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Cell disintegration is, in general, the first step in the biorefinery of algae, since it allows the release of bio-
molecules of interest from the cells into the bulk medium. For high-value commercial applications, the
disintegration process must be selective, energy efficient and mild. Developing a process with such fea-
tures would demand extensive experimental effort. In the present study, we attempt to provide a tool for
developing an efficient disintegration process via bead milling, by proposing a modelling strategy that
allows the prediction of the kinetics of cell disintegration while having as input not only process param-
eters but also strain-specific parameters like cell size and cell-wall strength. The model was validated for
two different algal strains (Tetraselmis suecica and Chlorella vulgaris), at various values of bead size (0.3–
1 mm) and bead fillings (2.5–75%) and at two different scales of 80 and 500 mL. Since the kinetics of dis-
integration is proportional to the kinetics of release of biomolecules, the model can be further used for
scale-up studies and to establish a window of operation to selectively target cells or metabolites of inter-
est. Furthermore, the energy consumption in the mill was evaluated and it was found that operating at
high bead fillings (>65%) is crucial to ensure an energy efficient process.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

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

Microalgae have gained attention in the last years as a sustain-
able feedstock, since their cultivation is not dependent on fresh
water or arable land and can contribute to the mitigation of carbon
emissions (Draaisma et al., 2013). Algae can accumulate a variety
of biomolecules, which can serve multiple industries: proteins for
food/feed applications (Vanthoor-Koopmans et al., 2013), carbohy-
drates for materials and biofuels (Chen et al., 2013), lipids for
nutraceuticals and biofuels (Adarme-vega et al., 2012), pigments
and specialty chemicals (Cuellar-Bermudez et al., 2015) for high
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Nomenclature

Symbols
A cross-sectional area of the gap between the accelerator

and chamber wall [m]
CX algal biomass concentration in the suspension [g/kg]
db bead diameter [m]
dX cell diameter [m]
E total energy released by collisions [J s�1]
Eb energy released in a single impact event [J]
Eb specific energy consumption [kWh kgDW�1]
EX specific energy required to disrupt a single cell [J/cell]
F recirculation flowrate [m3/s]
kdis disintegration kinetic constant [s�1]
L effective length of the milling chamber [m]
n number density of beads [bead/m3]
nX number density of cells [cell/m3]
nXf number density of cells in the feeding compartment

[cell/m3]
nX;out number density of cells in the recirculation flow [cell/

m3]
ub bead velocity [m/s]
uL liquid velocity [m/s]
uh azimuthal component of liquid velocity [m/s]
P volumetric energy supply due to collisions [J m�3 s�1]
R the radius of the milling chamber [m]
r radial position inside the milling chamber [m]
rb bead radius [m]

rj radial position of the centre of mass of bead at layer j
[m]

t Time [s]
Vb volume of a single bead [m3]
Vch volume of milling chamber [m3]
Vf remaining volume of suspension inside the feeding

chamber [m3]
Vsusp total volume of suspension [m3]
VX volume of a single cell [m3]
T throughput of a bead mill [m3/h]
z collision frequency of beads per unit volume [m�3 s�1]

Greek symbols
a bead filling percentage
_c shear rate [s�1]
e bead porosity due to packing
g effective disintegration efficiency constant
j the ratio between the accelerator radius and the mill ra-

dius
l liquid dynamic viscosity [kg s�1 m�1]
qb bead density [kg/m3]
qL liquid density [kg/m3]
X angular velocity of the accelerator [s�1]
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end markets, just to name the most common applications. How-
ever, in order to recover the valuable biomolecules from algae, it
is necessary to access the cell wall and/or membrane under mild
conditions. To achieve this, several methods have been reported
in literature, including physical, biological and chemical treat-
ments (Dixon and Wilken, 2018; Günerken et al., 2015; Phong
et al., 2018). Among these, bead milling has been proposed as an
energy efficient, mild technology leading to complete cell disinte-
gration and selective release in a short time (Suarez Garcia et al.,
2018).

Bead mills have been extensively studied for applications in
mineral processing and biotechnology (Kwade et al., 1996; Kula
and Schütte 1987). However, investigations regarding microalgae
biorefinery have been limited to disintegration studies (Postma
et al., 2015) using statistical tools, residence time distribution anal-
ysis and kinetic studies (Montalescot et al., 2015) and application
of the stress model (Montalescot et al., 2015; Postma et al., 2017;
Zinkoné et al., 2018). The stress model developed by Blecher
et al. (1996) and Kwade et al. (1996) for the comminution of min-
erals, is based on the existence of stress events that lead to shear
and eventual disintegration. Both the intensity and the frequency
of such events are taken into account to quantify the power trans-
ferred to the product and the corresponding comminution (crys-
talline materials) or disintegration extent (agglomerates and
cells). However, in the case of cells, the model does not include cell
properties and assumes that the beads move at a speed propor-
tional to the tip speed. This is an important disadvantage as the
beads develop a velocity profile in the milling chamber
(Yamamoto et al., 2012).

A more complete theoretical understanding of the disintegra-
tion of microalgal cells in bead mills is lacking. It is important to
take into consideration the mechanical properties of the cells, in
particular cell-wall strength, which is dependent on the cell com-
position and size, as already known for yeast (Smith et al., 2000).
Also equipment characteristics and process variables (e.g., bead
size, bead filling ratio, agitation speed, flow rate) need to be taken
into account. Furthermore, as the release of biomolecules -
proteins, carbohydrates and pigments- is linked to the kinetics of
cell disintegration (Postma et al., 2017; Suarez Garcia et al.,
2018), a more clear understanding of the cell disintegration pro-
cess can contribute to their design, operation, optimization and
scale-up.

The present study aims at developing a modelling strategy for
the disintegration of microalgae cells in bead mills. The model
takes into consideration the mechanical properties of the cell as
well as several process and equipment variables. We have included
the concept of effective disintegration energy and have considered
variable energy release as function of the mill radius. The model is
validated with experimental data at various bead sizes and bead
fillings, at two different scales and for two microalgae strains.
We also propose that the kinetic constants can be used as a key
parameter in process design studies, performance indicator, opti-
mization and for scale-up purposes.

2. Material and methods

Microalgae cultivation and harvesting. Tetraselmis suecica (UTEX
LB2286, University of Texas Culture Collection of Algae, USA) was
cultivated using two different systems. For lab-scale experiments,
cultivation took place in a 25 L flat panel photo-bioreactor. Ten flu-
orescent lamps (Philips 58 W/840) provided a continuous incident
light of 373 ± 18 lmol m�2 s�1. Mixing and pH � 7.5 were main-
tained by sparging gas (0.25 vvm) composed of a mix of air and
5% v/v CO2. For semi-pilot scale experiments, cultivation was done
in a 300 L tubular horizontal photo-bioreactor. The system was
subjected to artificial light by 7 halogen lamps with a total incident
light of 312 ± 25 lmol m�2 s�1 and a light:dark regime of 20 h:4h.
pH � 7 was controlled by sparging a blend of air and 7% (v/v) CO2

at 0.25 vvm. The culture was thoroughly mixed in a mixing cham-
ber fitted in the system by continuous liquid recirculation at a rate



Table 1
Dimensions of bead mills used for the disintegration experiments.

Section Unit Laboratory Semi-pilot

Chamber volume mL 79.6 500
Chamber radius mm 29.5 38.5
Accelerator radius mm 25 31.8
Number of accelerators 1 3
Shaft radius mm 15 13.3
Chamber length mm 38.5 139.1
Accelerator length mm 22 99.1
Shaft length mm 7 40.0
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of 30 L min�1. Both systems are operated under batch mode. Walne
medium was supplied at the beginning of the culture at a ratio of
8.8 mL L�1 culture (Michels et al., 2014). Temperature was main-
tained at 20 �C via inner coils controlled by an external cooling
unit. The photo-bioreactors were located in a greenhouse in Algae-
PARC, Wageningen – The Netherlands. Cultures were harvested by
centrifugation (3100g) using a spiral plate centrifuge (Evodos 10,
Evodos, The Netherlands). After centrifugation, the biomass paste
was stored in dark at 4 �C. The experimental data for Chlorella vul-
garis at laboratory scale was obtained from Postma et al. (2017,
2015). In short, the strain SAG 211-11b (EPSAG Göttingen) was cul-
tivated in repeated batches in a 12 L photobioreactor in M8a-
medium. pH was controlled at 7 by supplying air and CO2 at 0.25
vvm. The incident light intensity was increased from 400 to
1100 lmol m�2 s�1 during culture time. For pilot experiments,
Chlorella vulgaris UTEX 2714 was kindly provided by Dr. Dorinde
Kleinegris (UniResearch, Bergen-NO) and Jeroen de Vree (Univer-
sity of Bergen, Bergen-NO).

Algae disintegration. Prior to the disintegration experiments, the
algae paste was re-suspended in phosphate-buffer saline (PBS:
1.54 mM KH2PO4, 2.71 mM Na2HPO4�2H2O, 155.2 mM NaCl at pH
7.0) to obtain the desired biomass concentration. Disintegration
experiments were conducted in batch recirculation mode
(Fig. 1A) using two horizontally oriented bead mills (Willy A.
Bachofen AG Maschinenfabrik, Muttenz, Switzerland). Laboratory
scale studies were conducted in a 0.079 L mill (DYNO-Mill
Research Lab). To test the effect of the shear generated by the agi-
tator on the cells, the mill was run without beads at 1500, 3500,
and 5500 rpm and slurry concentrations of 30, 93, and 155 g kgDW�1 .
Additionally, disintegration studies were performed at bead filling
ratios of 2.5, 10, 45, 65 and 75%. These correspond to the percent-
age of the maximum achievable packing. With respect to absolute
filling, the filling ratios are 1.6, 6.3, 28.6, 41.2 and 47.6%. Semi-pilot
experiments were conducted in a 0.5 L mill (DYNO-Mill Multilab)
at 75% bead filling ratio and 1800 rpm. Both milling systems con-
tained 0.5 mm Yttria-stabilised ZrO2 beads (Tosoh YTZ�). Temper-
ature was controlled at 25 �C by external cooling units fitted to the
mill’s cooling jacket. Equipment details are given in Table 1.

Power consumption and heat dissipation. Power consumption
was estimated from the actual torque and agitator’s speed used
by the mill during operation. Heat dissipation was assessed by run-
ning the mill (65% of 0.5 mm beads, 100 g L�1 biomass slurry)
without external cooling and by recording the temperature
increase over a period of 20 min. The corresponding power was
Fig. 1. Schematic representation of the bead milling system. A:Milling chamber under ba
bead stacking in layers. C: Force balance on a single bead (Fd = Drag, Fb = Boyancy, Fg = G
estimated from the temperature increase using as specific heat
3.87 J kg�1 K�1 and density of 1200 kg m�3 (Schneider et al., 2016).

Sample collection for kinetic studies. For each experiment, sam-
ples were collected at different times directly from the feeding
chamber (Fig. 1A). The volume of the total samples never sur-
passed 5% of the feed volume. After collection, samples were cen-
trifuged at 20,000 RCF and 20 �C for 20 min. The supernatants
were separated and stored at 4 �C prior to analysis.

Sample analysis. Dry weight was determined gravimetrically
after drying for 24 h to constant weight using a Sublimator
2�2�3 (Zirbus technology, GmbH). Analysis of the soluble phase
was conducted as described by Postma et al. (2017). In short, pro-
tein content was determined following the method of Lowry
(Lowry et al., 1951) using Bovine serum albumin as protein stan-
dard. Carbohydrates were measured via the phenol-sulfuric acid
method (Dubois et al., 1956) using glucose as standard.

Cell sizing and disintegration. Cell size was estimated with a
Beckman Coulter Multisizer 3 (Beckman Coulter, Fullerton USA)
with a fixed aperture of 50 lm. Samples were diluted with Coulter
Isoton� II prior to analysis. The size distribution of microalgae cells
shows a peak at �1–2 lmwhich corresponds to flagella, cell debris
and bacterial contamination. In this study we report only the mean
of the second peak, which correlates to intact cells. The disintegra-
tion analysis was conducted as presented in our previous publica-
tion (Postma et al., 2017) using a flow cytometer (BD Accuri� C6).
Samples were diluted with PBS buffer prior to analysis and mea-
sured at fluidics rate of 35 lL min�1 and a constant volume of
15 lL. Forward scattering data was used to quantify the degree
of disintegration over time.

Viscosity. The viscosity of the biomass slurries was determined
using a dial reading viscometer Brookfield� LVT (AMETEK. Inc.,
USA). Measurements were conducted at ambient conditions.
tch recirculation mode. B: Frontal view of milling chamber with velocity profiles and
ravity).
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Statistics. Until otherwise noticed, all experiments were per-
formed in duplicates. Statistical analysis at 95% confidence level
was conducted using R (V 3.4.0). Significance was evaluated by
applying one way ANOVA. To compare significantly different
means, a Tukey’s Honest Significant Tests (HSD) was applied.
3. Model development

A schematic representation of the milling system under batch
recirculation mode is shown in Fig. 1. A suspension containing alga
cells at a concentration nx is fed from a hopper to the milling cham-
ber via a conveying screw and recirculated back at a constant rate
F. In the milling chamber, disintegration takes place as a result of
the shear caused by colliding beads. The following assumptions
are made:

i. As shown in Fig. 1A, an external stirrer is placed in the feeding
hopper and thus, ideally mixed conditions are assumed (Eq. (1)).
The conveying screw forces the fluid through the milling chamber
where strong mixing takes place, pushing the fluid back to the feed
section. Here, ideally mixed conditions are considered
(Montalescot et al., 2015) (Eq. (2)):

Vf dnX;f ¼ FðnX;out � nX;f Þdt ð1Þ

FnX;out ¼ FnX;f � nX;outkDVch ð2Þ

Vf ¼ Vsusp � 1� a � ð1� eÞð ÞVch ð3Þ
where e is the porosity of the bead porosity due to packing, Vch is
the volume of the mill chamber, a is the bead filling ratio, nX,f and
nX,out are the cell concentrations in the feed and mill respectively,
and Vf the volume of feed. In Eq. (2), kD [s�1] is a constant given by:

kD ¼ Vx

Vch
g

E
EX

ð4Þ

where VX is the volume of a single cell, E is the total energy resulting
from collisions in the mill and EX the energy required to break a sin-
gle cell. The fraction Vx Vch

�1 represents the probability of cells to be
hit by collisions in the mill while the fraction E EX

�1 accounts for the
excess of energy of collisions in the mill. While kD can be seen as a
constant accounting for cell death, g represents the ‘‘effective disin-
tegration energy” and gives an indication of the energy losses for
other purposes rather than cell disintegration.

ii. In the mill chamber, the accelerator rotates at a constant
speedx and transfers momentum to the fluid and to beads of equal
size db (Fig. 1B). The movement of the beads is governed by several
forces, including gravity, drag and buoyancy (Fig. 1C). By applying
a force balance on an individual bead, the resultant bead velocity is
given by:

ub ¼ uL 1� exp � 18l
qbd

2
b

t

 ! !
ð5Þ

where uL and l are the liquid velocity and viscosity respectively,
and qb is the bead density. In Eq. (5) it was assumed that the effects
of gravity and buoyancy cancel out at the opposite positions in the
circular coordinate. In addition, centrifugal force, hydrodynamic lift,
Coriolis force and bead rotation are neglected. This allows us to for-
mulate bead velocity as a function of the frictional force or Stokes’
drag (Dogonchi et al., 2015). Eq. (5) predicts that ub � uL even for
very short times due to the small bead size. We therefore assume
that the fluid and the beads are traveling at equal speeds. Conse-
quently, ub is a function of the radial position as there is a distribu-
tion of velocities between the accelerator and the chamber wall.
Furthermore, we consider beads to be homogeneously distributed
in the mill and stacked in layers (Fig. 1B).
iii. The stacking of beads in layers has also been used by Doucha
and Lívanský (2008) and allow us to have a distribution of number
of beads and their velocities by layers (J to Jm), i.e., there are fewer
beads close to the accelerator traveling at maximum speed (speed
of the accelerator) and more beads close to the wall moving at low
speeds or static. This also means that more layers are available for
beads of smaller size. Computational estimations by Yamamoto
et al. (2012) support these assumptions.

iv. The alga slurry behaves like a Newtonian fluid. Preliminary
experimental data revealed negligible changes in viscosity during
bead milling (Supplementary data). Thus, the Navier-Stokes equa-
tion in Couette flow (Bird et al., 2002) can be used to describe the
fluid velocity distribution uL in the annular section (Fig. 1B). The
effect of gravity on the flow distribution and the axial velocity
component are deemed negligible. Under these conditions, the
velocity profile and shear rate ( _c) in the mill are given by (Gers
et al., 2010; Michels et al., 2016; Yamamoto et al., 2012):

uL ¼ Xj2

1� j2

R2

r
� r

 !
ð6Þ

_c ¼ 2Xj
1� j2 ð7Þ

where j is the ratio of the radius of accelerator and mill chamber
(R), X is the angular velocity and r is the radial position inside the
mill. Correspondingly, the shear stress can be estimated by multi-
plying the shear rate and the fluid viscosity (Bird et al., 2002;
Geankoplis, 1993; Michels et al., 2010). Moreover, Eqs. (5) and (6)
were applied to the two sections of the milling chamber: shaft
and accelerator.

v. The moving beads carry kinetic energy which is released
upon collisions. The frequency of collisions per unit volume (z)
was estimated according to the kinetic theory of gases (Atkins
and Paula, 2006) as proposed by Melendres et al. (1991):

z ¼
ffiffiffi
2

p

2
ubpd

2
bn

2 ð8Þ

where n is the number density of beads (number of beads per unit
volume). Since there is a distribution of velocities for the beads, Eq.
(8) leads to a distribution of frequency of collisions as a function of
the mill radius.

vi. Several types of interactions can take place among moving
beads, including impact, torsion, shearing and rolling (Beinert
et al., 2015). Similarly, the interaction of colliding beads and cells
can result in shear forces, compressive forces and impact forces
(Pan et al., 2017). It was assumed that all the energy is released
after single collision impacts and that their energy is equivalent
to the kinetic energy carried by the beads:

Eb ¼ qbVbu2
b ð9Þ

where qb and Vb are the density and volume of the bead, respec-
tively. The total energy released by colliding beads (E) is therefore
calculated as the product of the energy and frequency of collisions
(Kwade and Schwedes, 2002):

E ¼
Xjm
j¼1

Eb;j � zj � Vj ð10Þ

where the subscript j refers to the radial stream layers in which the
beads are moving in the milling chamber (Fig. 1B).

vii. The specific disintegration energy EX depends on the physi-
ological structure of each species and on the media osmolality. The
corresponding values for T. suecica (17.4 pJ) and C. vulgaris (22.8 pJ)
were taken from Lee et al. (2013) and Günther et al. (2016) and
corrected by the osmolality of the media (PBS buffer). Although cell
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disintegration can also take place as a result of cumulative damage,
such effects were not taken into consideration. This is because of
the lack of knowledge regarding the effect of every shear event
on the cell structure, and how they contribute to lowering the
cell-wall strength and to the disintegration process.

viii. Several authors have recognized the existence of a region
between colliding beads in which disintegration effectively takes
place (Bunge et al., 1992; Kwade and Schwedes, 2002; Melendres
et al., 1991). We have introduced the concept of ‘‘effective disin-
tegration energy” g to account for the energy released after colli-
sions that reache the cells to cause damage or disintegration.
Suarez Garcia et al. (2018) presented an overview of the specific
energy consumption (Em) of several bead milling processes
reported in literature for microalgae disintergation; the average
experimental value was Em,exp = 11.8 kWh kgDW�1 . On the other
hand, the average experimental energy for disintegration is
Ex = 1.35 � 10�3 kWh kgDW�1 . g was therefore calculated as
g = EX/Em,Exp = 1.15 � 10�4.

Eqs. (1) and (2) can be solved in order to estimate the amount of
cells that are leaving the milling chamber nx,out:

dnX;out

dt
¼ �kdisnX;out; kdis ¼ F

Vf

F
F þ kDVch

� 1
� �

ð11Þ

Eq. (11) corresponds to a first-order kinetic model, as several
authors have implemented to describe the disintegration kinetics
of bacteria, yeast and microalgae in bead mills (Doucha and
Lívanský, 2008; Kula and Schütte, 1987; Middelberg, 1995;
Zinkoné et al., 2018).

Model solution. The values of kdis for several experimental and
processing conditions were estimated by solving Eqs. (3)–(11)
using Matlab� R2015b.

4. Results and discussion

Cell damage and disintegration occur as a result of the cumula-
tive intensity of the forces that effectively reach the cells. The nat-
ure of such forces and their effect on the cells depend on the type of
disintegration method. In general, differences in osmotic pressure,
electric fields, eddy diffusion, turbulence, cavitation, hot spots and/
or shear caused by mechanical elements are believed to be the
responsible mechanisms of damage on the cell structure
(Brookman, 1974). The rigidity of the cell envelope also plays a
critical role to withstand shear forces, temperature or extreme
local pressure gradients. Cell strength varies greatly depending
on the microalgae strain and the cell physiology. Wang and Lan
(2018) reported critical stress values (i.e., pressure limit to ensure
cell viability) for several algae species in the range 1.6 � 10�4 to
Fig. 2. A. Variation in the percentage of disintegrated cells and released proteins and c
operating conditions (L: Low, M: Medium, H: High) for biomass concentration: 30, 93,
milling chamber at several tip speeds [m s�1].
88 Pa. Low critical values are often occurring in strains displaying
outer peptidoglycan layers, plasma membranes or polysaccharides
which can dissolve in the culture medium (Geresh et al., 2002). On
the contrary, strains with a cell wall rich in polymers like cellulose
or sporopollenin (Hagen et al., 2016), are highly resistant to stress
and chemical treatments. Tetraselmis suecica’s cell wall rich in a
pectin-like polysaccharide (Kermanshahi-pour et al., 2014), which
confers the cells relative resistance to shear stress (Michels et al.,
2016). Chlorella vulgaris is believed to contain a cell wall rich in cel-
lulose and hemicellulose (Abo-Shady et al., 1993) and therefore
displays a greater resistance against external stress. In a milling
chamber, however, shear can be originated from collisions, from
friction between beads or from the turbulence generated nearby
the accelerator or close to the wall. Several experiments were
therefore conducted in order to assess the effect of shear caused
by agitation without beads.

4.1. Effect of shear on cell disintegration

The shear generated by the rotation of the agitator without
beads, in the range 1500–5500 rpm, has a negligible effect on the
cells of T. suecica. This was confirmed by measuring the percentage
of cell disintegration and the amount of released proteins and car-
bohydrates after 20 min of operation. As presented in Fig. 2A, cells
remain practically intact and the amount of released biomolecules
varies only marginally (p > 0.05). Even after 1 h of operation, no
significant effect was noted (data not shown). Under these opera-
tional conditions, the alga cells were exposed to theoretical shear
stress up to 5.5 kPa (Eq. (7)), which is well above the critical stress
level of 88 Pa reported by Michels et al. (2016). Lee et al. (2013)
reported a minimum experimental force required to disrupt a cell
of T. suecica of 7.1 ± 3.5 mN. By considering this force acting on the
surface of a cell with an average diameter of 7 mm, the minimum
theoretical stress required to cause disintegration varies from
23.4 to 68.8 kPa. This confirms that agitation alone is insufficient
to induce cell disintegration or release of proteins and carbohy-
drates from the alga under study.

Simulations of the fluid and bead flow profiles were conducted
at agitation speeds of 1500–5500 rpm, bead sizes of 0.3–1 mm and
fluid viscosities of 1 � 10�3 to 1.6 Pa s. This range of viscosities was
determined during preliminary experiments (data not shown), as it
covers the biomass concentrations typically reported in literature.
It was found that the flow profile for the beads deviates signifi-
cantly from the ideal Couette flow (Eq. (6)) only at low viscosity
values (m < 0.01 Pa s) and short times (t < 0.1 s). Since all disinte-
gration experiments were conducted with biomass slurries dis-
playing viscosities above 0.017 Pa s, significant differences in
arbohydrates after 20 min stirring without beads. Letters in the y-axis refer to the
155 g L�1, and agitation: 1500, 3500, 5500 rpm. B. velocity profiles of beads in the
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fluid and bead velocity are only taking place at t < 0.05 s. It is there-
fore assumed that ub = uL. It is worth noticing that in reality the
flow patterns in agitated mills is greatly complex (Blecher et al.,
1996) and depends on several variables. Our oversimplification,
however, makes possible to have an estimate of the velocity pro-
files which is used to calculate the energy released from the collid-
ing beads.

The bead velocity profiles developed in the milling chamber at
several agitation speeds in both the shaft and accelerator regions
are shown in Fig. 2B. The simulations show that the beads acquire
the tip velocity in the vicinity of the shaft or accelerator, and
become nearly static at the chamber’s wall. As expected, beads
reach a higher speed over the accelerator where maximum energy
densities are expected. Computational simulations conducted by
Yamamoto et al. (2012) on horizontally oriented mills confirm
our simulations: beads nearby the agitator move at maximum
speeds while a larger number of beads are located around the
proximity of the wall, moving at low speeds or almost static.
Within the range of experimental conditions tested in the present
study for cell disintegration, the Reynolds number (Eq. (12)) varies
in the interval 1 � 103 	 Re 	 9 � 103 which corresponds to the
Doubly periodic flow regime (Bird et al., 2002). This is a complex
flow regime involving periodic waves traveling in the tangential
direction. Only for slurries with a viscosity of 1.6 Pa s, Re � 100,
under which laminar flow can be considered. As the description
of the flow under the actual regime is overly complex or unknown,
the simplification to laminar regime is required.

Re ¼ XqL jRð Þ2l�1
L ð12Þ
4.2. Power consumption in the milling chamber

Experimental evidence indicated that shear from the accelera-
tor alone -without beads- is not responsible for cell damage or dis-
integration during bead milling. In this regard, cell rupture takes
place as a result of the energy released by colliding beads and
depends on the probability of cells to be trapped in between collid-
ing beads, where shear is strong enough to cause disintegration
(Kula and Schütte, 1987). To further understand the energy distri-
bution in the mill and its effect on cell disintegration, the power
consumption of the laboratory scale mill under several conditions
was measured and the results compared in Fig. 3A.

As can be seen, for a stirring speed of 1500 rpm, the power con-
sumption remains practically stable even if the mill runs empty or
with beads (65%) and biomass slurry (155 g L�1). The correspond-
ing measured heat dissipation at this speed reaches 17.8% of the
Fig. 3. A. Power consumption for the laboratory scale mill under several processing condi
bead sizes.
total power spent. The power consumption further increases fol-
lowing an exponential tendency as the agitation speed augments
to 3500 and 5500 rpm. This can be the result of the chaotic move-
ment of the beads which forces the accelerator to demand higher
power in order to keep a constant stirring speed. Under 3500 and
5500 rpm, the measured power dissipated as heat reaches 24.2%
and 60.8% of the total respectively, confirming excessive shear gen-
eration. Furthermore, the simulations indicate that approximately
95% of the total energy released from collisions in the mill is occur-
ring in the region of the accelerator. This suggests the existence of
a zone of high energy surrounding the accelerator and a zone of
low energy located around the shaft and close to the wall. In
Fig. 3B the theoretical energy released as a result of collisions over
the accelerator is plotted against the annular gap for several bead
sizes and a constant stirring speed of 3500 rpm (Re � 5000). At
the vicinity of the accelerator, there is a high energy density which
falls exponentially near the wall. Blecher et al. (1996) also pro-
posed an energy density distribution in agitated mills which is
mainly determined by the velocity gradients of the fluid. Their sim-
ulations, however, predicted the existence of two high energy
zones: close to the agitator disc and close to the wall. Similarly
to our predictions, the regions of high energy account for about
90% of the total energy dissipated in the mill.

4.3. Simulation of disintegration rates

Experimental data and simulations show that colliding beads
are required to cause cell disintegration and that the region sur-
rounding the accelerator accounts for almost all (90%) the energy
released in the milling chamber. This energy is used to calculate
the disintegration kinetics constants (kdis) according to Eq. (11).
The simulated kdis as a function of the accelerator’s tip speed, cell
size and cell strength are displayed in Fig. 4. As expected, the dis-
integration rates decrease as the cell strength, in terms of mini-
mum energy required for disintegration, increments from 5 to 80
pJ. This range covers a broad range of microorganisms and algae
strains. For instance, the force required to break mammalian cells
ranges from 1.5 to 4.5 mN (Mashmoushy et al., 1998), while for bac-
teria and yeast the ranges are 3–34 mN (Shiu et al., 2002) and 55–
175 mN (Mashmoushy et al., 1998) respectively. T. suecica demands
a force of 7.4 mN (Lee et al., 2013) whereas for C. vulgaris, the force
can increase 5 fold for high medium osmolality which directly
affects the cell’s turgor pressure (Günther et al., 2016).

From Fig. 4. it is also clear that Eq. (11) predicts an increment in
kdis as the cell size or the tip speed increases. This means that larger
cells are more likely to be trapped in between colliding cells, which
will result in higher degrees of disintegration. Similarly, at larger
tions. B. Theoretical power released by colliding beads over the annular for different



Fig. 4. Predicted disintegration rates kdis [s�1] at fixed bead size (0.5 mm) and bead filling (65%) as function of cell size (dX) (A), cell strength (EX) (B) and tip speed (ut) (C). The
standard value of the parameters are ut = 6.8 m s�1, EX = 17.4 pJ and dX = 6 um.
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agitation speeds both the frequency and intensity of collisions are
higher and so does the energy available for disintegration. Tip
speed, however, appears to have a marginal effect on kdis above
3500 rpm (ut > 9.6 m s�1). This resembles what Kwade and
Schwedes (2002) defined as optimal stress intensity (SIopt), a limit
above which an additional energy input has a negligible effect on
the comminution process. As also observed in Fig. 3A, heat dissipa-
tion becomes excessive beyond 3500 rpm, which will have an
impact on product quality and operation costs. The model predic-
tions can therefore serve to establish a window of operation to
maximize disintegration and reduce costs. The tendencies simu-
lated for dX vs kdis (Fig. 4) were experimentally observed by
Zinkoné et al. (2018) and Montalescot et al. (2015) on a continu-
ously operated bead mill for several algae strains of sizes ranging
from 3 to 9 mm. The authors indicated that bigger cells, are disinte-
grated more rapidly as the probability of larger cells to be trapped
in between colliding beads is higher. The influence of cell strength
was, however, not assessed. Postma et al. (2017) also reported kdis
for three different algae strains of sizes ranging from 3.1 to 7.6 mm.
Similar observations were made, but the results were explained
considering differences in cell strength rather than on cell size.
To our knowledge, the present study is the first attempt to incorpo-
rate cell strength to predict disintegration rates for microalgae in
bead mills.

4.4. Model validation

Model predictions as given by Eq. (11) were validated against
experimental data collected in this investigation along with data
published by Postma et al. (2015) and Postma et al. (2017). In all
cases, the same bead mill and operation mode were used. In
Fig. 5, the kinetic constants reported by Postma et al. (2015) for
the disintegration of C. vulgaris as a function of tip speed (ut) and
biomass concentration (CX) are compared against the model esti-
mations. The model predicts that kdis increases at higher ut, which
Fig. 5. Comparison of model predictions (o) with data published by Postma et al. (2015) (
of 25, 87.5 and 145 g L�1 respectively.
is due to a higher kinetic energy delivered by the colliding beads,
and remains practically stable at various CX. In this regard, the pub-
lished data is contradictory and appears to depend on the system
under investigation. Some studies find a positive effect of CX on kdis
while others report an optimal, negative or negligible effect for
algae and yeast (Doucha and Lívanský, 2008; Montalescot et al.,
2015). It appears that biomass concentration is important mainly
to ensure low specific energy consumptions.

The data from Postma et al. (2015) show a slight increase of kdis
as function of ut,. Considering the uncertainty associated with the
experimental data (�21%) the model shows acceptable predictions,
except at ut = 12 m s�1 where deviations are significant. This sug-
gests that the energy dissipated at high agitation rates is larger
in practice than estimated in the model and thus, it indicates that
a smaller value of g is needed for such conditions.

Bead size and bead filling are crucial parameters since they are
directly related to the total energy that can be released in the
milling chamber. Several investigations have addressed the influ-
ence of bead size on the kdis of algae in bead mills. Higher disinte-
gration extents have been reported for the microalgae Scedenesmus
sp., Nannochloropsis oculata, and Chlorella sorokiniana as the bead
size decreases, in particular for beads in the range 0.2–0.6 mm
(Hedenskog et al., 1969; Montalescot et al., 2015; Zinkoné et al.,
2018). The bead material has also a direct effect on the disintegra-
tion of algal cells (Montalescot et al., 2015). It has been reported
that larger disintegration levels are obtained with zirconia beads
in comparison to glass beads probably due to their higher density
which results in enhanced kinetic energy at constant speeds
(Doucha and Lívanský, 2008). In Fig. 6A-B, the corresponding kdis
for two algal strains reported by Postma et al. (2017) using zirconia
beads at 65% filling rate are compared with the model calculations.
The model accurately predicts the trends for T. suecica (Fig. 6A) and
C. vulgaris (Fig. 6B). For the former, no significant variation of kdis
was obtained at different values of db. This can be explained by
its relatively weak cell wall which can be disintegrated at
&) for C. vulgaris. Graphs A, B and C show kdis vs ut at initial biomass concentrations



Fig. 6. (A-B) Disintegration rates for two algae strains at different bead sizes. Experimental data from Postma et al. (2017). A. T. suecica (o). B. C. vulgaris (D). C. Disintegration
rates at different bead fillings for T. suecica (o). Columns: experimental data. Markers: model predictions. D. Specific energy consumption (Em, Log scale) as function of the
bead filling to reach 95% cell disintegration. Open marker: Experimental data (Suarez Garcia et al., 2018). Dotted line: Em for extraction (Coons et al., 2014).
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comparable rates regardless of the bead size. For C. vulgaris, the
model captures the general expected behaviour: kdis decreases as
the bead size increases, confirming previous studies (Postma
et al., 2017). Although with smaller beads the kinetic energy car-
ried per bead is lower, the number of beads and therefore number
of collisions that take place in the milling chamber is higher, sug-
gesting that the frequency and not intensity of the collisions is
the rate controlling factor during bead milling. Zinkoné et al.
(2018) found a linear correlation of stress frequency with kdis for
C. sorokiniana in a continuously operated bead mill. Stress fre-
quency is defined as the number of stress events per unit time
(Kwade, 1999).

The effect of bead filling (a) on the disintegration of algal cells is
often overlooked. Montalescot et al. (2015) evaluated disintegra-
tion rates for P. cruentum from 35 to 65% and Doucha and
Lívanský (2008) presented data for several milling systems in the
range 60–85 %. In both cases, it was reported higher disintegration
rates at higher a. In Fig. 6C, experimental data and model results
for T. suecica at a from 2.5 to 75% are shown. The predicted data
accurately describe the experimental values, reflecting that as a
increases, the number of beads and the frequency of collision
becomes larger, therefore disrupting more cells per unit time. At
low a, the frequency of collisions is low, requiring remarkably long
residence times to achieve complete cell disintegration. This, in
turn, implies large equipment volumes and consequently high cap-
ital expenses. As the value of a increases, the energy released by
colliding beads becomes larger, and complete disintegration is
obtained in short times. The corresponding specific energy con-
sumption to reach 95% disintegration (Em) as function of the bead
filling is presented in Fig. 6D. As shown, Em decreases mainly due to
the impact of bead filling on residence time, as 95% disintegration
is reached faster at high a. Furthermore, as the data presented in
Fig. 6D was collected at moderate agitation speeds (2039 rpm), it
is expected that no significant additional power will be consumed
as a result of the presence of the beads (Fig. 3A). Operating the mill
at a = 65–75% will guarantee that the target for energy
consumption for the extraction step within an algae biofuel biore-
finery Em,Extr = 0.6 kWh kgDW�1 (Coons et al., 2014) is achievable.

The development of mild and energy efficient disintegration
processes is crucial to ensuring the extraction of functional biomo-
lecules from algae and to realise algae-based processes at large
scale (Suarez Garcia et al., 2018). In this regard, the modelling
approach presented in this investigation allows the study of the
disintegration of several microalgae species when information on
the cell-wall strength and size are known. Moreover, the model
makes possible the selection of an operational window depending
on the biorefinery needs. Agitation speed, bead filling, bead size
and flow rate can be estimated to target specific groups of cells
within a population. For example, cells that accumulate preferen-
tially a metabolite of interest and therefore appear larger
(Cabanelas et al., 2016) or cells displaying a stiffer cell-wall
because they are undergoing a different stage in the cell cycle as
demonstrated by deWinter et al. (2013), cells accumulate first pro-
teins and pigments and later carbohydrates and lipids during the
growth phase of synchronized cultures. This can be exploited in
order to release selectively metabolites during bead milling and
to obtain crude fractions with higher purities. Also, in case of a
mixed algae population, the operational parameters of the mill
can be tuned to operate within a range of energy values (energy
released in the milling chamber) to selectively release high-value
biomolecules that are produced by a certain strain only. More
extensive knowledge on the cell-wall composition and the energy
required to disrupt a single cell is therefore needed (Alhattab et al.,
2018).

4.5. Effective disintegration energy

We have introduced the term effective disintegration energy
g as a factor that indicates the fraction of energy that is dissipated
into the medium, without effectively reaching the cells. A



Fig. 7. Disintegration profiles for T. suecica (o) and C. vulgaris (D) for a semi-pilot
scale bead mill. Dashed and solid lines are model predictions for the respective
strains.
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significant portion of the total available energy is spent in provid-
ing momentum to the mechanical elements of the mill as well as to
the biomass slurry and the beads. It was determined that as the
agitation speed increases, the energy demand and heat dissipation
becomes significant (Fig. 3A), which is probably due to the complex
nature of the collisions occurring in the mill. We have assumed
perfectly elastic collisions occurring at a frequency similar to that
of gas molecules. In this case, molecules collide in a constant, rapid,
random motion, which can also take place with beads in the
milling chamber.

However, the real nature of the collisions, flow regimes and the
actual gradients of speeds at which collisions are taking place are
unknown (Becker et al., 2001). For instance, the coefficients of fric-
tion and restitution (Beinert et al., 2015), which determine the
velocity of the beads upon collision, have not been taken into con-
sideration. For the estimation of the collision frequency, the kinetic
theory of gases was used, but this requires particles with negligible
volume, which does not hold for the system under study, in partic-
ular at high filling ratios. The values of EX were taken from studies
in which nano-indentation was used. However, during bead
milling, the beads have a typical diameter of 102-fold larger than
the cell diameter. Since the contact area provided by the needle
during indentation is much smaller than the area of a bead in con-
tact with a cell, a stronger force is needed from the beads to attain
the same pressure. Also, there are physiological variations for the
same strain due to culture conditions and random mutagenesis,
which have a direct effect on the values of EX.

4.6. Selective release of biomolecules

The comminution process of microorganisms cannot be defined
by the fineness of the cell debris but from the cell rupture and con-
sequent release of biomolecules into the surrounding fluid. In this
regard, cell disintegration and release of biomolecules are propor-
tionally correlated. We analysed the experimental data reported by
Postma et al. (2017) for the release of proteins and carbohydrates
from three microalgae species and found that protein and carbohy-
drate release can be estimated directly from the rates of disintegra-
tion. In other words, with a confidence level of 95%, the rates of
proteins and carbohydrate release are proportional to kdis. The
rates of pigment release also appear to be dependent on kdis as pig-
ments are normally located in the chloroplast or in internal storage
organelles (de Winter et al., 2013; Suarez Garcia et al., 2018).
Therefore, the accurate estimation of the disintegration rates not
only provides crucial information for the design and optimization
of the disintegration processes, but also for the fractionation and
purification steps downstream. A clear example of this is that dif-
ferences in the rates of disintegration and release can be exploited
to selectively enrich the extract phase with a metabolite of interest,
which can favour both the yields and purities (Suarez Garcia et al.,
2018).

4.7. Scale-up

The predictive capabilities of Eq. (11) were also evaluated for a
system at semi-pilot scale as described in Section 2 and Table 1.
The experimental disintegration rate for T. suecica was
1.29 ± 0.08 � 10�2 s�1 and that for C. vulgaris was
4.14 ± 0.09 � 10�3 s�1. The simulated rates were 7.86 � 10�3 s�1

and 3.58 � 10�3 s�1 respectively. The corresponding kinetic curves
are shown in Fig. 7. As expected, higher disintegration rates are
obtained for T. suecica as its cell wall is weaker and thus, the energy
released in the bead mill is sufficient to break more cells per unit
time. The model presented in this investigation can potentially
be used for scale-up purposes. By keeping the rates of disintegra-
tion kdis uniform at different scales, the model can be solved to esti-
mate the corresponding rotational speeds, bead size, bead filling
and geometrical dimensions of the mill at a larger scale. This can
be made strain-dependent or can be aimed at multi-strain and
multiproduct biorefinery process. Such scale-up procedure can be
considered as a combination of rate of production, and sizing by
energy (Austin, 1973), since it involves equating kdis for two scales
and incorporating the energy consumption as function of opera-
tional parameters.

Equipment design and optimization studies can also be con-
ducted by solving the model to reach a particular range of values
of kdis and determining the values of operational parameters and
equipment dimensions. This will ensure not only precise rates of
disintegration and release of biomolecules, but also minimum
levels of energy consumption and costs. By controlling the disinte-
gration times, it is possible to modify the overall composition of
the resulting algae extracts, their properties and their market
potential (Suarez Garcia et al., 2018). The applicability of the model
is limited by the major assumptions made in terms of hydrody-
namics and mechanism of bead collision. However, it can be made
extensive to other microalgal cells if information on the size and
cell strength is readily available. In other words, the modelling
approach presented in this report can find application in multi-
feed multi-product microalgae biorefineries.

5. Conclusions

The disintegration of microalgae in bead mills have been stud-
ied by means of a modelling approach that involves process and
equipment parameters to estimate the theoretical energy released
in the mill, and cell parameters to account for the energy needed to
disrupt a cell. This allowed us to accurately predict the rates of dis-
integration of two microalgae species over a broad range of bead
sizes and bead fillings, and for two different bead mill scales. Fur-
thermore, we propose that such modelling approach can support
development, optimization and scale-up studies and can allow
the determination of operation windows to achieve energy effi-
cient, selective and mild disintegration processes for the biorefin-
ery of microalgae.
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