
lable at ScienceDirect

Energy 227 (2021) 120508
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Comparative comminution efficiencies of rotary, stirred and vibrating
ball-mills for the production of ultrafine biomass powders

Karine Rova Rajaonarivony a, Claire Mayer-Laigle a, *, Bruno Piriou b, Xavier Rouau a

a IATE, Universit�e de Montpellier, CIRAD, INRAE, Montpellier SupAgro, 34060, Montpellier, France
b BioWooEB, Universit�e de Montpellier, CIRAD, TA B-114/16, 73 Rue Jean-François Breton, 34398, Montpellier, France
a r t i c l e i n f o

Article history:
Received 9 December 2020
Received in revised form
25 March 2021
Accepted 27 March 2021
Available online 1 April 2021

Keywords:
Mechanical stress
Fine comminution
Ball mill
Energy
Lignocellulosic biomass
Powder
* Corresponding author.
E-mail address: claire.mayer@inrae.fr (C. Mayer-La

https://doi.org/10.1016/j.energy.2021.120508
0360-5442/© 2021 The Authors. Published by Elsevier
a b s t r a c t

Plant biomass as a substitute for fossil oil is one of the most promising pathways to reducing the
environmental impact of human activities. Ultrafine comminution of plant materials can produce ul-
trafine powders suitable for direct use in advanced-technology applications as an engine, becoming a
sustainable powdered biofuel. However, comminution is an extremely energy-intensive process, making
it vital for industry to select the most efficient milling device for the biomass. Here, we comprehensively
compared the efficiencies of three batch ball mills employable for ultra-fine comminution of plant
materials. First, we led a ball motion study to estimate the predominant mechanical stresses generated
by each device. Two biomasses with contrasted physical properties were milled using three devices to
achieve a target particle size of 20 mm. Milling times and process energy consumptionwere recorded, and
the particle size distributions and specific surface areas of the ground powders were measured. The balls
mills were then compared based on several indicators of energy efficiency, productivity and processing
speed. The results show that the energy input is better utilized in mills that work by attrition or by
combined impact and attrition.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Efficient use of natural renewable resources for clean and
affordable energy is one of the United Nations Sustainable Devel-
opment Goals (SDGs) on the 2030 Agenda [1]. It is also part of core
International Energy Agency policy to increase the share of biomass
energy from 10% to 30% by 2050 [2]. A key to achieving these tar-
gets would be to increase the proportion of biofuels used in
transportation and in stationary engines for electricity generation.
However, second-generation liquid and gas biofuels struggle to
deliver profitable margins, chiefly due to limitations on upstream
logistics concerning centralized sourcing and processing, and
transport for distribution [3,4].

Another alternative and technically straightforward approach is
to directly use of lignocellulosic biomass in the form of finely-
pulverized dry powders, for example as a substrate for high-
performance gasification and advanced liquefaction technologies
[5], or even to as a micronized dry biomass fuel to directly power
internal combustion engines [6e9]. This potentially valuable
igle).

Ltd. This is an open access article u
concept relies on the fact that when used in suitable quantity and
concentration in a confined environment, finely-milled biomass
undergoes rapid combustion in the form of a deflagration [10]. The
violence and speed of the explosion are linked to size and
composition of the particles. The energy released by the explosion
depends on degree of confinement and heat losses [11], and it can
be recovered as mechanical force if the explosion is controlled and
takes place in a combustion engine. Engines of different power
levels are in widespread use for a huge number of mobile and
stationary applications in areas that are potentially rich in under-
utilized biomass feedstocks. This kind of a technology would
enable small-scale on-site energy generation with minimal pro-
cessing complexity.

Lignocellulosic biomass consists of various plant portions of
different origins and compositions but that sharing an elastoplastic
mechanical behaviour that makes it hard and energy-intensive to
finely mill. Firm process control of the milling step is therefore a
pivotal challenge for the development of ultrafine biomass tech-
nologies, for two main reasons. First, fine milling has to be opti-
mized to keep solid fuel production and utilization energetically
profitable [12]. The optimization needs to be done in conjunction
with the target biomass, as its energy content and milling energy
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Symbols and abbreviations

Es Specific energy consumption
Ec Maximum kinetic Energy of moving bodies in the

ball mills
IM Impact mill
Pm Mass productivity
RBM Rotary ball mill
Rs Surface creation rate
Sball Geometric Surface of milling bodies
SSAi, SSAt SSAf, SSAgranulo, SSABET Specific surface area

einitial, total, final,
measured by
granulometry, measured
by BET method

SBM Stirred ball mill
ts Specific milling time
Ue Energy utilization
VBM Vibratory ball mill
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demand are directly connected to its chemical and physical prop-
erties. Second, the interactions between milling parameters and
type of biomass feedstock also determine the end-use quality of
solid fuel powder, as the particle size reduction improves its reac-
tivity and influences its handling properties.

Biomass can be either dry-milled or wet-milled, but dry milling
precludes the need for a final drying step, does not produce efflu-
ents, and has no solubilization-related losses, making it a preferable
option, especially for energy-process applications. In addition, the
devices employed for dry milling are relatively basic, the feedstock
being milled only by the mechanical energy brought by a milling
tool or by the motion of milling media. However, regardless of the
configuration and geometry employed, there is still no mill solution
that can convert directly most of current lignocellulosic material
feedstocks into very fine powders. The process of particle size
reduction has to be progressive and will generally entail several
milling steps using different grinding principles: cutting mills for
initial coarse size reduction (from cm to mm range), impact mills
for intermediate grinding (from mm to 100 mm range), and ball or
jet mills for fine and ultrafine milling (50e10 mm range). Here we
will not discuss the sophisticated and energy-intensive air-jet
milling process, which in practice is limited to high-added-value
products, but rather the different ball-milling configurations that
are better adapted to real-world biomass process routes. Milling
energy consumption is directly related to the extent of particle size
reduction, with the final pulverization step being the most energy
intensive [13]. However, energy consumption depends on both the
material to grind [14e16] (related to its initial size, water content,
intrinsic mechanical properties linked to its composition, its
structure and any pre-treatments) and the efficiency of the milling
machine [14,17e21] (related to its working principle, mechanical
stress, and process scalability).

Fragmentation of the material matrix is effectuated by the me-
chanical stresses applied inside the mills. Four main mechanical
stresses are generally identified: compression, shear, impact, and
attrition [17]. These different mechanisms all co-exist in most the
milling machines, but mill geometries and processing parameters
will mean that one mechanism generally dominates the others. To
reach the fine and ultrafine domains of particle sizes (median
particle size <50 mm), Rajaonarivony et al. [3] showed in a model
study using a small-scale ball mill on pine bark that impact is more
energy-efficient mechanical stress during the first stage of the
2

fragmentation process whereas attrition becomes more efficient
when the average particle population reaches the ultrafine domain.
They concluded that a unit operation combining first impact then
attrition was the most effective mechanical stress sequence for the
ultrafine comminution of this biomass. On a larger scale, industrial
drum-type ball-mills tend to rely on impact as the dominant
comminution stress. However, an increasing contribution of attri-
tion should be sough as particle get smaller. This can be achieved,
for example, in stirred bead mills [22] or vibratory finishing mills
[5]. Thus, identifying the most energy-efficient mill geometry and
operating parameters to reach targeted powder specifications is a
key part of the challenge to optimize lignocellulosic biomass
utilization.

Here we explore the energy performances of ball mills for
extensive particle size reduction on two lignocellulosic biomasses
of contrasting types (pine bark, which is a fragile layered material,
and wheat straw, which is a tenacious fibrous material). Target
particle size was set at 20 mm, to allow direct use of the feedstock
for energy in high power applications. The experimental setup was
designed to account for the specificity of elastoplastic materials like
lignocellulosic biomasses [23] and to highlight the energy con-
sumption difference that may arise from wide range of plant ma-
terial types. We compared three different ball-mill setups (rotary-
drum mill, RBM; stirring-rotor mill, SBM; vibratory ball mill, VBM)
that can be used for fine comminution of lignocellulosic materials
[5,23e25] in an attempt to correlate the mechanical stresses
generated with comminution processing efficiency. The original
contribution of this work is that for the first time, we directly
compare three milling technologies used for dry processing of
lignocellulosic biomass to attain very fine particle sizes. We antic-
ipate this analysis of mill function, milling energy and processing
speed as valuable input to help industry select and scale more
efficient equipment for the fine comminution of various biomasses.

2. Materials & methods

2.1. Materials: presentation of the two biomasses

The lignocellulosic biomasses used in this study are maritime
pine bark (Pinus pinaster) and wheat straw (Triticum aestivum). The
maritime pine bark was purchased from a local store (Botanic,
Montpellier, France) in 35-kg bags, and was size-calibrated to
10e25 mm-length pieces. Moisture content of the bark, which
depends on storage conditions, was 35e40%. To reduce its water
content below 15% before milling, the bark was dried outdoors for
48h. The wheat straw was harvested in 2015 at Saint-Gilles (Gard,
France) and delivered as 25-kg bales. Initial moisture content of the
wheat straw was 11%.

Moisture content was measured by weight loss after oven-
drying for 2 h at 135 �C according to standard protocol for cereal
flours and lignocellulosic products [26].

2.2. Preparation of the plant material

Prior to the fine milling unit operation which is the focus of this
study, both plant materials were pre-milled in two steps. First, a
Retsch SM 300 knife mill with a 2 mm-aperture sieving grid was
used to grind the samples, which were then dried in an oven at
60 �C to reach 3% moisture content. Second, the samples were run
through an impact mill (IM) (UPZ 100 Hosakawa-Alpine, Germany)
equipped with a 0.3-mm sieving grid at a feed rate of 1.5 kg.h�1

(Fig. 1). The resulting powders, named IM_bark and IM_straw, had a
median particle size measured by laser diffraction (see section 2.4
for particle size analysis) of 63 mm and 286 mm, respectively.
Apparent density of each powder was determined by simply



Fig. 1. Milling devices used: (a) knife mill, (b) impact mill (IM), (c) rotary ball mill (RBM), (d) stirred ball mill (SBM), and (e) vibratory ball mill (VBM).
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weighing a known volume of powder slightly packed after tapping
5 times to homogenize the powder bed. The apparent density
values obtained were 381 kg.m�3 for IM_bark and 191 kg.m�3 for
IM_straw.

Before final comminution in the different ball mills, all samples
were re-dried to a moisture content of about 3%, as measured by
weight loss after oven-drying for 2 h at 135 �C.
2.3. Fine comminution with the different ball mills

The three types of ball mill (RBM, SBM, VBM) were employed for
the fine comminution of bark and straw to obtain powders with a
median particle size of 20 mm (Fig. 1). The samples were directly
mixed with the balls inside the milling chambers of each mill. All
mills used in this work are batch mills. At the end of milling, the
ground powders were separated from the milling media by dry
sifting. The different milling devices employed here do not work at
exactly the same scale and are not based on the same principles,
and so volume of the milling chambers, weight of the milling me-
dia, and weight and volume of the biomass may differ between
mills. The milling parameters for each device are described below
and in Table 1. They were defined according to suppliers’ specifi-
cations and from extensive preliminary works on biomass milling,
as described in a data paper [25].
3

The rotary ball mill (RBM, Faure, France) consists of a ball-filled
drum fixed on two rollers that impact a rotational movement to
the drum. The milling media are steel balls of three diameters (25,
20 and 15 mm) combined in a 1:1:1 ratio by mass. The milling
media fill one third of the total volume of the drum. Rotary speed
was set to 60 rpm in order to induce a cataracting regime for the
balls [17,27]. The vibratory ball mill (VBM, Sweco, Belgium) consists
of a 36 L-capacity grinding chamber made of an abrasion-resistant
elastomer, put in vibrating motion by high-tensile steel springs
[28]. Vibratory frequency of the vessel was set to 25 Hz, as per the
manufacturer’s recommendations. Amplitude of the vibrations is a
function of thewhole charge of the chamber and the stiffness of the
springs. The milling media employed is a blend of 25 kg of ceramic
cylpebs (cylindrical bodies of 12-mm length and 12-mm diameter)
and 25 kg of ceramics beads (12-mm diameter). In charge, the
amplitude of vessel displacement was 2.5 mm (optical measure-
ment). The stirred ball mill (SBM) is a custom-made prototype (IATE,
INRAE, France) that consists of a 2 L-capacity grinding chamber in
which a rotor operating at 330 rpm drives the milling media (5.7 kg
of 6-mm-diameter steel beads) mixed with the powder to grind. All
operating process parameters are summarized in Table 1. For this
work, we elected to operate the different milling devices using the
same mass but not the same volume. As the energy content of
biomass is proportional to its mass, its volume evolves during the



Table 1
Process parameters used in the three ball mills for fine comminution of bark and straw.

RBM VBM SBM

Speed/Frequency 60 rpm 25 Hz 330 rpm
Ball dimensions (mm) Ø 25 - 20 -15 mm beads: Ø 12 mm cylpebs: Ø 12 mm and length 12 mm Ø 6 mm
Volume of the vessel (L) 2 36 3
Diameter of the vessel (cm) 17.5 N/A 16
Mass of samples (kg) 0.2 1.0 0.325
Mass of milling balls (kg) 3 50 5.7

Biomass volume fill rate (%)
Bark 26 7 29
Straw 53 15 58

Total (biomass þ milling media) volume fill rate (%)
Bark 46 42 49
Straw 73 52 83
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milling process as particle size decreases, which means that in
practice, it is easier to manage the mass than the volume, especially
when the process is fed with several feedstock sources. As there is a
two-fold difference between the apparent densities of two raw
powders (IM_bark and IM_straw), the biomass fill rate and total
volume fill rate differ significantly between the two biomasses.

Milling experiments in the three milling devices were con-
ducted in duplicate. A first set of experiments was conducted with
sampling at regular intervals throughout milling to determine the
milling time necessary to reach the target particle size of 20 mm for
each biomass in each milling device. Then, a second set of milling
experiments was conducted using the milling times thus deter-
mined, and the final particle size was measured. Finally, we
calculated the coefficients of variation between the SSAgranulo of the
two experiments to evaluate the reproducibility of this milling step.

The output data from the different milling experiments were
milling time, energy consumption of the devices, the particle size
distribution and specific surface area of the ground powders, which
was determined from particle size distribution and BET-method
measurements. The different methods employed are described
below.

2.4. Particle size analysis

Particle size distribution (PSD) was measured in dry way with a
Mastersizer 2000 laser diffraction granulometer (Malvern, UK)
equippedwith a Sirocco 200 feed hopper [29]. The amplitude of the
feeder vibration was set to 50% of the maximal value, and air
pressure was set to 3 bars. In this configuration, the mass of the
analyzed samples was around 2 g. All measurements were carried
out in duplicate and averaged. Results were expressed in volume,
based on the assumption of sphere-shaped particles. The 10th
(d10), 50th (median particle size: d50) and 90th (d90) percentiles
and the specific surface area (denoted SSAgranulo) were extracted
from the particle size distributions.

2.5. Specific surface area measurement with the BET method

This method is based on the principle of measuring gas sorption
onto the surface of the particles. Here, the measurements were
performed using nitrogen. First, 1.5e2 g samples of raw powders
(IM_bark and IM_straw) and 1e1.5 g samples of finely milled
powders were degassed for 48 h at 50 �C using a Vacprep 061
degasser (Micrometrics, USA) to remove moisture and other
adsorbed molecules. Samples were then analyzed using an ASAP
2460 Analyzer (Micrometrics, USA). Sorption isotherms were
recorded with 12 relative pressures p/p� varying between 0.05 and
0.35. Specific surface area was determined using the BET method
applied on the linear part of the Rouquerol plot [30]. All BET
4

measurements were carried out in duplicate. The resulting data
were written as SSABET.
2.6. Energy

2.6.1. Maximum kinetic energy of the moving bodies
Here, we propose a methodology to highlight the predominant

mechanical stresses based on the maximum kinetic energy of the
moving bodies. The calculation includes several approximations
and is not intended to give exact values of the energy deliver to the
powder by mill, but rather to give orders of magnitude that can
serve to cross-compare the milling devices. The maximum kinetic
energy that one moving body can reach (Ec) was estimated from its
mass (m) and maximumvelocity (v) during a collision (eq. (1)). The
maximum total kinetic energy (Ect) was obtained by multiplying
the maximum velocity of one moving body (v) by the total mass of
the moving bodies (mt).

Ec¼ 1
2
mv2 and Ect ¼ 1

2
mtv

2 Eq.1

In the RBM, maximum velocity (v) was calculated from the ve-
locity that a moving body can reach when free-falling across the
diameter (d) of the drum (eq. (2)), with g as gravitational acceler-
ation. In this case, m is the mass of a 25-mm-diameter ball.

vRBM ¼
ffiffiffiffiffiffiffiffi
2gd

p
Eq.2

In the VBM, maximum velocity was estimated from the ampli-
tude of displacement of onemoving body and vibrational frequency
(f) (eq. (3)), and m is equal to the mass of one moving body.

vVBM ¼ af Eq.3

In the SBM, maximum velocity was assimilated to maximum
peripheral rotor speed (eq. (4)), and m is equal to the mass of one
moving body (6-mm-diameter steel ball).

vSBM ¼u
D
2

Eq.4

where u is rotor velocity and D is rotor diameter.
Note that in practice, maximum velocity and maximum kinetic

energy can never be reached in any of the ball mills devices. The
aim of these calculations is simply to determine the total energy
limit of the milling bodies for each mill.
2.6.2. Milling energy consumption
For all experiments, the power of the milling devices was

measured using a PX 120 wattmeter (METRIX, France) connected to
WattCom (USA) data acquisition software, and the mean power
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over the total duration of the experiments was calculated. Milling
energy consumption was determined by multiplying mean power
by total milling time, and then used to compute various energy-use
indicators:

2.6.2.1. - Specific energy consumption. Specific energy consumption
(Es) (eq. (5)) was calculated with equation (5), where P is power of
the milling device (in watts), msample is processed mass (in tons),
and t is grinding time (in seconds):

Es¼ P t
msample

Eq.5

2.6.2.2. - Specific milling time. Specific milling time is the time
needed to produce 1 kg of lignocellulosic biomass powder with
d50 ¼ 20 mm. Specific milling time is obtained by dividing actual
milling time by the mass processed (msample):

ts¼ t
msample

Eq.6

where t is the actual milling time needed to mill the actual pro-
cessed mass of sample (msample).

2.6.2.3. - Energy utilization. Energy utilization (Ue) (eq. (7)) is the
ratio of specific surface created to specific energy consumption (Es).
It expresses the specific milling work of the comminution process
[24]:

Ue¼ SSAf � SSAi

Es
Eq.7

where SSAi and SSAf are initial and final specific surface area,
respectively (i.e. before and after milling). Ue values were deter-
mined from both SSAgranulo and SSABET.

2.6.2.4. - Mass productivity. Mass productivity (Pm) is defined here
as the mass of powder with a median particle size (d50) of 20 mm
produced by the milling device with an energy input of 1 kWh. It is
calculated using the equation (8):

Pm¼msample

Es
Eq. 8

2.6.2.5. - Surface creation rate. Surface creation rate (Rs) (eq. (9)) is
defined here as the increase in SSABET generated by 1 h of milling,
which corresponds to the speed of surface creation:

Rs¼ SSAf � SSAi

Es
Eq. 9

2.6.2.6. - Lower heating value of the biomass samples. The lower
heating values of bark and straw were measured in a bomb calo-
rimeter as protocoled in standard XP CENT/TS 14918 [31].

3. Results

The scientific literature has given many definitions of milling
efficiency according to purpose of the study and application tar-
geted [32]. Here we explored several of these definitions from
different viewpoints. In a first approach, the performance of the
5

threemilling devices was evaluated on the basis of two parameters:
(i) specific milling time, which is the time required to produce 1 kg
of fine lignocellulosic biomass powder, and (ii) specific energy
consumption, defined as the amount of energy needed to mill 1 ton
of biomass to the targeted particle size of 20 mm. These two in-
dicators have the advantage of directly addressing the practical
industrial issues of time and energy consumption required to
obtain a powder meeting the required specifications. Then, in effort
to gain a more in-depth analysis taking into account the difference
between particle in-feed sizes and to overcome the dependency on
capacity differentials between the ball-mill devices, we introduced
a further indicator of grindability based on the Rittinger model.
Finally, the metric of energy utilization introduced byMucsi & R�acz
(2017) [24] was calculated from specific surface area based on
either laser diffraction or BET-method measurements to capture
the influence of the fine particles on agglomeration and the effi-
ciency of the comminution process. All the data are discussed in
relation to the dominant mechanical stress in each device, as pre-
sented below.
3.1. Dominant mechanical stresses in the three ball-milling devices

Table 2 summarizes the maximum energies that the ball media
were able to deliver (as the sum of the individual energy limit of the
milling bodies in each ball mill calculated from their weight and
their theoretical maximum velocity in a standalone frictionless
setting) and the surface ratio between the milling bodies and the
biomass samples, in an attempt to determine the main mechanical
stresses applied by the three ball-mill types.

The total surface of the milling bodies was calculated from their
size and shape, and total surface of the biomass samples was ob-
tained by integrating the particle size distribution curve measured
by laser granulometry. The maximum kinetic energies of the mill-
ing media were calculated for each milling device.

Note that the RBM delivered by far the highest energy of a single
ball, due to the highermass of the balls used (steel balls with 25/20/
15-mm diameters) and a significant free-falling distance. The VBM
imparted very little energy via each ceramic ball or cylpebs due to
the very short length of amplitude (2.5 mm). The SBM delivered an
intermediate amount of energy through each relatively small (6-
mm-diameter) steel ball, due to the high speed conferred by the
driving rotor. However, when considering the total amount of
milling bodies, i.e. the maximum total kinetic energy delivered by
each mill, SBM emerged as 3-times more energy-intensive than
RBM and 170-times more energy-intensive than VBM.

Another parameter to account for when comparing the me-
chanical stresses in the different mills is the ratio of milling body
surfaces to biomass surfaces, which describes the potential number
of contacts between milling bodies and the material to mill. This
surface ratio is directly related to biomass volume fill rate and is
different between bark and straw due to their differences in feed-
particle sizes and apparent densities (381 m3.kg�1 for bark vs.
191 m3.kg�1 for straw). Straw feed particles are larger than bark
feed particles, and at equal the bark and straw masses, straw feed
sample volume is twice as big as bark feed sample volume.
Therefore, straw induces a higher ball-to-biomass surface ratio due
to a lower proportion of lignocellulosic matter. Among the three
mills, RBM delivered the fewest milling body-to-milled matter
contacts whereas VBM delivered themost contacts, with SBM again
intermediate between RBM and VBM although closer to VBM.

Finally, we calculated the ratio of total kinetic energy to surface
available per kg of samplematerial in order to factor in the different
amounts of treated matter in each batch. The aim here was to
compare the different mills on a comparable basis. The RBM was



Table 2
Kinetic energy of the ball media and ball-to-biomass matter surface contact points in the three ball mills, used to determine their major mechanical stresses.

RBM SBM VBM

Maximum kinetic energy delivered by one milling body (kWh. 10�8) 1500 96 0.33
Maximum kinetic energy delivered by the whole milling media (kWh .105) 182 627 3.7

Bark Straw Bark Straw Bark Straw

Ball-to-matter surface ratio Sball/Ssample. 10�3 2 10 8 30 10 40
Sball/mass of sample (m2.kg�1) 0.60 2.27 2.69
Maximum kinetic energy delivered by the whole milling media/(Sball/mass of sample) (kWh.m2.kg�1) 303 276 1.3
Main mechanical stress imparted Impact Impact þ Attrition Attrition
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found to deliver the highest level of specific energy, whereas VBM
delivered approximately 230 times less specific energy, with SBM
again intermediate between RBM and VBM.

In a previous paper, Rajaonarivony et al. (2019) [33] showed
through simulation experiments in a reciprocating small-scale ball
mill that the share of impacts, among the multiple mechanical
forces delivered by a mill, is proportional to the amount of kinetic
energy imparted in the collisions between the milling bodies and
the surface of the target sample. They also provided evidence that
the share of attrition resulting from friction is directly related to the
number of points of ball-to-matter collision. Applying these find-
ings to the three ball mills studied here, it becomes apparent that
the RBM works predominantly by impact, with a high ball energy
and low number of ball-to-matter contact points, whereas the VBM
works mostly by attrition, with a low specific energy and a large
number of surface contacts. SBM is just behind RBM on collision
energy and just behind VBM on ball-to-matter surface ratio. We
thus concluded that the SBM works by a mixed impact/attrition
regime, which is consistent with Mucsi & R�acz (2017) [24] who
studied the grinding of red grapeseed residues in a similar stirred
media mill.
Fig. 2. Cumulative particle size distributions of IM-bark, IM-straw, and finely-milled
bark and straw powders (median size ¼ 20 mm) obtained from the three ball mills.
3.2. Reproducibility of the milling process

Table 3 reports the milling times needed to attain the target
particle size of 20 mm. Experiments were conducted twice, and a
coefficient of variation on the specific surface area measured by
laser diffraction for the two trials was calculated, as also reported in
Table 3.

Note that the required milling times differ widely between mill
systems. It takes more than 12 times longer to reach the target
particle size in the RBM than in the SBM. The relative differences
between the two milling experiments were in an acceptable range,
with a maximum value of 10.6 indicating that the milling process
showed fair reproducibility. The greatest variations were obtained
with the faster milling device (SBM) for which a short time change
can lead to greater surface-area differences in the milled powders.
3.3. Particle-size distributions of milled samples

Fig. 2 reports the mean cumulative particle size distributions of
the two lignocellulosic powders ground in the three ball mills. As
Table 3
Reproducibility of the milling process.

Bark Straw

Milling time (h) CoV (%) Milling time (h) CoV (%)

RBM 4.5 1.03 23 4.2
SBM 0.36 6.0 1.6 10.6
VBM 1.0 4.8 4.3 3.8
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an indication, the particle size distributions of IM_bark and
IM_straw pre-milled in the impact mill, that fed the three ball mills,
were also reported in Fig. 2. The main particle size indicators are
summarized in Table 4.

In all cases, the milling process employed was able to achieve a
target particle size of d50 ¼ 20 mm, and the particle size indicators
were fairly similar between each system. The cumulative curves
were very similar between powders from the three milling devices
for both biomasses, with only a slight difference found for the cu-
mulative distribution of RBM_straw, which was a little more cen-
tred on the median value compared to SBM_straw and VBM_straw
(i.e. a higher d10 and a lower d90). The d90 values obtained were
slightly higher for straw than for bark. In general, the milling de-
vices generating attrition tended to produce particles with higher
d90 values. This was the case with the VBM (attrition as main
mechanical stress) for bark and the VBM and the SBM (attrition and



Table 4
Size properties of IM-bark, IM-straw, and powders obtained from the three ball mills.

Bark
d10 (mm) d50 (mm) d90 (mm)

IM 10.2 62.7 309.0
RBM 3.4 19.7 68.6
SBM 3.3 20.6 65.5
VBM 3.1 20.6 76.1
Straw

d10 (mm) d50 (mm) d90 (mm)

IM 63.5 285.7 691.2
RBM 3.1 20.7 77.2
SBM 2.4 19.2 89.7
VBM 2.3 18.0 88.8
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impact) for straw. However, these differences remain minor, and
overall, we conclude that all three milling devices were able to
produce powders that meet the specifications in terms of particle
size distribution.
3.4. Specific milling time and energy consumption

In a first approach, the performance of a milling device can be
evaluated through two parameters: (i) specific milling time, which
is the time required to produce 1 kg of fine-powder lignocellulosic
biomass (calculated as in Eq. (6)) and (ii) specific energy con-
sumption (calculated as in Eq. (5)). Specific milling time is obtained
by dividing the milling time by the mass processed (msample), and it
informs on the milling process speed. Specific energy consumption
is defined as the amount of energy used to mill 1 ton of biomass to
the targeted particle size of 20 mm.

The specific milling times are reported in Table 5. Bark was
milled 4 to 5 times faster than straw, depending on the device
considered. Interestingly, this ratio was of the same order of
magnitude as the ratio of the median particle size of IM_straw to
median particle size of IM_bark, suggesting a strong correlation
between size of input material and milling time.

Fig. 3 shows that Es is much higher for straw milling than bark
milling, which is related to the longer specific milling time needed
for straw due to the input particle size and apparent density dif-
ferences previously discussed.

For both biomasses, RBM had the longest milling time and so
logically consumed more energy than SBM and VBM, i.e. about 4
times more for bark and 5e6.5 times more for straw, confirming
that impact as main mechanical stress is less efficient than attrition
or mixed (impactþ attrition) mechanical stresses. Note too that the
energy consumption for milling bark was not different between
SBM (4.2� 102 kWh.t�1) and VBM (4.0� 102 kWh.t�1) whereas the
energy consumption for milling straw was much lower with the
SBM (13.7 � 102 kWh.t�1) than the VBM (17.4 � 102 kWh.t�1). We
therefore find evidence that a mixed mechanical stresses is more
efficient for fragmenting the fibrous-structured straw particles.
Table 5
Specific milling time of bark and straw in the three ball mills.

ts specific milling time (h.kg�1)

Bark Straw

RBM 22.5 115
SBM 1.1 4.9
VBM 1.0 4.3

7

3.5. Rittinger model and grindability

To overcome the gap in initial particle size between IM_bark and
IM_straw and eliminate the dependency on capacity differentials
between the ball-mill devices, we plotted in Fig. 4 the created
specific surface area, defined as the surface area at time t (SSAt)
minus the initial surface of IM_bark/straw (SSAi), as a function of
the specific energy consumed for different milling times (t). SSAt
and SSAi were measured by laser diffraction (where SSA corre-
sponds to the total surface area created by a givenweight of powder
and determined as the sum of particle surfaces in all size classes,
based on the assumption of sphere-shaped particles [34]):

Created specific surface area ¼ SSAt � SSAi

Fig. 4 shows a linear correlation for the results from all the
milling devices on both biomasses, in agreement with the Rittinger
model which states that grinding energy is directly proportional to
created specific surface area [35]. The coefficient of this linear
correlation is related to type of biomass and type of mill.

Overall, a milling process will be more efficient if there is a good
fit between the mechanical stress employed and the type of ma-
terial to mill. This fit dictates the ‘grindability’ of the materials in a
given device. In a first approach, we assume that the slope of the
linear correlation plots this ‘grindability’, which means that
grindability is inversely proportional to specific energy consump-
tion: easier-milling material will consume less specific energy.

In other words, by fitting the experimental data, the grindability
is deduced from the following expression:

Created specific area ðEsÞ¼Grindability*Es

The final value of the created surface is higher for straw than for
bark, because IM_straw has a lower the specific surface area than
IM_bark.

This confirms the previous observations made on the basis of
the specific energy consumption. Bark appears to have significantly
better grindability than straw in all the milling devices. Bark and
straw both have lower grindability values in RBM than in other
devices. In addition, grindability values for bark were very similar
between SBM (0.0016) and VBM (0.0015), whereas grindability
values for straw were higher in the SBM than in the VBM. This
confirms that mixed impact-plus-attrition is the most efficient
regime for milling straw.

3.6. Agglomeration phenomena in the different milling devices

Unlike previous observations on the fine milling of wood [36],
bark [33] or silica [34], the specific surfaces in Fig. 4 did not reach a
plateau, which is generally attributed to a prevalence of agglom-
eration phenomena, in the range of Es applied in these



Fig. 3. Specific milling energy consumption (calculated from Eq. (5)) to obtain (a) bark and (b) straw powders of median size ¼ 20 mm.

Fig. 4. Evolution of created specific surface area (from laser granulometry measurements) of (a) bark and (b) straw powders as a function of specific energy consumption.
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experiments. The milling experiments may have not been long
enough to attain a clear agglomeration plateau. The linear corre-
lation observed appears to reflect a constant balance between
comminution and agglomeration phenomena throughout the
milling process. We previously made similar observations for flax
fibres milled in the VBM [28]. However, the agglomeration phe-
nomenamay still be present but masked by course of comminution.
In previous work, Rajaonarivony et al. (2019) [33] showed that the
agglomeration phenomena was assessable by comparing the spe-
cific surface areas measured by laser diffraction and by gas sorption
(BET). These values, are reported in Table 6 for both of the
biomasses.

Direct comparison of SSA between laser diffraction and BET is
not a trivial task, as the two measurement methods are based on
different physical principles. In particular, the difference between
Table 6
Specific surface areas of finely-milled powders measured by laser granulometry (SSAgran

Bark

SSAgranulo (m2.g�1) SSABET (m2.g�1) SSABET/SSAgranulo

RBM 0.82 ⊞ 0.10 1.27 F 0.01 1.55
SBM 0.95 4 0.03 1.14 ± 0.06 1.20
VBM 0.92± 0.00 1.61 ± 0.06 1.75

8

SSABET and SSAgranulo is much higher for straw than for bark,
probably due to a higher porosity of straw [37]. However, for a given
biomass, it is instructive to qualitatively compare the SSABET-to-
SSAgranulo ratio for the different devices in order to evaluate the
potential agglomeration state of the powder, as the devices that
lead to high ratios can be considered to generate more agglomer-
ation. For both biomasses, themilling devices ranked similarly from
the highest to lowest ratio, i.e. VBM, RBM and SBM. Rajaonarivony
et al. (2019) [33] evidenced that attrition generated a high amount
of small particles, which could logically lead higher agglomeration
levels. They also demonstrated that the impact work tends to create
stronger agglomerates by compacting the powder, which is
consistent with our observations that the RBM leads to
intermediate-level agglomeration whereas the SBM remained the
‘least agglomerative’ device.
ulo) and by gas sorption (SSABET) techniques, and SSAgranulo-to-SSABET ratio.

Straw

SSAgranulo (m2.g�1) SSABET (m2.g�1) SSABET/SSAgranulo

0.83 4 0.10 2.24 ± 0.08 2.70
1.08 ± 0.00 2.48 ± 0.03 2.30
1.11 ± 0.01 3.21± 0.03 2.89
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3.7. Energy utilization

Apparent energy consumption for comminution (calculated
from SSAgranulo) can be affected by the degree of powder agglom-
eration imparted by the different mills, as the fine particles that
agglomerate are not detected in the total surface area measured by
laser diffraction.

Fig. 5 shows the energy utilization (Ue), i.e. the surface created
by an input of 1 kWh, determined from both SSAgranulo and from
SSABET [24]. This representation once again highlights the greater
grindability of bark compared to straw, as a greater surface is
created for 1 kWh input. The SSA measurement method also finds
some major differences between milling devices.

First, note that the RBM had the lowest Ue values for both bio-
masses and both SSA measurement methods. This means that
despite being widely used for milling biomass [21,38,39], the
impact-regime RBM appears to be the least efficient device.

For bark, both measurement methods led to similar Ue values
except in the case of VBM for which the Ue value determined by the
BETmethod was 1.8 times higher than the Ue value obtained for the
SBM. Indeed, the VBM, which mainly uses attrition, generated high
numbers of fine particles that tend to agglomerate during milling
but are still present in the final powder. These agglomerates of fines
may increase the reactivity of the powder if they are de-
agglomerated before or during application (for example, during
the explosion of powdered fuel in an engine). For straw, there was a
clear difference between the Ue values determined by laser
diffraction and the BETmethod and can be directly correlated to the
higher SSA value obtained with BET measurements. For both
measurement methods, the Ue of the SBM and VBM were in the
same range. We had previously shown that a combination of
impact and attrition allows a faster and a more efficient reduction
of fibrous particles, but the ability of attrition to produce large
amounts of small particles that tend to agglomerate partly com-
pensates for this phenomenon and leads to similar efficiencies in
SMB and VBM.

These conclusions warrant careful interpretation. On the one
hand, agglomerates may not be disintegrated prior to or during
application, which could prove prejudicial for end-product quality,
whether for energy applications if a part of the surface is not
accessible to the oxidizing reaction, or for material applications if
the agglomerates induce structural weaknesses. On the other hand,
if agglomeration is kept limited during the milling step, such as by
grinding aids, then milling efficiency could be significantly
increased, as the energy delivered by the device will only be used to
fragment the raw material and not to de-agglomerate the powder
or even drive the formation of new agglomerates by compaction
[40].
Fig. 5. Energy utilization of the ball mills, using the SSAgranulo
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Therefore, choosing the right milling device is never a trivial
task, and should be done carefully by factoring in the energy effi-
ciency of the mill but also the quality of the powder for the targeted
application. The following discussion aims to provide key insights
to guide the choice of suitable milling hardware for lignocellulosic
biomass comminution.

4. Discussion

The results of this study demonstrate that fine-milling perfor-
mances on lignocellulosic feedstock can differ according to tech-
nology employed and type of processed biomass. First, note that for
most of the biomasses available, a single milling step is unable to
reach the 10e20 mm particle size range. Pre-milling steps are
required to render the format of the input biomass material
compatible with proper functioning of the last comminution step,
that can be viewed as a finishing milling. However, some other
commonly-available small-particulate-format feedstocks such as
rice husk or wood sawdust may be fed directly into ball mills to
yield ultrafine powders.

In order to compare the three ball mills in terms of performance
and practicality in lignocellulosic biomass milling, we assessed
their productivity and speeds using two indicators, i.e. mass pro-
ductivity (Pm) and surface creation rate (Rs), calculated according to
equations (8) and (9). Pm corresponds to the mass of powder with a
median particle size d50 ¼ 20 mm that can be produced per kWh
delivered by the machines, and Rs is an expression of the speed of
surface creation, i.e. the variation in specific surface area (measured
by the BET method) that is generated per hour. Pm gives an indi-
cation of how efficiently the available power is used in the different
milling machines, and Rs gives an indication of their time efficiency.
The indicators for bark and straw milling are given separately.
Furthermore, average values were calculated to give a representa-
tive estimate for lignocellulosic biomass in general. Indeed, bark
and straw were chosen in this study for their very different
compositional and mechanical typologies that span the potential
milling behaviour of a wide range of current lignocellulosic feed-
stocks. Table 7 reports the values for maximum available specific
power (nominal machine power relative to 1 kg of process capacity
in the mill).

The most powerful mill is clearly the SBM, with ~2.5 times more
available power than the RBM and up to 15 times more available
power than the VBM, bearing in mind that this power is applied
through different dominant mechanical stresses in the three mill-
ing devices. The average mass productivity on biomass was similar
between the SBM and VBM, whereas the RBM performed poorly
(Pm was ~4.5 times lower than with the SBM and VBM). We
conclude that the available power is much better utilized in the
and SSABET values calculated for (a) bark and (b) straw.



Table 7
Available power, mass productivity and surface creation rate of the three ball-mills.

Available specific power (kW.kg�1) Pm: Mass productivity (kg.kWh�1) (for d50 ¼ 20 mm powder) Rs: Surface creation rate (m2.g�1.h�1) (calculated from SSABET)

Bark Straw Average Bark Straw Average

RBM 1.9 0.56 0.11 0.34 0.15 0.06 0.11
SBM 4.6 2.34 0.73 1.53 1.54 1.04 1.29
VBM 0.3 2.50 0.57 1.54 1.03 0.56 0.79
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VBM (working predominantly by attrition) and the SBM (working
predominantly by impact þ attrition) compared to the RBM
(working predominantly by impact). Looking at the two biomass
samples separately, it can be seen that there is a gap in productivity
between bark and straw in each mill. Whatever the milling device
employed, Pm was 3e5 times higher for bark, with the biggest
performance gap found for the RBM (impact regime). The me-
chanical properties of the brittle pine bark make it more conducive
to milling than straw which has a deformability that absorbs a
larger share of the milling power. In the SBM, the productivity
difference between bark and straw was smallest, thus evidencing
the efficiency of combined impact þ attrition processes on recal-
citrant fibrous material. The average processing speed (Rs) of the
mills shows that SBM enables far more rapid surface-area creation
than the RBM (12 times) but only 1.6-times faster surface-area
creation than the VBM. Surface-area creation was always quicker
for bark than for straw, whatever the mill. The processing-speed
difference between bark and straw was biggest in the RBM and
smallest in the SBM.

In summary, this study suggests that fine milling of lignocellu-
losic biomass in batch ball mills is more efficient when using ma-
chines that work mainly by attrition or impact þ attrition than
machines that work mainly by impact. A mill combining impact
and attrition stresses proves more efficient in terms of productivity
and processing speed when the biomass to be milled is recalcitrant,
fibrous and tenacious, like straw. However, the faster processing
speed of an SBM-type mill comes at a cost of high power demand,
as seen in Table 7. Mucsi & Racz (2017) [24] also demonstrated that
a stirred-bead mill resembling our SBM, which they called a ‘high
energy density mill,’ was highly efficient for the ultrafine dry
comminution (10 mm range) of grapeseed, which is a tenacious and
multi-layered lignocellulosic material. On the other hand, a VBM-
type mill uses less electric power to achieve effective fine powder
productionwith good power utilization, but with longer processing
times. Kobayashi et al. (2007) [5] showed that a vibratory mill is
better designed than cutter mills or refiners for pulverizing ligno-
cellulosic biomass. They reported values in the range of
400 kWh.t�1 to reach particle sizes down to a few dozen mm, which
is comparable with our data on bark milling with the VBM. They
successfully converted spruce tree shavings into 20e30-mm pow-
ders using their vibration mill, but they also noted significant
agglomeration with this type of technology. An RBM-type mill
appears ill-suited to lignocellulosic biomass pulverization, in terms
of energy utilization, productivity and processing speed, with the
parameters used in our study. Using the RBM milling principle for
biomass micronization would entail restudying the operating pa-
rameters, the mass and shape of the balls, and possibly even the
geometry of the milling chamber. Although our results were ob-
tained at relatively small scale, we can assume that our analysis of
the comminution mechanisms and energy utilization ranges of the
different mill types compared here remains valid at higher scale,
and could thus inform the selection of machine configurations for
larger processing capacities.

Another important factor when milling lignocellulosic biomass
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is the energy-effectiveness of the process, especially when com-
bustion applications are targeted. The energy spent for particle size
reduction should not exceed the basic energy content (expressed as
lower heating value, LHV) of the biomass. Bark and straw have LHVs
of 4700 and 4100 kWh.t�1, respectively. The milling energies in our
study ranged from 400 kWh.t�1 for bark milled with the VBM to
more than 9000 kWh.t�1 for straw milled with the RBM. The most
advantageous situations were for bark processed by SBM and VBM
devices, where milling energy represents less than 10% of LHV
whereas straw processed with the same mills required an input
demand of 33e42% of its basic energy content. Milling with the
impact-regime RBM, in the configuration used in this work, was by
far the less viable process route, as it demanded 37% of the bark
energy content and as high as 220% of the straw energy content to
reduce these materials into 20 mm powders. RBM technology is
clearly not adapted to deep comminution of fibrous lignocellu-
losics. Concerning the other mills, even though the energy required
for extensive milling may in some cases appear relatively high
compared to the potential heat release of the biomass, it must be
born in mind that there is plenty of room for improving and opti-
mizing energy utilizationwhen upscaling the process. For example,
industrial wheat grain processing now requires as little as
50 kWh.t�1 to mill flour [36].

The superfine powdered format confers unique fuel properties
to the dry biomass. Controlled powder explosivity, which can only
be reached below a certain particle size, can ‘fuel’ internal com-
bustion engines that are able to instantly deliver substantial me-
chanical power. The energy services provided by the lignocellulosic
biomass can thus be extended far beyond the conventional prod-
ucts of slow combustion and gasification.
5. Conclusion

This experimental research studied two different lignocellulosic
biomasses milled in batch ball mills operating in three different
functional configurations. The results showed that the milling
stresses were transferred mainly by impact in the rotary ball mill
(RBM), by attrition in the vibratory ball mill (VBM), and by a
combination of impact and attrition in the stirred ball mill (SBM). In
each mill type, the particle size reduction was always quicker and
less energy-intensive on bark (a brittle material) than on straw (an
elastoplastic material). Among the three mills, the RBM required
the longest milling times and was the least energy-efficient. The
SBM and VBM showed comparable energy utilization, but the VBM
caused significantly more agglomeration of fines. The SBM pro-
cessed the matter faster than the other devices and was propor-
tionally more efficient on the fibrous lignocellulosic sample, thus
providing evidence that a combination of attrition and impact
stresses is more effective for the pulverization of lignocellulosic
biomass.

Besides the efficiency of the milling process, another key factor
for driving the use of lignocellulosic biomass is that the milled
biomass powders can meet the specifications required for end-use
applications. The milling step should be managed and controlled to
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ensure that the powdered product exhibits specified individual and
collective particle properties, i.e. particle size and dispersion and
particle shapes, resulting in suitable and reproducible behaviour in
terms of storage and functional and flow properties. The powders
obtained from the three ball mills studied here now need to be
thoroughly characterized in order to relate their properties to the
powder process technology used.
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