) sawdust. Importantly, these studies used small input sizes of wood but
the input materials for the MBSM was the whole log.

From the designed experiment with rectangular pine boards, the specific
milling energy range was 60 to 172 kWh t™!, which was much less than
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milling with cylindrical logs. The differences between the two materials were
the shape of the work piece (50 x 150 mm rectangular cross-section vs 100
to 140 mm diameters cylinders), the average age of the wood (60 vs 29 years)
and the MC range (13 to 33 % vs 11 to 51 %)).

The observed differences in milling energy is ascribed to the differences
in the number of teeth engaged, the angle of engagement and the travelled
path length for the teeth through the kerf [245]. In the board milling, fewer
teeth were engaged in the vertical plane and more teeth in the horizontal
plane with differences in the angle of engagement (Figure 19). In the stem
milling, the longer path travelled by the teeth increases the energy
consumption. These results show that the energy needed to produce powders
with the MBSM can be reduced by selecting materials of the right shape or
geometry.

Side view Front view

Figure 19. Side and front views of the main shaft of the multi-blade shaft mill. The
thickness and width of the boards (A) and stems (B) influence the engagement angle and
the number of teeth engaged, both in the vertical (left) and horizontal (right) planes (Paper
1.
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4. Implications

This thesis explored a new concept of milling wood while green, something
not technically possible with conventional size reduction technologies.
MBSM technology enables wood to be stored in its preferred natural form
(i.e. as a stem) until the moment of utilisation. The single-step process is fast
and eliminates the intermediate steps (i.e., chipping, drying and handling)
needed when producing powders from hammer milling. In addition to saving
time, there is also a potential savings in emissions associated with these
operations.

Tailor-made PSD that are possible with the MBSM are expected to be
more compatible with downstream biorefining processes, which use biomass
powders. Especially green powders may be attractive for biochemical
applications where the native chemical profile of the feedstock is intact.
Milling green biomass will enhance the efficiency of bioconversion and
development of bioproducts (e.g. biopolymers, nanocellulose and ethanol)
due to better surface area and porosity of powders. For example, this was
observed in the manufacturing of bioplastic from wood powders via
chemical routes and additive manufacturing (Figure 20). This development
supports the desired to utilise bio-based materials in consumer products in
order to replace fossil feedstock and reduce environmental impacts. As with
all new technologies, it is difficult to predict the range of future applications,
which may immerge for MBSM powders.
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Figure 20. Manufactured bioplastic (a) deep eutectic solvent (DES) treatment, (b) fused
deposition modelling (FDM) and (c) stereolithography (SLA) from wood powders
obtained from MBSM.
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5. Future outlook

There are still research questions to be answered regarding the performance
of the MBSM. This thesis worked exclusively with pine but mill
performance using other wood species (e.g., Betula sp., Picea abies,
Eucalyptus sp., Acacia sp.), important non-wood species, (e.g., bamboo,
hemp, jute stick) and common agricultural residues (e.g., straw, bagasse,
grasses) are also of interest. Some of the above feedstock (e.g., straw, grass)
have a large inorganic content compared to pine, which may inhibit milling
performance. As pine has relatively high extractive content, feedstock with
low extractive content may help isolate the effects of extractives through
comparison. Powders from the above feedstock should also be characterised
as they may exhibit unique properties especially when they are milled green.

Future work will generate large data sets on energy consumption using
several feedstock types and attempt to adapt the results to milling theories
for biomass. The influence of work piece shape on specific milling energy
needs to be studied in detail to understand how to reduce energy use through
optimising of angle of engagement between feedstock and blade teeth. The
potential influence of these on powder quality will also be studied. Analysis
of PSDs from a full industrial installation (e.g. complete with a vacuum
enclosure) of the MBSM is necessary to quantify the finest airborne particles.

Applications involving the use of MBSM powders are obvious future
topics for investigations. The preliminary results carried out show potential
benefits of using the powders in 3D printing (e.g., fused deposition
modelling) and renewable bioplastic production (deep eutectic solvent
treatment) (Figure 20). These efforts will continue. As a chemical production
route, how MBSM powders influence the efficiency of biochemical
extraction (e.g., bioethanol) is also interesting.
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Finally, there are practical question to answer about the capital and
maintenance costs of the mill, including the determination of blade lifetime.
Therefore, a techno economic analysis with energy and emission balance is

desirable in order to place the technology within the context of a sustainable
bioeconomy.

88



6. Conclusions

This thesis investigated, for the first time, a new type of milling technology,
the multi-blade shaft mill (MBSM). The mill performance was successfully
characterised through milling of Scots pine (Pinus sylvestris L.) wood both
above and below its fibre saturation point (FSP). Analyses of the produced
powders showed distinct differences compared to conventional powders
obtained using a hammer mill (HM).

The mill allowed more control over particle size distributions (PSD)
through selection of studied parameters. Without exception, much narrower
PSDs were observed in MBSM powders and they consisted of significantly
finer particles than in HM powder. Particles in MBSM powders exhibited
less elongated shape compared to those in HM powder at all operational
settings. Based on these findings, it can be stated that particles with high
aspect ratio and sphericity are a characteristic of MBSM technology. This is
valid for wood both above and below its FSP.

Powders produced from green wood showed evidence of higher specific
surface area, larger pore volume and greater micropore diameter than those
from HM powder. Microscopic examination indicated that cell walls in
MBSM powders were more likely to retain their original native wood
structure. Consequently, their extractive content was predominantly intact.
This was in contrast to HM powder and it may reflect the differences between
these two milling actions.

The specific milling energy of the MBSM was higher than conventional
HM milling but was within the range of other established size reduction
technologies. However, the elevated energy consumption observed in this
study was compensated through resulting particle size, which contributed to
significantly greater surface area. Furthermore, the results indicate that
milling energy is a function of the wood shape to be milled. The existence of
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this effect, influenced by teeth engagement, and the dependence of milling
energy on the wood moisture content indicate that MBSM milling is akin to
the process of sawing wood and unlike impact-based milling.
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(80 to 95% particles <1.0 mm), the specific milling energy ranged from 99 to 232 kWh t~! DM. The mass per cent
of particles <0.5 mm in MBSM powders ranged from 55 to 80% compared to 41% from hammer-milled powders.
Powder bulk density varied from 138 to 264 kg m—> DM and the moisture content of the milled log was the only
significant (p < 0.05) factor affecting the bulk density of resulting powders (dried). MLR models show that the
milling energy is inversely proportional to the moisture content, which indicates that moisture influences
MBSM milling in a similar way as in the sawing of wood and opposite to that of impact-based mills (i.e. hammer

Keywords:

Multi-blade shaft mill (MBSM)
Experimental design

Wood powder

Particle size distribution (PSD)
Specific milling energy

mills).

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Wood is an abundant and widely available renewable material,
whose utilisation in industry fulfils political and societal aims for greater
sustainable development [1]. In Sweden, the wood supply continues to
grow and there is a large supply potential of small-diameter trees from
the thinning of young forests [2]. As a structurally complex and multi-
purpose raw material, wood has excellent potential in industrial appli-
cations and products. Wood powders (i.e. wood particulates with a
diameter less than approximately 1 mm) are the starting point for
many thermal conversion and biorefining applications including com-
bustion [3], chemical, enzymatic [4] and thermochemical processes for
energy and chemical production (e.g. gasification).

Wood is a product of living trees and after falling and delimbing, the
stem wood (i.e. log) is a convenient and compact form in which to store
wood before utilisation. The original chemical composition, including
those compounds of interest in biorefining, are best preserved in the
log form with original moisture content or stored underwater [5].
When the time comes for size reduction, there are many technologies
for producing wood powders [6] and new ones continue to be devel-
oped (e.g. Kobayashi et al. [7]).

Mechanical production of pulp directly from logs is an old technol-
ogy [8] but outside of wood pulping applications, common industrial
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https://doi.org/10.1016/j.powtec.2020.10.026

size-reduction technologies for producing wood powders are impact-
based or knife mills, which use hammers (i.e. hammer mills), swing
beaters, discs or impellers to crush wood [6]. These mills create powders
from wood chips (with lengths ranging from about 10-70 mm), which
are mechanically cut from logs, screened to remove oversized particles
and necessarily pre-dried to ease conveying and avoid clogging of
screens. Typical particle sizes from the wood chip-hammer mill produc-
tion route are in the range of 0.2-2.0 mm [9-11]. This strategy is partly
based on the ease of handling but the storage of wood as chips also pre-
sents its own risks such as the potential for microbial degradation, dry
matter losses and unwanted greenhouse gas emissions [12]. From a sys-
tem perspective, the several steps in this tree-to-powder pathway ne-
cessitate intermediate handling operations [9], which prolong the
turnaround time, consume monetary resources and influence the emis-
sion footprint of wood as a raw material in industrial applications [13].

Powders produced via common chipping and hammer milling have
pathway-specific microstructure properties because the mill type [4]
and the drying process [14] leave signature modifications on wood
cell walls. This affects the particle morphology (i.e. aspect ratio, surface
porosity and specific surface area) which contributes to powder bulk
properties, the chemical distribution in wood powders and ultimately
their potential use in wood-based industries. For example, the chipping,
drying and pulping of green wood rapidly accelerate the resin oxidation
reactions. For acid sulphite pulping, this is beneficial but in kraft pulping,
the loss of extractive content diminishes by-product yields, such as tur-
pentine and tall oil [5]. Green and dry wood also break differently. The
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Nomenclature

BD Bulk density

BS Blade speed

DM Dry mass

ES Feeding speed

FSP Fibre saturation point

MBSM  Multi-blade shaft mill

MC Moisture content

PSD Particle size distribution

em Specific milling energy (kWh t™1)

my Mass of the hammer-milled powder (kg)
My Mass of milled log (kg)

P, Chipping power (kW)

Pr Log feeding power (kW)

Py Hammer-milling power (kW)

P Log milling power (kW)

Q? Goodness of prediction

R? Goodness of fit

t; Chipping time (s)

th Hammer-milling time (s)

ty Log milling time (s)

Yep Modelled bulk density (kg m—>)

Ye Modelled specific milling energy (kWh t=')
Ypsp Modelled particle size distribution (mass %)

location of fractures within the cell wall is a function of moisture con-
tent and affects the quality of the fracture surface; at low moisture con-
tent, fractures expose more lignin and at high moisture content,
fractures expose more carbohydrates [15]. Such differences in particle
morphology have measureable effects on the enzymatic digestibility of
sugars in wood powders [4]. Particle shape and particle size distribution
(PSD) also contribute to powder combustion behaviour [16], material
handling [17] and bulk density [18], which is an important predictor
of its feeding properties [19]. What these examples show is that pre-
treatment methods have high relevance for subsequent conversion
and biorefinery processes using wood.

Size reduction of wood requires an energy input to generate the
shear, compressional, impact and cutting forces that act to fragment,
grind and lacerate wood fibres [6]. From a physiological perspective,
size reduction results from the rupture of bonds within the cell walls
of wood where moisture content strongly affects hydrogen bonding be-
tween organic polymers. As the amount of bound water increases in the
cell wall, hydrogen bonding decreases [20,21] from dry wood up to the
fibre saturation point (FSP), which is defined as the moisture content at
which the onset of shrinkage begins, triggering incremental changes in
strength properties compared to green conditions [22]. The FSP is a use-
ful construct but difficult to generalise as it depends on tree species and
method of measurement but is approximately 23% moisture content
(wet basis) [23]. Water uptake causes a reduction in the strength prop-
erties of wood [24] and enhances the breakage required to produce
wood powders. Based on this understanding, the energy required to
mill near the FSP is lower than that of dry wood. Above the FSP, the pres-
ence of free water in cell cavities has no appreciable influence on wood's
strength properties [24] but excess water certainly contributes to mate-
rial behaviour during size reduction [18], shaping with tools and sawing
[25]. On a physical basis, water affects density and the response of wood
to applied forces [26] through altering the coefficients of friction (static
and kinetic) and its large heat capacity and latent heat affect material
temperature, a factor of the cutting force.

The most common theories postulate that milling energy is propor-
tional to new surface area generated through the milling process or by
the reduction of volume from the starting material [27]. What this
means is that there is no free lunch in size reduction - the finer the
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powder, the greater the energy input. The purpose of size reduction is
to produce a finer particle size distribution (PSD). The geometric surface
area of a unit mass of powder increases rapidly as particle diameter de-
creases. Effective surface area also depends on particle morphology and
porosity. Fine powders cost more in terms of milling energy but can pro-
vide enormous surface areas, which may be beneficial in certain applica-
tions (e.g. chemical, thermal and biological conversion).

Also in practice, the specific milling energy is a function of achieved
particle size with finer powders requiring more energy [6,10,28]. From
experimental studies on both sawing and attrition milling, moisture
content, wood density, tree species [29], grain orientation and temper-
ature [30] influence the energy requirements. Specific milling energy in
sawing wood is also a function of moisture content. Contrary to attrition
milling, the required sawing energy increases as wood becomes more
dry below the FSP. In this hygroscopic range of wood, the energy needed
to produce the cutting force is greater than above the FSP due to greater
wood hardness, fracture toughness and modulus of elasticity [31].
Above the FSP and with a surplus of water, the sawing energy demands
decrease further [25]. Therefore, the changes in the physical properties
of wood, due to low moisture content, make sawing wood more energy
intensive. Yet these same changes assist the destructive forces in the at-
trition milling wood.

With the resurgence of various wood-based applications in society
and wood powder feedstock for bio-based industries, new size reduction
technologies have the potential to improve utilisation through supplying
better-suited wood powders for refining processes and products. Elimi-
nating multistep pre-processing and thermal treatments could save
time and unlock more benefits from the green chemical profile of wood.

The purpose of this study was to evaluate the performance of a novel
prototype milling technology for the production of wood powders di-
rectly from whole tree stems. The performance analysis was based on
characterised wood powder properties, which included the particle
size distribution and bulk density as well as the measured specific mill-
ing energy in size reduction. Through analysis of the results, the study
aimed to determine whether the prototype mill behaved more like a
saw or more like attrition-based size-reduction technologies.

2. Materials and methods
2.1. General procedure

In this study, a novel multi-blade shaft mill (MBSM) was utilised to
produce fine wood powders from whole pine logs in a single step. A
full experimental design was set up for log milling. A hammer-milling
procedure was used as a comparison and the performance of the
MBSM milling technology was investigated with respect to specific en-
ergy consumption, particle size distribution and bulk density for pro-
duced powders.

2.2. Milling systems

The multi-blade shaft mill (Klingmill AB, Torshdlla, Sweden)
consisted of a roller table, a feeder, and two 350 mm wide shafts of
packed blades driven by two separate electric motors (Fig. 1). The first
shaft had 110 parallel-mounted blades, each having eight teeth with a
clearance angle of 18°, a rake angle of 5° and kerf 4.2 mm. The second
shaft had 137 parallel-mounted blades, each having 24 teeth with 15°
rake angle and 3 mm kerf. Each motor had a rated power of 55 kW and
speed of 1480 rpm. A sample collector was set up at the outlet of the
mill. It consisted of a vacuum system, a filter, and a plastic bag where
the produced powder was collected. According to the manufacturer,
the feeder on this prototype can accept log diameters up to 280 mm.

Hammer-milling experiments were performed with a Biihler
Hammermill Vertica, Switzerland, which was equipped with a vertical
grinding shaft, a 55 kW electric motor of 1480 rpm, with 12 x 4 floating
hammers and a 2 mm circular sieve.
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Fig. 1. (a) The prototype multi-blade shaft mill (MBSM) without its housing enclosure. The roller table, feeder and the two shafts connected to the motors are visible. The sample collector is
not fitted to the outlet in the photograph. (b) The principle of operation of the MBSM and (c) the multi-blade shaft.

.........................................................................................

2.3. Experimental design
[ Site and stand selection ]
o . . Collection
MSBM log milling was performed according to a full factorial (two- of defined D
level) experimental screening design with one centre point varying assortment
three factors in their corresponding ranges: log moisture content (10 to [ Specific log selection ]
50%, wet basis), log feeding speed (1.3 to 2.6 m min~!) and sawblade

speed (52 to 72 ms~!). The analysed responses were: the specific milling ;.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.{}.'.’.'.’.'.’.'.’.'.’.'.’.'.’.'.'.'.'.'.'.'.'.'.'.';
energy (kWh t~! DM), the wood powder PSD (mass %) and the wood ‘ ‘
powder bulk density (kg m—> DM). Experiments from each of the exper- ; [ ]
imental design points were replicated three times, bring the total num-

Cut to uniform length

ber of MBSM experiments for each response to 27. Settings, obtained

factor values and response values are listed in Table S1 (Supplementary). ;

The range of the three experimental factors was predefined by a method : Raw material

of trial and error. | preparation
Chipping and hammer milling were carried out at one single setting. |

The analysed responses were: the combined (chipper and hammer

mill) specific milling energy (kWh t~! DM), the wood powder PSD

(mass %) and the wood powder bulk density (kg m—> DM).

Debarking

Moisture
content
adjustment

2.4. Material preparation Multi-blade Hammer

) ) ) milling milling
Defect-free Scots pine (Pinus sylvestris L.) trees were sourced from
Vindeln, Sweden in September 2019. The trees, having an age of

22-32 years, were felled, delimbed and delivered next day to the Bio- | Size reduction

mass Technology Centre, Swedish University of Agricultural Sciences, i and sampling [ Representative sampling ]
Umead, Sweden. In total, 47 trees (27 for MBSM and 20 for hammer

mill) were selected based on stem straightness and existence of knots. : I\/l

From the selected trees, 1.6 m logs were cut from the butt end aiming [ Drying ]
to minimise the extent of taper between the bottom and top, which ‘

ranged from approximately 10 to 14 cm in diameter. A handsaw was
used to avoid chain-oil contamination. The logs were carefully debarked

manually with drawknives as to not remove underlying stem wood. Powder o Spe,c'f'c rmlhr)g gnergy

Drying was done at 25 °C in a drying cabinet (Elvirmedetaljer, Skurup, charactensgt:on Particle §|ze d|str|b.ut|o.n

Sweden) to minimise changes in wood properties due to temperature. ‘ and analysis Bulk density determination

The dried and green logs were kept separate and wrapped in plastic to e
prevent changes in moisture content prior to experiments. An overview

of the experimental procedure is depicted in Fig' 2. Fig. 2. An overview of the experimental procedure used in the study.
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2.5. Milling procedure

The mass and length of the logs were measured and, within each
moisture content level, ordered randomly with relation to the experi-
mental design. Before each experiment, a plastic bag was fitted to the
sample collector. The logs were then fed centrally via a roller table to
the feeding section of the MBSM. During milling, the electric power
(kW) and mill setting factors were recorded at 1 Hz frequency with a
data acquisition system (INTAB PC-logger 3100). After the experiment,
the sample bag was removed, sealed and weighed and the equipment
thoroughly cleaned.

For the hammer mill experiment, 20 debarked logs were chipped
(Edsbyhuggen, Woxnadalens Energi AB, Sweden) and then dried in an
in-house-built flat-bed dryer to reach a moisture content of 7.2% (wet
basis). The dry chips were screened (EOQ554, Fredrik Mogensen AB,
Sweden) to obtain a 1.9-16.0 mm chip size range and this fraction
was milled in the hammer mill. The electric power (kW) of the chipper
and the hammer mill was logged at 1 Hz with a Fluke 1735 Power Log-
ger (Fluke Corporation Everett, WA USA).

2.6. Sampling procedure

The sampling of wood powder from milling experiments was per-
formed according to the standard method (SS-EN ISO 14780:2017
(E)) by systematically coning and quartering. Three samples were
used for bulk density determination and one for sieve analysis. All pow-
der samples were dried at 105 °C overnight, within approximately
20 min of milling and stored in sealed plastic bags for further analysis.
The moisture content of the logs was measured from the powder mois-
ture content.

2.7. Milling process performance
2.7.1. Specific milling energy
The specific milling energy ey, (kWh t=! DM) for the MBSM milling

was calculated according to Eq. (1):

ey = m,ﬁlz (Pf +Pm) tm

tm

(1)

in which my, (kg DM) is the dry mass of the milled log, ty; (s) = log
milling time, Py (kW) = log feeding power and P,,, (kW) = log milling
power.

The specific milling energy e, (kWh t=! DM) for hammer milling
was calculated according to Eq. (2):

(2)

ep = m,jl <[Z(PC x te) + tz:(Ph X th))
c h

in which m;, (kg DM) is the dry mass of the hammer-milled wood

powder, t. (s) = the chipping time, P, (kW) = chipping power,

ty (s) = hammer-milling time and P, (kW) = hammer-milling power.

2.7.2. Particle size distribution

The particle size distribution (PSD) was determined for the 27
MBSM samples and the hammer-milled samples using sieves following
the standard method (EN 15149-2:2010). The sieving was done using a
sieve shaker (Analysette 3, Fritsch, Germany) set at 1.5 mm amplitude
for 10 min. The used sieves (Cisa, Spain) had standard (ISO-3310.1)
sizes of 0.063, 0.125, 0.25, 0.5, 1.0, 1.4, 2.0, 2.8, 3.15, 8.0 and 16.0 mm.
The amount of powder sample used in sieving was 0.5-0.7 L. The mass
per cent of each size fraction was calculated from the total mass of
sieved sample and the retained amount of powder on each sieve. The
geometric mean (also known as Sauter) diameter was calculated
using the equation from Tannous et al. [32]. Optical images of powders
were taken using a stereo-microscope (model M205FA, Leica
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Microsystems, Germany) and a PLANAPO 0.63x lens at 4.92x
magnification.

2.7.3. Powder bulk density

Determination of the bulk density (kg m~—> DM) of oven-dried wood
powders was performed with a 5.4 L cylindrical vessel according to the
standard method (EN 15103:2009).

2.8. Statistical analysis

Multilinear regression (MLR) analysis was utilised to build predic-
tive models for the measured responses from input parameters. The
modelling was performed with MODDE Pro-12 software (Umetrics
Sartorius, Umed, Sweden).

3. Results

A total of 27 MBSM experiments were performed at nine different
settings according to the experimental design. The measured moisture
content (% wet basis) of produced powders had ranges of high: 38-51,
medium: 26-31 and low: 11-24 (Table S1).

3.1. Specific milling energy

The MSBM specific milling energy ranged from 99 to 232 kWh t ™!
DM (Table S1) which is 1.2 to 2.7 times higher than that of the chipping
and hammer-milling path (86 kWh t~! DM). The MLR modelled effects
and observed versus predicted plots are shown in Fig. 3a. The feeding
speed (FS) and blade speed (BS) have significant (p < 0.05) negative
and positive effects on milling energy, respectively. The moisture con-
tent (MC) has a significant (p < 0.05) negative effect on milling energy.

Within the range of the design, the specific milling energy was re-
duced by 62 kWh t~! DM when the FS increased from its lowest to
highest value, increased by 38 kWh t~! DM when the BS was increased
from its lowest to highest value, decreased by 25 kWh t~! DM when the
interaction term FS*BS increased from its lowest to highest value and
decreased 18 kWh t~! DM when MC increased from its lowest to
highest value. The model has a R? value of 0.816 (Table 1), meaning
that it can explain 81.6% of the variation in the experimental data. The
Q? value of 0.733, which being above 0.5 indicates that the predictive
ability of the model is good [33].

3.2. Particle size distribution

The cumulative PSDs of MBSM powders are shown in Fig. 4a along
with the hammer mill PSD for comparison. The MBSM distributions
are averages of the replicates at each experimental design point
(Table S2 contains individual PSD data). The mass per cent of particles
<0.5 mm in MBSM powders was much greater than in hammer-
milled powders; ranging from 55 to 80% compared to 41%. The size spe-
cific differences are easily seen in the histogram (Fig. 4b) comparing the
finest MBSM powder to that of the hammer mill.

All produced powders from the MBSM had a PSD within 80 to 95%
particles <1.0 mm. The observed shape of MBSM powder particles, as
seen in optical imaging (Fig. 5), was more spherical than in hammer
mill powders. The highest mass per cent <1.0 mm was obtained with
high BS and low FS using logs with high MC.

Regarding the model, which has a R? value of 0.707 and a Q? value of
0.526, the MC and BS factors have significant (p < 0.05) effect on the
mass per cent of wood particle <1.0 mm (Fig. 3b). Square and interac-
tion terms (MC*MC and FS*BS) also exist in the model. The share of par-
ticles <1.0 mm increased by approximately 7% and 6% when the BS and
MC increased from their lowest to highest values, respectively.
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Fig. 3. Effects of scaled and centred factors in the response models for the (a) specific milling energy: Yg (kWh t™') = —0.46 MC + 65.72 FS + 5.38 BS - 1.79 FS*BS - 92.16 (b) amount of

wood particles <1 mm: Ypsp (mass %) =
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MC*MC + 328.28 when each individual factor is varied from its lowest to its highest value, keeping all other factors at their average values in the design. The error bars indicate 95%
level of confidence. Symbols refer to MC = moisture content, BS = blade speed and FS = feeding speed.

3.3. Powder bulk density

The bulk density of the MBSM powder varied from 138 to
264 kg m—>3 DM (Table S1). According to the model, the MC of the
milled log is the only significant (p < 0.05) factor affecting the bulk
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density of resulting dried powders. The bulk density decreases by
94 kg m—> DM when MC increases from its lowest to highest value
(Fig. 3c). The square effect of MC (i.e. the term MC*MC) has an oppo-
site effect. The values of R? and Q? were 0.877 and 0.833 (Table 1),
respectively.
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Table 1
ANOVA of milling performance based on obtained responses.

Response Model component

N DF R? Q? F p
Specific milling energy 28 23 0.816 0.733 25.50 0.00
(kWh t~! DM)
Particle size distribution 27 21 0.707 0.526 10.13 0.00
(mass %)
Bulk density 27 24 0.877 0.833 85.44 0.00
(kg m~?)

Symbols are defined as: N = number of experiment, DF = degrees of freedom, R? = good-
ness of fit, Q> = goodness of prediction, F = ratio of explained to unexplained variance,
p = probability of result.

4. Discussion

The influence of the three design factors on the responses (i.e. spe-
cific milling energy, wood particles <1.0 mm and bulk density) are
shown as contour plots (Fig. 6).

4.1. Specific milling energy

The modelled specific milling energy increases with increasing BS
and decreases with FS and the MC (Fig. 6a). The highest milling energy
occurs for aBSof 72 ms~! and a FS less than 1.5 m min . Moisture con-
tent has a significant effect on the milling energy. A physical explanation
is that water uptake up to the FSP (i.e. increasing amount of cell wall
bound water) reduces hydrogen bonding between wood polymers
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[20,21] and weakens the strength properties of wood [24]. The result
is that the breakage of wood to obtain wood powders is easier with
higher MC up to the FSP. Above this level of moisture, the lower milling
energy and greater amount of particles <1.0 mm may be due to a lubri-
cation effect from surplus water during milling. The relatively large
amount of extractives in pine (thinnings) have been reported to nega-
tively affect the specific milling energy in attrition milling [34]. Without
a comparative species in the present study, however, the influence of
the extractive content on MBSM milling is not clear.

Based on this observation, the effect of MC in MBSM milling is similar
to its influence in the sawing of wood. The lowest MBSM milling energy
(99 kWh t~! DM) was measured for powders having the largest PSD
(63.5% <1.0 mm) and vice versa for highest milling energy (232 kWh
t~! DM) and smallest PSD (93.2% <1.0 mm). Comparison of the calcu-
lated geometric mean diameters reflects these differences in PSD
(Table S2). While the specific milling energy was higher for the MBSM
than for hammer-mill path, the powders produced were also substan-
tially finer, which is what is expected from milling theory [27].

Considering previous studies with similar PSDs, the specific milling
energy with the MBSM was comparable to ranges reported in literature.
Esteban and Carrasco [9] produced powder 95% <1.0 mm from pine
(Pinus sylvestris L.) chips using a two-stage hammer mill and a milling
energy of 150 kWh t~! DM. Phanphanich and Mani [35] used a knife
mill to grind pine chips (21-71 x 15-40 x 1.9-4.9 mm) to geometric
mean sized powder 0.71 mm with milling energy 238 kWh t~'.
Karinkanta et al. [36,37] milled spruce (Picea abies) sawdust with feed
size 1-2 mm to obtain 0.02-0.10 mm median sized powder with a mill-
ing energy range of 100-380 kWh t~! by oscillatory ball mill. Herein,
the input material size (i.e. logs) was much higher than in previous
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Fig. 4. (a) Cumulative particle size distribution of powders obtained from the multi-blade shaft mill (MBSM) and hammer mill. (b) Specific particle size differences between finest MBSM
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studies and the determined fine fraction of MBSM powders was also
greater than in earlier work.

As the possibility to mill green wood is one of the key features of the
MBSM,, it is important to clarify the effect of MC on specific milling en-
ergy for other technologies. Attrition milling studies have found that
MC dramatically affects milling energy; Liu et al. [38] and Gil et al. [18]
have studied the effect using a hammer mill. They have shown that wet-
ter wood required much greater (two to three times) the specific mill-
ing energy to produce comparable size wood powders. As indicated by
the authors, hammer milling wetter materials makes the outlet screen
more susceptible to blockages and this decreases the throughput of
the mill (i.e. milling efficiency). Consequently, the mill must operate
for longer duration with longer particle residence time and higher spe-
cific energy use.

One can conclude that comparing wet and dry materials in attrition
mills is not a specific milling energy comparison but rather a compari-
son of how well the mill functions with moisture content variations.
With size reduction using the MBSM, the length of time that the mate-
rial is in the mill is known with precision and does not differ between
wet and dry wood. In this regard, the action of milling with the MBSM
seems analogous to sawing timber, only with multiple blades on the
shaft working in parallel. This is supported by the influence of FS on
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milling energy. A higher FS reduces the milling energy of sawing
wood because the duration of sawing is less (i.e. there is a higher
throughput of material). This has been observed during band sawing
of pine wood and it corresponded to a smaller sawdust particle size
for lower FS [39]. Within the design space, decreasing FS with the
MBSM shows the same result for high BS (Fig. 6a and 3a) but the oppo-
site effect at low BS. Despite this observation, the significant effect of MC
in the milling energy model indicates that the MBSM behaves more like
sawing than like hammer milling.

4.2. Particle size distribution

Comparing the results, the hammer mill PSD was 92.9% <1.0 mm.
With the MBSM, a high MC combined with higher BS increases the per-
centage of finer wood powders. The percentage of <1.0 mm particles in-
creased with the increasing of MC and BS (Fig. 6b). The highest amount
of <1.0 mm particles is achieved with a BS of 72 m s, a feeding speed
<1.8mmin~! and a moisture content >48%. In general, these PSDs are a
shift to finer wood powders compared to the studies in the literature
cited above.

The model contains a MC quadratic term (i.e. MC*MC) which can in-
dicate that the aforementioned role of MC in the milling energy is active
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also indirectly here for the production finer powder (i.e. high MC lowers
required milling energy, leading to more fine particles in the PSD and
smaller geometric mean diameter) (Fig. 3b). Although FS is a non-
significant term in the model, it has a significant interaction with BS
(i.e. the term FS*BS).

It was observed that some powder material exits the improvised en-
closure of the prototype mill during operation. PSD analysis of leaked
powder showed that it had 2-10% higher fines content in the range of
0.25-0.50 mm. Therefore, it can be assumed that further development
of the mill enclosure in future prototypes will assist in obtaining even
finer PSDs.

4.3. Bulk density

The bulk density was in the range of 138 to 264 kg m~> DM for 63.5
t0 95.3% <1.00 mm MBSM pine wood powders while it was 219 kg m—>
for 92.9% <1.00 mm hammer-milled powders. BS and FS have no effect
on bulk density (Fig. 6¢). The highest bulk density occurs at low MC. The
bulk density of MBSM and hammer-milled powders was in the range of
previous studies (95-381 kg m~> DM) from pine, Douglas fir and poplar
wood produced using knife and hammer mills [9,18,32,35,40].

The factors that affect the bulk density of a powder are particle size
distribution [28], particle length [28,41-43] and particle density [28].
Hook-shaped particles have an interlocking tendency [44] and larger
biomass particles commonly have this shape [45]. Although bulk den-
sity is a function of particle size [40] and there is some evidence that
finer particles result from the milling of high MC wood, less spherical
shapes have more points of contact in the bulk and this worsens particle
packing efficiency and decreases bulk density. Vice versa, smaller size
particles have shapes that are more spherical and contribute to better
packing by filling gaps, leading to higher bulk density [18].

Dimensional changes in wood (i.e. shrinkage and swelling) only
occur when the moisture content falls below the FSP [46]. The extent
of shrinkage and cracking in wood is a function of the drying tempera-
ture [47]. Shrinkage occurs in all three dimensions and can be signifi-
cant. For example, in wood veneers shrinkage can be 7.6 and 9.9%
tangentially and 5.4 and 5.7% radially when dried at 60 and 150 °C, re-
spectively [48]. Drying of green wood to low moisture content then gen-
erates hydrostatic tension contributing to cellular collapse, internal
checking and washboard depression in wood [49].

The experimental design used logs of low and high moisture con-
tent. An important difference in the experimental procedure (Fig. 2)
was that low MC logs had their MC level adjusted by partial drying at
25 °C before milling but high MC logs were milled above their FSP so
that their powders required more drying than powders from the low
MC logs. Powders from the green logs had a higher vapour pressure
within the wood matrix during drying at 105 °C [50]. Their powders ex-
perienced greater dimensional and chemical compositional changes be-
cause they had more water (high vapour pressure) within their cells.
Due to this and the fact that drying temperature is also known to alter
wood's chemical composition and cellulose crystallinity [48], it is plau-
sible that the different conditions affected the particle shape and density
in produced powders (i.e. that particles from high MC logs had shape or
density that decreased their packing efficiency). These differences could
explain why powders milled from high MC logs had a lower bulk den-
sity and why MC is the only significant factor in the model (Fig. 3c).

Referring to the model of bulk density, there is a squared effect of MC
(i.e. MC*MC). The screening design in MODDE software does not justify
the use of quadratic terms but it can be seen that it fits a physical expla-
nation of fibre saturation in the wood (Fig. 6¢). Above the FSP, there is a
saturation behaviour of the model, which can be seen as the saturation
of the wood itself. Since the extent of shrinkage above FSP does not de-
pend on MC [46] there is no dimensional change at MC above this point.

Further study using imaging techniques will allow more accurate
characterisation of particle size, morphology and topochemistry and il-
luminate how these factors affect the bulk density of MBSM powders. In
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addition, the relationship between milling factors, milling energy and
effective surface area of powders needs further investigation.

Current practice in industry in size reduction technology is reliant on
the use of wood chips rather than whole tree stems. Hammer mills have
inherent technical limitations for producing wood powders, as they can
accept neither all sizes nor all moisture content ranges of chips. Chips
storage brings risks of biological degradation, dry-matter losses and un-
desirable emissions that presenting health risks. Milling with the MBSM
prototype bypasses these limitations while at the same time produces
powders with much finer particles. The MBSM can mill a wide range
of diameters and moisture content logs meaning it can mill green
wood directly after felling the tree. It also provides more possibilities
to tailor the particle size distribution to the powder application of inter-
est. Smaller particle sizes enhance available surface area, leading to bet-
ter penetration of chemicals and enzymes in pre-processing for biofuel
production. The technology enables wood storage in its preferred green
form, thereby better preserving its chemical composition, up until the
log is utilised. Moreover, MBSM technology may provide benefits from
a supply chain perspective by shortening the tree-to-powder pathway
in turnaround time and resource use. Further study is needed to charac-
terise powders (chemical analysis and microstructure) from the MBSM
and investigate the milling of other wood species.

5. Conclusions

In this study, wood powders were produced successfully from whole
pine logs in a single step using a novel multi-blade shaft mill (MBSM).
The specific milling energy of the MBSM was higher than conventional
hammer milling but the MBSM produced significantly higher fractions
of finer particles. According to the MLR model, the milling energy was
inversely proportional to moisture content of wood both above and
below the fibre saturation point. This indicates that moisture influences
MBSM milling in a similar way as in the sawing of wood and opposite to
impact-based milling.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2020.10.026.
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This study investigated the specific milling energy of rectangular pine (Pinus sylvestris L.)
boards using a new size reduction technology, which can produce fine wood powders in a
single-step operation. Multilinear regression (MLR) analysis was used to model the milling
energy of a multi-blade shaft mill through a designed series of experiments having three
input parameters: the moisture content of the board, milling blade speed and board feeding
speed. The observed specific milling energy ranged from 60 to 172 kWh t~* [DM] and the
MLR model showed it was proportional to the blade speed and the moisture content. The
results suggest that multi-blade shaft milling is a two-dimension extension of singular
circular blade milling with regard to work piece shape and sawblade teeth engagement
effects. The findings were compared with the specific milling energy of pine logs obtained
in a previous study.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of IAgrE. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

A new size reduction technology, known as the multi-blade
shaft mill (MBSM), has recently been assessed for the pro-
duction of wood powders in a single-step milling operation

With the resurgence of various wood-based applications in
society and wood powder feedstock for bio-based industries,
new size reduction technologies have the potential to improve
utilisation by supplying better-suited wood powders for
refining processes and products (Karinkanta et al., 2018).
Eliminating multistep pre-processing and thermal treatments
saves time and unlocks more benefits from the green chemi-
cal profile of wood.

* Corresponding author.
E-mail address: atanu.kumar.das@slu.se (A.K. Das).
https://doi.org/10.1016/j.biosystemseng.2021.07.002

from whole tree stems (Das et al., 2021). As the MBSM uses a
packed shaft of circular cutting blades, which can be viewed
as a parallel combination of rotary-blade sawing processes,
the observation that moisture content is negatively correlated
to milling energy appeared reasonable in an earlier study.
Models showed that milling energy was inversely proportional
to the moisture content of the wood and the log feeding speed,
whilst being directly proportional to the blade speed.

1537-5110/© 2021 The Author(s). Published by Elsevier Ltd on behalf of IAgrE. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

MBSM  Multi-blade shaft mill

BS Blade speed

DM Dry mass

FS Feeding speed

MC Moisture content

w.b. Wet basis

em Specific milling energy (kW h t%)
mu Mass of milled board (kg)

Pr Board feeding power (kW)

1B Board milling power (kW)

Q? Goodness of prediction

R? Goodness of fit

tm Board milling time (s)

Ye Modelled specific milling energy (kW h t %)

High moisture content in wood generally lowers the energy
required for sawing (Moradpour et al., 2013; Morita et al., 1999)
since every increment of moisture content up to fibre satu-
ration point decreases the modulus of elasticity, fracture
toughness and hardness of wood (Nordstrom & Bergstrom,
2001). Power consumption in single-blade circular sawing is
analysed using two contributions; the applied power needing
to generate the cutting force and the power used in chip for-
mation (i.e. sawdust) and removal from the work piece
(Cristovao et al., 2013). Both these contributions are functions
of MC and a number of other factors (Orlowski et al., 2013)
whose influence can be difficult to evaluate because the
experimenter only observes the total power of the sawing
process. Moisture content plays a dual role in power con-
sumption as water in wood can lower the cutting force
(Axelsson et al., 1993) while simultaneously increasing work
piece density (mass) and the power needed for chip formation.
Due to the complexity of modelling the sawing process and
the anisotropic effects of wood (Sjostrom, 1993), power con-
sumption is best determined through direct experiment.

Power consumption with circular sawblades depends on
the position angle between the sawblade teeth and the work
piece (Cristovao et al., 2013) as well as the number of teeth
engaged, i.e., in contact with the kerf (Orlowski et al., 2013).
The question arises, is power consumption in MBSM milling
analogous to sawing wood with a singular circular saw blade?
The answer has practical implications for improving mill
design and the potential benefits of the technology.

This study aimed to deepen the understanding of multi-
blade shaft milling technology from earlier work (with cylin-
drical logs) by applying it to rectangular shaped boards. The
main objective was to see how work piece shape affects the
energy requirements of size reduction.

2. Materials and methods

Experimental work was performed at the Biomass Technology
Centre at the Swedish University of Agricultural Sciences in
Ume3d, Sweden.

2.1.  Multi-blade shaft mill

A multi-blade shaft mill (Klingmill AB, Torshalla, Sweden) that
has been described in an earlier study (Das et al., 2021) was
used here. The machinery mills the work piece using two
shafts of packed circular sawblades driven by two separate
electric motors (55 kW, 1480 rpm) (Fig. 1). The first shaft is the
primary milling shaft and consists of 110 parallel-mounted
352 mm diameter and 3 mm thickness blades having eight
teeth per blade. The clearance angle, rake angle and kerf of the
blade teeth are 18°, 5° and 4.2 mm, respectively. Every second
blade on the shaft is rotated by 360/16° so that around the
circumference of the packed blades there are 16 rows of teeth.
The second shaft has 137 parallel-mounted blades having 24
teeth per blade and rake angle and kerf of each tooth are 15°
and 3 mm, respectively. The feeding level was tangent to the
lower side of the blades. Wood powder was collected in a
plastic bag through a filtered vacuum system. The mill can
accept log diameters and board widths up to approximately
280 and 300 mm, respectively.

2.2. Experimental design

MSBM milling was performed according to a full factorial
(two-level) experimental screening design with one centre
point varying three factors in their corresponding ranges:
board moisture content (13—33%, wet basis), board feeding
speed (1.3—2.3 m min~%) and blade speed (52—72 m s~%). The
analysed response was the specific milling energy (kW h t™*
[DM]). Experiments from each of the experimental design
points were replicated three times, bring the total number of
MBSM experiments for the response to 27. The experimental
range of the feeding speed and blade speed was defined pre-
viously (Das et al., 2021).

2.3. Material preparation

Ten boards were collected from a saw mill (Savar sag, Norra
Timber, Umed, Sweden) and cut to obtain 27 boards having
equal length. Board samples had dimensions of approxi-
mately 1100 x 150 x 50 mm. The boards came from trees
having a minimum average age of 60 (SD = 18) years, as
determined by counting growth rings. Three moisture content
ranges, approximately at and below the fibre saturation point,
were used: 13 to 16, 20 to 24 and 21-33% wet basis (w.b.). To
achieve the three ranges, the boards were dried at 25 °C in a
drying cabinet (Elvirmedetaljer, Skurup, Sweden) to minimise
wood properties changes. The boards were kept separate from
each other and wrapped in plastic to prevent changes in
moisture content prior to experiments. An overview of the
experimental procedure is presented in Fig. 2.

2.4.  Milling procedure

All boards were weighed, and within each moisture content
range, ordered randomly with relation to the experimental
design. During milling, the electric power (kW) was monitored
and data gathered (1 Hz) with an acquisition system (INTAB
PC-logger 3100). The MBSM was cleaned thoroughly between
each experiment.


https://doi.org/10.1016/j.biosystemseng.2021.07.002
https://doi.org/10.1016/j.biosystemseng.2021.07.002

212 BIOSYSTEMS ENGINEERING 209 (2021) 210—215

Fig. 1 — (a) The prototype multi-blade shaft mill (MBSM) without its housing enclosure. The roller table, feeder and the two
shafts connected to the motors are visible. The sample collector is not fitted to the outlet in the photograph. (b) The principle
of operation of the MBSM and (c) the multi-blade shaft (Das et al., 2021).

2.5.  Milling energy analysis

The specific milling energy ey (kWh t~* [DM]) of MBSM milling
was calculated using the following equation:

em :m&lz(Pf +Pm) tm
tm

in which my (kg [DM)) is the dry mass of the milled board, ty
(s) = board milling time, Pf (kW) = board feeding power and P,
(kW) = board milling power.

Multilinear regression (MLR) analysis was utilised to build
predictive models for the measured responses from input
parameters. The modelling was performed with MODDE Pro-
12 software (Umetrics Sartorius, Umed, Sweden).

3. Results and discussion

The MLR modelled effects and observed versus predicted plots
are shown in Fig. 3. The feeding speed (FS) has significant
(p < 0.05) negative effects on milling energy, whereas, the
board moisture content (MC) and blade speed (BS) have sig-
nificant positive effects. Specific milling energy decreased by
48 kWh t~* [DM] over the full range of FS variation. Full range
increases of MC and BS produced higher specific energy by 48
and 18 kWh t~! [DM], respectively. No significant interaction
terms were observed between effects. The model's R? and Q?
values are 0.79 and 0.72 which represent good model validity
and predictability (Eriksson et al., 2008).

The influence of the three design factors on the milling
energy response is presented as contour plots (Fig. 4), a rep-
resentation of the obtained specific milling energy equation:
Ye (kWh t! [DM]) = — 48.13FS + 2.38MC + 0.91BS + 93.58 in
which FS, MC and BS have units of m min~?}, % and m s~ 2,
respectively. Y decreases with increasing FS and increases
with MC and BS. The lowest specific milling energy

(60 kW h t~* [DM]) occurs for a FS of 2.3 m min™?, a MC less
than 17% and a BS less than 64 m s .

Rectangular pine board milling had an observed specific
milling energy range of 60—172 kWh t~* [DM] (Table 1), almost
half of that observed using cylindrical pine logs (99—232 kWh
t~! [DM]) (Das et al., 2021). The only significant differences
between the boards and logs were the shape, average age of
wood (60 versus 29 years) and range of moisture content
(13—33% versus 11-51%).

The rectangular (cross-sectional) shape of the boards
(50 x 150 mm) differed from that of the cylindrical logs
(100—140 mm diameter). With singular circular saw blades,
the thickness of the work piece, determines the angle of teeth
engagement and consequently the path length travelled by
the teeth through the kerf (Orlowski et al., 2013). As power
consumption depends on the path length, because greater
frictional forces act over a longer path (Chuchala et al., 2014),
the involvement of more teeth for a thicker work piece (Fig. 5)

Cut to uniform length

~Z

Moisture content adjustment

.

Multi-blade milling

~Z

Specific milling energy

Fig. 2 — An overview of the experimental procedure used in
the study.
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Fig. 4 — Contour plots showing the influence of the three experimental design factors (feeding speed, moisture content and

blade speed) on the specific milling energy.

increases the specific milling energy. These relationships have
been confirmed during sawing of Pinus sylvestris L. by a sin-
gular working blade (Cristovao et al., 2013). In board milling,
there were comparatively fewer teeth engaged in the vertical
plane and a shorter path length due to the thinner work piece.

Because the MBSM has parallel blades along the shaft,
there is also teeth engagement in the horizontal plane, which
depends on the work piece width (Fig. 5). The boards, which
were wider than the logs, engaged more teeth from parallel
blades in the horizontal plane. The number of teeth and
engaged angle of teeth have influence on the specific milling
energy during size reduction of wood (Orlowski et al., 2013).
The cutting time also influences the energy consumption; the
longer the cutting time the higher the energy consumption
(Morita et al., 1999). Thus, more teeth involvement along the
shorter path may reduce the specific milling energy. In this
case, the wider and thinner work piece may be easier to mill
compared to the thicker work piece.

Therefore, the combination of thickness and width differ-
ences of the boards is suggested to be responsible factor for
the differences in observed milling energy with the MBSM.
This suggests that the MBSM milling action is a two-
dimension extension of singular circular blade milling.

However, the modelled effect of MC on milling energy was
opposite to log milling (+48 versus —18 kWh t '[DM]) (Das
et al,, 2021). Why does moisture play an opposite role in the
models? The work piece shape appears to affect the influence
of MC on the observed and modelled energy use but the pre-
cise reason is unclear. The presence of heartwood in the
material may have contributed to the observed differences in
the specific milling energy as the proportion of heartwood
(where extractive content is high) increases with tree age. In
order to optimise the configuration of the mill, it is important
to clarify the effect of work piece shape and MC on the specific
milling energy. Future work will investigate the influence of
extractive content and tree species on specific milling energy
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Table 1 — Full factorial design (2 Levels) for MBSM board experiments and specific milling energy.

Experiment name Run order Feeding speed Moisture content Blade speed Specific milling energy
(m min™?) (%) (ms™) (kW h t~* [DM])
N1 18 1.4 13.7 52 101.2
N2 9 14 26.6 52 155.3
N3 8 1.4 14.8 52 103.4
N4 1 14 24.8 52 122.2
N5 20 1.4 15.1 52 119.6
N6 6 1.3 25.2 52 107.7
N7 22 1.4 14.5 72 130.9
N8 23 1.5 22.1 72 141.6
N9 4 1.4 14.0 72 108.2
N10 2 14 28.7 72 170.5
N11 17 1.4 14.9 72 122.6
N12 27 1.3 27.3 72 172.2
N13 11 23 14.9 52 69.90
N14 16 2.3 32.6 52 92.80
N15 7 2.3 12.8 52 60.40
N16 15 2.3 21.0 52 83.10
N17 21 2.3 14.2 52 66.80
N18 10 2.3 30.0 52 109.0
N19 25 23 14.8 72 93.30
N20 5 2.3 324 72 106.0
N21 24 2.3 15.8 72 69.90
N22 14 2.3 30.4 72 122.0
N23 19 2.3 14.9 72 84.10
N24 26 2.3 23.1 72 101.7
N25 3 1.8 22.2 62 125.8
N26 13 1.9 20.3 62 102.2
N27 12 1.9 23.8 62 157.1
M\
SN ~— J '\ /\\/ _

Side view

Front view

Fig. 5 — Side and front views of the main shaft of the multi-blade shaft mill. The thickness and width of the boards (A) and
logs (B) influence the engagement angle and the number of teeth engaged, both in the vertical (left) and horizontal (right)

planes.

and particle size distribution so that MBSM technology can be
fully characterised.

4, Conclusions

Pine boards at moisture contents up to the fibre saturation
point, were milled using a novel multi-blade shaft mill
(MBSM). According to the generated MLR model, the milling
energy was proportional to the moisture content of the wood.
The effects of blade speed (BS), feeding speed (FS), engage-
ment of number of teeth and shape of the work piece indicate
that MBSM milling energy is analogous to the sawing of wood

and opposite to impact-based milling. The effect of work piece
geometry may explain the observed differences in specific
milling energy from previous work in two ways: 1) differences
in height and width determine the number of blade teeth
engaged in milling and 2) height differences alter the angle of
engagement with blade teeth.
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Keywords: The quality of wood powders depends on the size reduction technology used to produce them. The pre-drying,
Powder technology chipping, and conventional (impact and attritional) size reduction steps, commonly employed in industry, act to
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degrade wood and diminish its full potential as a renewable feedstock. In this study, the effect of using a new
green (i.e. freshly harvested) milling technology, the multi-blade shaft mill (MBSM), on wood powder properties
was investigated. Particle size distribution (PSD) and shape properties were measured by two-dimensional image
analysis and surface area analysis was performed. The results showed that the MBSM can produce much finer

powders compared to hammer milling, with particles demonstrating unique morphology and high specific sur-
face area. Green wood milling yielded particles with the highest sphericity (0.64), aspect ratio (0.58), and
micropore diameter (4.5 nm). Finer particles with spherical shapes enhanced the bulk density. Moreover, mill

settings permit tailor-made powders according to the desired PSD.

1. Introduction biomaterials and the phasing out of fossil-based feedstock [1]. Wood
powders are used in many different industrial applications such as

The transition from the fossil-based economy to a circular and sus- refinement of bio-based platform

[2,3], additive

tainable bioeconomy relies on greater utilisation of renewable manufacturing (3D printing) [4], paperboard production [5], paper
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making [6], water treatment [7,8], fuel pellet production [9] and the
manufacture of wood-based composites, wood plastic composites (WPC)
and particleboard [10-12]. In these applications, their physical struc-
ture and chemical composition are often important considerations.

Wood powders consist of particles of different shapes and sizes; the
application sets the requirements for the desired particle specifications.
The size reduction method leaves its signature on particle morphology,
including the surface distribution of wood's macromolecular compo-
nents, an influential factor in applications [13]. A large specific surface
area and high porosity enhance reaction chemistry by facilitating
penetration of chemicals and enzymes [14]. As particle size decreases, so
does cellulose crystallinity [15] and this increases specific surface area
[14] and has benefits, for example, when converting cellulose to glucose
via hydrolysis. Improved conversion of glucose has also been observed
from finely milled oak [16] and loblolly pine [3] compared to courser
powders. Improved isolation of macromolecular components is corre-
lated to the fineness of wood particulates [17] and are important for the
extraction of lignin [18,19].

Particle size is also important for thermal conversion processes using
wood as it affects heat transfer and the rate of devolatilisation. Effective
(pulverised-fuel) boiler performance in co-firing wood, requires that
particles should be <1 mm in diameter for optimal combustion effi-
ciency [20]. During pyrolysis, particle size influences reaction and
heating rates [21] and directly affects carbon yield in the char product
[22]. Smaller particle diameters lead to enhanced bio-oil [23] and tar
yields [21] due to a reduction in vapour-phase residence time and the
suppression of char-forming reactions [24].

Wood powders can be produced from a range of mill types that
usually operate with pre-dried feedstock. The resulting particle size
distribution (PSD) of a powder depends on the comminution technology
employed [25]. For example, the particle size can be controlled to some
extent using different rotation speeds and actuators in hammer mills (e.
g. the number of hammers [26]). The common two-stage hammer mill
can generally produce a wood powder with PSD below 1 mm (sieving,
mass basis) from pre-dried wood chips [20]. Knife mills can also reduce
pre-dried chips to a powder with PSD below 1.5 mm [27].

Hammer mill powders have narrow elongated particles with angular
profiles; this shape could be classified as a regular shape for wood
powders. Knife mills, on the other hand, yield particles with rectangular
shapes [28]. The bulk densities of powders are affected by their particle
morphologies. Thin and long or hook-shaped particles increase the
tendency of the powder to bridge [28]. This and large interparticle voids
can lead to low packing efficiency. Although optimal packing is a
complex problem, smaller particles diameters, tending towards spher-
ical shapes, increase packing because of their ability to more freely move
and fill gaps [29]. Therefore, in addition to the particle density and
porosity, shape also plays a role in the bulk density of wood powders.

Due to the large data sets that come with studying PSDs of powders,
statistical tools have been used to develop models on powder quality.
MODDE Pro-12 software has been employed for investigating wood
powder properties, i.e., PSD and bulk density using multi-linear
regression (MLR) models [30]. The authors have used MLR models to
investigate the effect of moisture content, feeding speed, and sawblade
speed on energy requirements, PSD, and bulk density. Tukey's model
with SAS 9.0 software has been used by Jiang et al. [31] to study the
effect of moisture content in the feedstock material on powder PSD.
Others have used Levenberg-Marquardt's non-linear regression model to
investigate the correlation and model fitness for energy consumption,
Hausner ratio, and Carr-compressibility index in relation to particle size
[32]. Artificial neural network (ANN) models using back propagation
(Levenberg-Marquardt) algorithms have been described to understand
the relationship between energy consumption, powder moisture con-
tent, and powder size [29].

In this study, the impact of a new type of green milling technology on
wood powder properties was investigated. The influence of shape
properties on the bulk density of powders was studied. The effect of
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wood moisture content, at the time of milling, on wood powder prop-
erties and the relationship between shape properties and bulk density of
wood powder were analysed using a statistical tool. The shape, size,
surface area, and porosity of powders were characterised. The effect of
green versus dry milling of wood on particle properties and the bulk
density of powders was also examined.

2. Materials and methods

Pine (Pinus sylvestris L.) wood powders used in this study were ob-
tained from a series of designed experiments using a prototype multi-
blade shaft mill (MBSM) [30]. There were nine types of powders cor-
responding to nine different mill settings. The ranges of experimental
used parameters for wood moisture contents, feeding speeds and blade
speeds were 10-50% (wet basis), 1.3-2.6 m min~! and 52-72 m s’l,
respectively. Hammer mill powders were produced from a single setting
for the purpose of comparison.

2.1. Representative material sampling

The wood powder samples were sieved by a sieve shaker (Analysette
3, Fritsch, Germany) set at 1.5 mm amplitude for 10 min to obtain <1.0
mm particles prior to sampling by rotary sample divider for image,
surface area and porosity analyses.

2.2. Two dimensional image analysis

Particle size distributions and shapes of powders were characterised
with a 2D image analyser (CAMSIZER XT Particle Analyser, Microtrac
RETSCH GMBH, Germany) with a designed size detection range of 0.001
to 3.0 mm at the Department of Engineering Sciences and Mathematics,
Luleé University of Science and Technology, Luled, Sweden. The image
analyser used CAMSIZER XT 6.3.10 software (Microtrac RETSCH
GMBH, Germany).

Three replicate samples were used for each powder type, resulting in
81 experiments with the image analyser, each producing a spectrum of
data on power particle size distribution (PSD) and particle shape factors.
In the analysis, the three replicates data sets were averaged. The sample
sizes used in this study were 2.8-6.1 g. The software calculated the PSD
and shape factors using the following relations [33].

The frequency distribution over X, ,,;; was used to analyse the results
of particle size defined by Eq. (2):

_ dQS (X( min)

QS(Xcmin) - X(X ) (1)

In which X, min is the shortest chord among several chords of a par-
ticle (Fig. 1a), Qs is the cumulative size distribution based on volume.

P3(Xe min) = dO3(Xe min) (2

Where, Pj3 is particle size distribution based on volume.
The aspect ratio and sphericity were used to characterise the shape of
particles. The aspect ratio is the ratio of particle width (X}) to particle

<( TN
b

\.\XFe max

Fig. 1. Shape quantification parameters a) chord of the particle and b)
Feret diameter.
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length (X)) defined by Eq. (3).

Aspect ratio = & 3
X

Where, Xp is the X, nin and X is the Xpe max- X¢ min iS used to represent
the width or breadth of a particle [33] whereas Xpe max is considered as
the length of the particle [33,34]. Feret maximal diameter (X, mqax) is the
longest Feret diameter (The distance of two tangents placed perpen-
dicularly in the measuring direction) (Fig. 1b) [33].

The sphericity y (dimensionless) of a particle expresses the deviation
in shape from a sphere and depends on the area of a particle projection
(X4) and the measured circumference (Xp). The closer the value is to one,
the more spherical the particle. It was calculated by the following Eq.

(4):

4IX,
=5

y (C)]

2.3. Geometric surface area

For a spherical particle, the simple geometric surface area A (m?) and
particle volume V (m?) are calculated using (5) and (6) in which r (m) is
the particle radius.

A = 4nr? (5)
4
V= gﬂr3 (6)

The ratio of surface area to volume of a particle, with common terms
eliminated, is (7)
f_gmr 3 %)

3 r r

As the radius of the particle approaches zero, the ratio approaches
infinity. It follows that for a finite volume of material, the greater the
reduction in particle size, the greater the generated surface area. The
surface area of a powder A, (m?) consisting of n (particles) with a
diameter d (m) is calculated with (8), in which A4 (mz) is the surface area
of a single particle with diameter d.

A, =Agng +Apng +Apng... = ZAJVM (8)
]

The number of particles of diameter d can be estimated from a par-
ticle size distribution determined through sieve analysis of a represen-
tative powder sample (9) where My (kg) is the mass fraction of sieved
particles at diameter d (from a unit mass sample) and my (kg) is the mass
of a single particle.

ng =
my

©)]

The particle mass mg is found from the relationship between volume
(6) and material density (10) p (kg m—3) with the substitution r = d/2,
resulting in (11).

M, 6
= an

With elimination of common terms, the surface area of the powder
(8) can then be rewritten as (12).

B B 21 Mi6]  6=M,
A, = ;AM - ;[4;:@1/2) } {[md}} v 12)
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The surface area generation A (m? kWh™1) of size reduction can be
calculated from the specific milling energy ey (kWh t ™) on a dry mass
basis (13).

A=eyeh;! (13)

2.4. Measured surface area and porosity

Specific surface area (i.e. BET) of powders and porosity were deter-
mined for three powder types; i) the MBSM powder from wet wood with
lowest bulk density, ii) the MBSM powder from dry wood with highest
bulk density and iii) the hammer mill powder. Sample sizes ranged from
1.1 to 1.3 g. Analysis was carried out by Celignis Analytical, Ireland,
using a NOVA 2200e series surface area and pore size analyser (Quan-
tachrome Instruments, Boynton Beach, USA).

2.5. Statistical analysis

Wood powder properties, i.e., aspect ratio and bulk density were
evaluated by orthogonal partial least squares projections to latent
structures (OPLS) [35] and orthogonal partial least squares discriminant
analysis (OPLS-DA) [36] using SIMCA 16 software (Umetrics, Umea,
Sweden). Prior to model construction of shape factors, the PSD was
limited to 50 to 500 pm because of having poor statistics beyond the
range (suggestion from expert of Microtrac RETSCH GMBH). All data
were subsequently mean centred and scaled to equal variance (denoted
UV-scaling in SIMCA). In the following modeling, the image analysis
data (aspect ratio) was put in a matrix (X), and the measured responses,
i.e., powder bulk density, were arranged in a matrix (Y). Moreover, the
observations were divided into two groups (denoted class 1 & 2) based
on initial wood moisture content. An initial principal component anal-
ysis (PCA) was conducted on each specific dataset (X) to evaluate gen-
eral trends and patterns in the data and outlier detection. Cross-
validation (venetian blinds) was used for evaluating the calibration
(OPLS) and discriminant models (OPLS-DA) by the following di-
agnostics; R? (coefficient of determination, describing the amount of
explained variation in X), Q2 (coefficient of multiple determination,
describing the amount of variation in the cross-validated subsets pre-
dicted by the model) and RMSECV (root mean square error using cross-
validation, using seven cross validation groups and same number of
iterations).

3. Results and discussion
3.1. Particle size distribution

The particle size distribution of MBSM powders and hammer mill
powder is presented in Fig. 2. The peaks of the MBSM distributions occur
in the range of 30 to 300 pm. The magnitudes of the peaks for MBSM
powders are much greater and substantially narrower than that of the
hammer mill powder, indicating substantially finer powders. The cu-
mulative volume percent (insert graph) of particles <0.5 mm in MBSM
powders was therefore much higher; 68.4 to 87.5% for MBSM versus
48.2% for hammer mill. In other words, there were almost twice the
amount of finer particles in MBSM powders. The >1.0 mm particles for
MBSM powders were 5 to 18% only depending on the mill settings and
wood moisture content.

The two narrowest PSDs (C and H) were observed from both low and
high moisture content wood with high blade speed and low feeding
speed. The broadest PSD was observed for the MBSM settings of low
moisture content with low blade speed and high feeding speed (B). BS
and FS affect the PSD (peak width) and gradual transition from I to E are
results of their different settings.
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Fig. 2. Particle size distribution (P3) of powders obtained from the multi-blade shaft mill and hammer mill. The inserted graph is the cumulative particle size
distribution (Qs). Symbols refer to M = moisture content (% wet basis). BS = blade speed (m s™!) and FS = log feeding speed (m min™%).

These results (volume basis) generally agree with those from me-
chanical sieving analysis (mass basis) of MBSM powders [30]. They
show that the wood moisture content and the MBSM blade speed pro-
duce similar effects on produced powders and that these differences are
small compared to the differences between MBSM and hammer mill
powders.

3.2. Particle shape analysis

The aspect ratio and sphericity of powders are presenting in Fig. 3, in
which MBSM data is coloured according to the moisture content of the
wood used in milling (i.e. green and brown representing above and
below fibre saturation point, respectively). MBSM powders obtained
using different milling parameters did not show significant shape dif-
ferences. The values of aspect ratio and sphericity of MBSM powders
were higher than hammer-milled powders. The range of aspect ratio and
sphericity were 0.54-0.61 (0.57) and 0.51 to 0.75 (0.63), respectively
for MBSM powders across MBSM parameter settings. The mean aspect
ratio and sphericity of hammer-milled powders were 0.41 and 0.54,
respectively.

The moisture content during milling is the primary factor that de-
termines particle shape factors of MBSM powders. This is evident by
observing how high (green) and low (brown) moisture content data is
differentiated from each other in two discrete bundles of curves (Fig. 3).
For both shape factors, there is a clear crossover point in the data at
approximately 200 pm (crossover region 150-250 um). Above this
point, high moisture content yields powders with greater aspect ratio
and sphericity. Below the crossover, low moisture yielded greater aspect
ratio and sphericity. The shape factors for the experimental mid-point
(dotted line) in the experiments were approximately intermediate

between the bundles. Both shape factors of hammer-milled powders
display similar behaviour and slope at different particle sizes.

The method of drying of wood powders may be a factor in this
behaviour. Uneven moisture distribution in wood during drying causes
internal stress due to moisture gradient leading to wood deformation
[37]. This is analogous to the warping of pine boards due to internal
stress while drying [38]. Trubetskaya et al. [39] observed that pine
wood particles became both more spherical during rapid de-
volatilsation and more porous with more inner cavities. Despite the
lower temperature used in drying herein, this explanation may aid the
understanding of how particle shape is affected by moisture removal.
Further studies are needed to investigate the morphological change of
the smaller particles below the size of crossover region.

The obtained MBSM powders had higher aspect ratio and sphericity
compared to those in previous studies. Aspect ratios and sphericity in
hammer mill pine powders were found to be 0.21-0.22 and 0.44-0.45
for a particle size distribution of 3.2-25.4 mm [32]. Kobayashi et al. [40]
found aspect ratio 0.20-0.33 for 0.02-0.5 mm pine powder milled in a
vibration mill (rod and ball mill).

3.3. Surface area, porosity and powder bulk density

The measured results of surface area and porosity by BET analysis for
the MBSM powders with the lowest (green wood) and highest (dry
wood) bulk density and that of the hammer mill powder are presented in
Table 1. The MBSM powder (green wood) showed 3.2 times higher
specific surface area compared to hammer mill powders (1.378 vs.
0.4291) and 2.5 times higher surface area than MBSM powder (dry
wood) (1.378 vs. 0.5573).

MBSM powders from green wood demonstrated 2.7 times (0.002759
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Fig. 3. Aspect ratio (a) and sphericity (b) of multi-blade shaft mill (MBSM) and hammer mill powder.

Table 1
Results from surface area and porosity analysis.
Sample description ~ Sample BET specific Pore Average BJH QSDFT Specific milling BET surface area Geometric surface
mass (g) surface area volume pore dia. method micropore energy, drymass  generation (m? area generation
(m?g™h (em®g™h (nm) dia. (nm) dia. (nm) (kwh t™1) [30] kwh™) (m*kwh™1)
MBSM, N17L31 1.13 1.378 0.002759 8.012 3.542 4.52 197.4 6981 354

(green wood,
lowest bulk
density)
MBSM, N27L13 1.32 0.5573 0.001035 7.428 3.536 1.611 197.2 2826 374
(dry wood,
highest bulk
density)
Hammer mill 1.06 0.4291 0.001037 9.666 3.539 1.478 86.0 4990 588
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vs 0.001037) greater pore volume and 3.1 times larger micropore
diameter than hammer-milled powders (4.52 vs. 1.478). The porosity of
MBSM green wood powders was 2.8 times higher than MBSM dry wood
powders and 3.1 times higher than hammer mill powder. This indicates
high porosity, which directly influences the bulk density of a material;
the higher the porosity, the greater the volume occupied by the particles
and the lower the bulk density of the material.

According to BET analysis, the milling of green wood in the MBSM
yielded the greatest surface area per input of milling energy (Eq. 13),
40% more than hammer milling; the surface area generation was found
to be 6981, 2826 and 4990 m? kWh™! for green wood, dry wood MBSM
powders and hammer mill powders, respectively (Table 1). Based on the
sieve results, this can be compared to the calculated geometric surface
area generation which were found to be an order of magnitude lower
(354, 374 and 588, respectively). This is only to be expected of smooth
(pore-free) spheres, on which this simple calculation is based. However,
it demonstrates the importance of porosity and particle morphology in
the generation of surface area in powders.

Nopens et al. [41] have measured the specific surface area of Scots
pine (Pinus sylvestris) wood. The authors used an original wood sample
with a thickness of 1.5 mm. The obtained result showed a BET surface
area of 1.533 m? g~ . This value is similar to MBSM powders obtained
from the green wood, although the instrument is different. It indicates
that green milling can preserve the native structure of wood. This may
contribute to a higher yield of value-added products, i.e., biochemical in
the downstream process.

Earlier results showed that the bulk density of dry MBSM powders
was only dependent on the wood moisture content at the time of milling
(Table S). OPLS analysis of the bulk density mirrored this finding and
showed that data form two distinct groups of green (above fibre satu-
ration point) and dry wood (below fibre saturation point) (Fig. 4a,b).
OPLS-DA analysis showed that the aspect ratio of powder obtained from
dry wood was clearly separated from wet (Fig. 4a). The aspect ratio was
higher for smaller particles from dry wood, while it was higher for
bigger particles from green wood. This trend can also be observed in
Fig. 3, where powder from dried wood had a higher aspect ratio for
smaller particles. The produced models show that aspect ratio and bulk
density (R? = 0.87, Q2 = 0.80, and RMSEcv = 17.31) (Fig. 4b) and
particle number and bulk density (R? = 0.86, Q2 = 0.84, and RMSEcv =
15.58) are well correlated (Fig. S). The bulk density increased with the
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increase of aspect ratio and powder sourced from dry wood showed
higher aspect ratio and bulk density (Fig. 4b).

The large differences in bulk density are attributed to the differences
in aspect ratio between powders. It could also be influenced by packing
efficiency, being a function of differences in particle shapes, but the
evidence for this is absent in this study. For example, others have found
that smaller particles can move easily and have the ability to fill up the
spaces between the bigger particles [29]. In this study, the number of
smaller size particles were higher for powder obtained from dry wood.
Although the aspect ratio was higher and lower for dry and green wood
(Figs. 3 and 4a), the higher number of smaller particles with higher
aspect ratio was comparatively more for powders obtained from dry
wood (for the size range 20-150 pm, there were approximately 67,000
particles g~! from the driest wood compared to 38,000 particles g~
from green). Therefore, the finer particles with more spherical shape
(and less porosity) in powders from dry wood enhance the homogenous
distribution by filling the gaps between the bigger particles and increase
the compactness of powder leading to a higher density.

Nevertheless, the inherent chemical composition, for example due to
varying amounts of extractives present with moisture in the wood, due
to using dry and green materials may have an impact on the findings in
this study. Future microscopic studies combined with chemical analysis
methods may shed more light on these possible factors.

4. Conclusions

This study showed that multi-blade milling enabled unique powder
production from a single-step size reduction operation. Produced wood
powders were much finer with unique particle morphology compared to
a reference hammer mill powder. They exhibited a higher aspect ratio,
sphericity, specific surface area, pore volume, and micropore diameter.
Moreover, the higher aspect ratio and sphericity of MBSM powders were
observed, for the majority of the studied particle size distribution, when
milling green wood. Finer particles with spherical shapes had influential
factors enhancing the packing effectiveness leading to the bulk densities
values. Furthermore, the multi-blade mill operational parameters did
not affect, to any great extent, the shape factors of powders — leading to
the conclusion that the observed particle morphology is a characteristic
of this size reduction technology. Future research is needed to fully
characterise the microstructure of MBSM powders but the evidence
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suggests that their observed low bulk density from green milling can be
attributed to significant differences in particle morphology and porosity.

Nomenclature

A geometric surface area (mz)

Aq geometric surface area of single particle of diameter d (m?)
Ap geometric surface area of a powder (m?)

A surface area generation of size reduction (m2 kwh™1h
ANN artificial neural network

BS blade speed (m s h

d particle diameter (m)

em specific milling energy, dry mass (kWh t™1)

FS log feeding speed (m min~})

M moisture content of wood (%)

MBSM  multi-blade shaft mill

MLR multi-linear regression

My mass fraction of sieved particles at diameter d (kg)
my mass of a single particle (kg)

ng number of particles of diameter d (particles)
OPLS calibration model

OPLS-DA discriminant model

PSD particle size distribution

Ps volume based particle size distribution

Q? coefficient of multiple determination

Q3 volume based cumulative distribution (% passing)
dQs difference of two consecutive values of Q3

R? coefficient of determination

r particle radius (m)

RMSECV root mean square error using cross-validation

1% particle volume (m%)

Xa area of a particle projection (mm?)

Xp particle width (mm)

Xc min width (mm)

Xre max  particle length (mm) (Feret maximal diameter)

X particle length (mm)

Xp measured circumference

W sphericity (dimensionless)

p material density (kg m™)

WPC wood plastic composites
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