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Industrial development of microalgae biomass valorization relies on process optimization and controlled scale-
up. Both need robust modeling: (i) for biomass production and (ii) for integrated processes in the downstream
processing (DSP). Cell disruption and primary fractionation are key steps in DSP. In this study, a kinetic model,
including microalgal cell size distribution, was developed for Chlorella sorokiniana disruption in continuous bead
milling. Glass beads of 0.4 mm size at impeller tip velocity of 14 m.s~! were used as optimal conditions for
efficient cell disruption. These conditions allowed faster disruption of big cells than small ones. A modified
expression of the Stress Number, including cell size effect, was then proposed and validated.

Separation of starch, proteins and chlorophyll by mild centrifugation was studied as function of the disruption
parameters. Low energy consumption conditions led to extreme comminution. An intermediate zone drew at-
tention for allowing moderate energy consumption and efficient metabolites separation by centrifugation.

1. Introduction

Microalgae are considered as a sustainable alternative feedstock for
different industrial fields: food, feed, fuels, bioactive molecules (Chisti,
2008; Draaisma et al., 2013; Wijffels et al., 2010). The challenges for
industrial development are still numerous. For high yield and robust
large-scale production, the biomass characterization and the modeling
of growing conditions are required. After that, the downstream pro-
cessing (DSP) has to be developed with the aim of valorization of dif-
ferent fractions for a cost-effective process (Asyraf Kassim et al., 2017;
Chew et al., 2017; Moreno-Garcia et al., 2017). Downstream unit op-
erations are harvesting, cell disruption, phase’s separation, extraction
and purification. The costs for DSP, using currently available technol-
ogies, represents more than 50% of the overall exploitation costs.
Therefore, optimization, intensification and step reduction in this field,
are the priority issues (Davis et al., 2011; Molina Grima et al., 2003).

For the recovery of both hydrophilic and hydrophobic microalgal
compounds, the wet route processing (no preliminary drying) is the
most adopted strategy, and it starts with the protein and poly-
saccharides release in an aqueous phase. The wet route reduces the
process cost due to dewatering. In such a process scheme, the different
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fractions yield and purity are highly influenced by the method used for
their release from the cells (Angles et al., 2017). In this sense, the cell
disruption is a crucial step as well as other pretreatment operations in
biorefinery schemes.

Mechanical cell disruption, in particular bead milling, is a promising
technique for industrial scale application due to its efficiency of dis-
ruption and the commercially available devices at large scale
(Gtlinerken et al., 2015). The main drawbacks are the high energy de-
mand, the heat production (cooling is necessary) and a complex pro-
duct release in the lysate. Indeed, extreme bead milling disruption
produces lysates, characterized by the production of very small cell
debris and consequent molecular aggregations which are difficult to
separate. Therefore, mild cell disruption conditions should be adjusted
to minimize these drawbacks and to preserve the integrity of the re-
leased molecules (Phong et al., 2017). A modeling of the cell disruption
mechanisms taking into account the bead milling operating conditions
and the specificities of microalgae, is then necessary.

Several studies were addressed to the description of the process
from the mathematical point of view in order to find the main para-
meters for the optimization. In particular, cell disruption kinetics was
successfully described with a first order kinetics model by



Balasubramanian et al. (2011), Garrido et al. (1994) and Kwade and
Schwedes (2007). This model was recently transposed from yeast to
microalgae disruption (Montalescot et al., 2015; Postma et al., 2017).

Montalescot et al. (2015) used stress models coupled with the bead
miller hydrodynamics modeling to describe cell disruption and the
energy input as function of the process parameters. A critical stress
intensity corresponding to the optimal parameters to balance efficient
disruption and efficient energy use was identified.

Moreover, the comparison of the disruption behavior of different
microalgae species (Montalescot et al., 2015; Postma et al., 2017) re-
vealed that disruption kinetics in bead milling is strain-related. The
differences between the strains were attributed to cell size, and to the
composition and rigidity of cell membrane and cell wall. In non-syn-
chronized cultures, microalgal cells are normally distributed in dif-
ferent size classes corresponding to different growth stages. The study
of synchronized cultures (de Winter et al., 2013) proved that during
growth phase cells become bigger and accumulate first pigments and
proteins, and then energy storage metabolites such as lipids and starch
until the division step. After division, cells are smaller with obviously
lower product content. The rigidity of cell membrane is also reduced in
big cells and easier disruption can be expected but no experimental
evidence was reported yet. As cell composition and rigidity varies with
their size, a possible prediction of the disruption kinetics according to
cell size and to the process parameters should open the way for an ef-
fective optimization of the disruption process.

The aim of the present study is to identify a relation between the
bead milling parameters and: I) the kinetics of disruption for different
cell size classes; II) the purity for specific cell metabolite release. To this
end, the first order kinetics model was evaluated for describing the cell
disruption of each cell size classes. The effects of the operating para-
meters were studied. The stress model was modified and implemented
for interpolation and extrapolation purposes. Mild centrifugation was
then used to settle part of the non-soluble particles and to study the
purity of biomolecules release in the water phase. Centrifugation con-
ditions were chosen to ensure low energy investment and compatibility
with low-cost and large-scale equipment. The partitioning of proteins,
pigments and starch between pellet and supernatant was related to the
bead milling parameters.

2. Materials and methods
2.1. Microalgal strain and culture

The microalgal strain used in this study was Chlorella sorokiniana
Shihiraet Krauss strain (ACUF 318), provided by ACUF collection
(http://www.acuf.net). The growth was performed in autotrophic
conditions using modified BBM medium (Van Vooren et al., 2012). The
culture was carried out in a flat panel photobioreactor (PBR) of 5L
characterized by a thickness of 3 cm and continuously illuminated on
the front side by white light at 280 umol.m~%s™'. The PBR was op-
erated in chemostat mode with a dilution rate of 0.4d ™' in order to
have every day the minimum amount of culture for disruption experi-
ments, with constant and reproducible biomass conditions for each test.
The microalgal culture, at steady state (concentration of 1g.L. ™) was
directly processed by bead milling without previous concentration step.

2.2. Bead milling disruption

Disruption experiments were performed in Dyno-mill multi lab from
Willy A Bachofen AG (Muttenz, Switzerland). The bead milling was
operated in pendulum mode as already described by (Montalescot et al.,
2015). The temperature was maintained below 20 °C, the flow rate was
set at 200 mL.min "~ ! and the filling ratio of the grinding media at 80%.
Bead density (glass, zirconia), bead diameter (0.2-1.3mm) and the
impeller tip velocity (8-14 m.s~ ') were varied in order to test different
stress intensities referred to the stress model.

Cell counting and cell size distribution were performed at process
outlet, for each pass in the bead mill, using image analysis with the
software ImageJ (1.50b, Wayne Rasband National Institutes of Health,
USA). At steady state, (after 3 chamber’s volumes) 10 mL of sample was
collected. Cells were then fixed with 20 umol of Lugol’s iodine per mL of
sample to enhance the contrast. The sample was placed in two Malassez
counting plates and analyzed by a Carl Zeiss optical microscope
equipped with an Axioscope Al camera. 50 pictures were taken on the
grided areas of the Malassez plates (25 pictures/plate). The camera
settings were kept identical for each sample. The 50 images were
treated simultaneously applying: a) a conversion to 8 bits images; b) a
thresholding into white and black and particle analysis. The thresh-
olding levels were calibrated to have a deviation lower than 10% with
manual counts of 5 pictures picked randomly. For particle analysis, the
ratio between pixels and real size was 4 pixels/um. Particle size and
shape were the criteria to differentiate non-disrupted cells from cell
debris. For this purpose, the equivalent spherical diameter (Dgsp: dia-
meter of an equivalent sphere which has the same area of projection as
the particle) and the circularity (Circ: ratio between the particle peri-
meter and the perimeter of a sphere with the Dgsp) were used as filters
to characterize size and shape:
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with A the projection area of the particle.

To set the ranges of these filters, the size and the shape of intact cells
at the steady state of the culture were analyzed. The cells sizes were
between 2.5 and 8 um with a mean circularity of 0.93. The ranges of the
filters were chosen to select most of the non-disrupted cells in the ly-
sates without counting cell debris. The selected ranges, were:
2.5 < Dggp < 10 um and Circ = 0.85. The cell size distribution was
divided into 0.5 um wide size classes. The disruption rate were calcu-
lated for each pass using the following equations:
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7;(): the disruption rate after the jth pass in the bead mill

N; (i) the number of non-disrupted cells of the size class i per mL of
the lysate after the jth pass in the bead mill

Ny (i) is the initial number of cells per mL of the class i in the mi-
croalgal suspension

2.3. Disruption modeling

2.3.1. Hydrodynamics and kinetics considerations

The cell disruption kinetics was modeled as a first order model for
the overall population and for each size class. Concerning the process
hydrodynamics, the two-continuously stirred tank reactors in series
(CSTR) was used for the residence time distribution modeling as de-
monstrated in Montalescot et al (2015) for the same equipment.

The mass balance at the steady state of the continuous operation is
written through (5) and (6) for the two CSTRs:

QNy () = QN (i) + King

)

QNL (i) = QN (D) + KiNzg

6)
Ny (i) (respectively N (i)) represents the number of cells of the class i
per mL at the entrance of the first (respectively second) CSTR.
N; (i) (respectively N, (i)) represents the number of cells of the class i
per mL at the exit of the first (respectively second) CSTR.



V (mL) the free volume in the bead milling chamber.

Q (mL.min"?) the flowrate of the microalgal suspension.

K; (min™?) the disruption kinetics constant for the size class i.

The combination of (5) and (6) allows the calculation of the dis-
ruption rate 7, (i)mod of the first pass using (7)
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with 7,: the mean residence time equals to the ideal filling time (ratio
between the free available volume in the grinding compartment and the
volumetric flow rate) for a cascade of CSTRs in series.

The modeled n; (i)mod expressions for the following passes (j > 1)
are deduced from 7, (i)mod using (7).

The experimental 7; (i)exp and modelled ”; (i)mod were fitted by

minimizing the cumulative square error defined in (8) to calculate the
Ki.

n, (mod = 1—
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2.3.2. Stress model

Kwade and Schwedes (Kwade, 1999a, 1999b; Kwade and Schwedes,
2007) developed stress models to describe the influence of the oper-
ating conditions in wet stirred media mills on the comminution of
crystalline materials and yeast disruption. These models have been
successfully extended to the disruption of microalgae by Montalescot
et al. (2015) and Postma et al. (2017). The cell disruption rate during
bead milling depends both on how frequently particles are stressed and
how intense are the stressing events. In this sense, the effect of the bead
milling operating parameters has been combined in 3 parameters:

e the stress intensity SI (J), the energy available at each stressing
event for disruption;

o the stress number SN (-), the number of efficient stressing events
(number of bead collisions with enough intensity to break particles);

e the specific energy E, (J.kg™'), amount of provided energy per
product dry matter unit.

According to the stress model, when two of the three parameters are
fixed independently of the corresponding set of operating parameters
(impeller tip velocity, bead size and density, milling time...), the
quality (disruption rate or product fineness) of the product during wet
grinding is the same.

The real stress intensities and stress numbers distributions in the
grinding chamber can only be obtained by complex numerical calcu-
lations combining the flow field and beads motion (Beinert et al., 2015;
Blecher and Schwedes, 1996). Nevertheless, characteristic values of SI
and SN based on the grinding mechanisms have been proposed and
allowed the description of the influence of the bead milling operating
parameters on the disruption efficiency.

The SI value has been expressed assuming that:

o the most intense and frequent mechanism of disruption is the result
of the collision of beads due to high gradients of tangential velocity
near the stirrer (Kwade, 1999a);

e only single particles are stressed between two colliding beads for
particles larger than 1 um in low solid concentration suspensions
(when particles have enough freedom of motion) (Kwade, 1999a);

o the tangential velocity of the grinding media is proportional to the

tip velocity of the impellers;

the collision of bead to particle collisions are assimilated to elastic

impacts (Becker et al., 2001) and the elasticity of the feed material is

much smaller than that of the grinding media in cases of

deagglomeration, cell disintegration and grinding of weak or
medium hard crystalline materials (Kwade and Schwedes, 2002).

Therefore, the maximal stress energy available for disruption is
proportional to the maximal kinetic energy of the grinding media.

Shygx < SEg = pg-d3-v? 9)

with pg (kg.m ™), dg (m), SEg (J), the density, the diameter and the
stress energy of the beads respectively and v (m.s ™ 1) the tip velocity of
the impellers.

SN was assumed to be proportional to the number of contacts N,
(—) and the probability that a particle is sufficiently stressed during one
stressing event Pg (—).

SN = Nk 10

where N, an. t. Ng, n the number of stirrer revolutions per second, ¢
the milling time and Np the number of beads.

Kula and Schiitte (1987) and Schwedes and Bunge (1992) showed
that for microorganisms disintegration shear forces of the fluid between
two colliding beads are sufficient for disruption and then that B is
proportional to d3.

Combining all these hypotheses, SN should be expressed as:

n.t

SN « ¢(1-¢)- & an

€ (—) the bulk porosity of the beads, ¢ (—) the filling rate of the mill
chamber, n (s~ 1) the number of revolutions of the impeller per second.

The number of stress is commonly reported to the number of par-
ticles which is a parameter that decreases in the course of the process.
Here the expression of SN represents the total number of stress.

In the present study, the disruption behavior is detailed for each size
class of cells and the effect of cell size was included in the SN definition.
Two expressions for SN were compared:

SN, = SFy. ta¢ zd“ ith SFyat ¢ %
= tad.n. i— wi ag.n. —
! ! dp ! dg (12)

d. d, )
SN, = SF,. tat. n. t(d—”) with SF,a ¢. n. [d—“)
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and¢ = ¢. (1—¢) 14)

In SN; the hypothesis that B, is proportional to d3 is maintained
whereas for SN, implies that at any media contact a cell is disrupted
(Ps = 1). d, and d,? respectively are implemented in the definitions to
describe the effect of cell size with dimensionless expressions. SNi; (0.9)
and SNi, (0.9) respectively are the required number of stress events to
reach 90% of disruption in the size class i. The required residence time
to reach 90% ¢;(0.9) that includes hydrodynamics and kinetics modeling
was calculated with (15) as a function of the kinetic constants K; (from
experiments).

2 1
£(0.9) = —-( ——1)
K (N 1-0.9 15)

SI is the specific energy consumed at each stress event and conse-
quently the product SI. SN is proportional to the treatment specific
energy E,, (J.kg™1). The proportionality factor is constant here due to
the constant dry weight of the biomass (1 g.L.”!) used in the different
disruption tests.

E,, « SI. SN (16)
2.4. Centrifugation
The microalgal lysate generated by bead milling was centrifuged

before carrying out the analysis of the released products. Centrifugation
parameters were selected in order to ensure the efficient settling of



20000
18000

------ P0 ===P1 — —=P2 — P3 — . P4 P5

L

L
]

16000

L

14000
12000

"

10000

L

8000 - £ Ny

L

6000 H )

Nb of cells in 50 pictures

4000

1
#

2000

,
.
‘\\.

2 25 3 35 4 45 5 55 ] 6.5 7 7.5
Desp (pm)

20000
18000 -
16000 { b
14000 -

-==P1 = =P2 — P3 = P4 PS5

12000 A
10000 A
8000 A
6000 o
4000 A

Nb de cellules in 50 pictures

2000 A

Deso (Hm)

Fig. 1. Chlorella sorokiniana cells size distribution (number of cells at constant volume in each size class between 2 and 8 um) during bead milling — PO: initial

distribution — P1: 1st pass (t = 1.3 min) — P2: 2nd pass (t = 2.6 min) — etc. a) 0.375 mm glass beads and b) 0.2 mm zirconia beads at 10 m.s ™.

dense and insoluble particles (such as starch) and minimum energy
consumption. Mild centrifugation at 2500g was selected as optimal
speed for low cost large-scale applications. The time necessary to settle
starch granules (dense and insoluble) was calculated according to:

_ 9Hn),
2(PP_PL)rP2g a7)

with t the time to achieve the starch settling (s), H the radial movement
covered by the particles (m), #; the lysate viscosity (Pa.s) pp and py the
densities of the starch particles and the density of the lysate respectively
(kg.m™3), rp the mean diameter of microalgal starch granules; g the
centrifugal acceleration (m.s~2). The microalgal lysate was assumed to
have physical properties close to water since it was characterized by
low cell concentration (Montalescot et al., 2015; Souliés et al., 2013).
The properties of the microalgal starch granules were previously re-
ported in Gifuni et al. (2017). The calculated time was 3 min, for the
settling of starch granules suspended in 3 mL of lysate.

2.5. Analysis of the recovered products

After disruption and centrifugation, two fractions were obtained:
pellet and supernatant. The dry matter, starch, proteins and pigments
were quantified in the two fractions.

The dry matter in the pellet was measured by weighting the pellet
after drying at 100 °C for 24 h. The dry weight of the total biomass was
measured by filtering a known amount of culture by cellulose filter,
then dried at 100 °C for 24 h and weighted. The dry matter released in
the supernatant was calculated as difference from the total dry weight
of the biomass.

The starch concentration was assayed in the pellet by Total Starch
Kit by Megazyme (Wicklow, Ireland). Proteins concentration was as-
sayed in the supernatant by BCA Protein Assay Kit (Thermo Scientific).
Pigments concentration was measured in the pellet by spectro-
photometric quantification after methanol extraction (Kandilian et al.,
2016).

The recovery was defined as the ratio between the metabolite
quantity released in the pellet or the supernatant and the initial
quantity in the crude biomass. The initial composition in the biomass
was obtained as following:

- for the starch: quantity recovered in the pellet after two 270 MPa
passes in high pressure disrupter (CellD, Constant System) at cen-
trifugation at 3000g during 5 min;

- for the proteins: concentration expressed as BSA.q in the supernatant
after two 270 MPa passes in high pressure disrupter and cen-
trifugation at 3000g for 5 min;

- for the pigments: methanol extraction on the intact cells after

1

centrifugation.

The product yield (Y) was defined as the ratio between the mass of
the product (m,) in the recovery fraction (pellet for starch, supernatant
for proteins and pigments) and the total mass of the product a in the
initial biomass (M):

a
.

Y, =
T M, (18)

The purity (P*) was defined as the ratio between the mass of the
product o in the recovery fraction (mf) and the total mass of the
fraction (mg).

mi
my (19)

Pe =

3. Results and discussion
3.1. Biomass composition

C. sorokiniana concentration at the PBR outlet was 1.0 g.L.”'. The
production was maintained in a steady state with constant irradiation
and dilution rate.

At the steady state the biomass composition was constant over the
time. In particular, the protein content was 35%, the starch content was
7-8%, the chlorophyll was 2-3%. The remaining fraction represented
55%. All the percentages were calculated based on 100 g of biomass dry
weight.

3.2. Evolution of the size distribution during bead milling

For each experimental condition, the size distribution of the cells in
the lysate has been followed in the course of the process time. Fig. 1
shows the evolution of the size distribution with 0.375 mm glass beads
at 10 m.s~ ! and with 0.2 mm zirconia beads at 14 m.s~*. The culture of
Chlorella sorokiniana had cell sizes ranging between 2.5 um and 7.5 um
with a mean diameter Dggp of 4.5um * 0.2pum and a standard de-
viation of 0.7 pm. Using 0.375 mm glass beads at 10m.s ™! (Fig. 1.a),
the size distribution slightly shifted to the left after the first pass. Big
cells where disrupted more efficiently than the small ones. However, no
similar trend was observed with the 0.2 mm zirconia beads at 14 m.s ™!
(Fig. 1.b). Cell disruption kinetics was obtained by modeling the cell
disruption rate for each size class as a function of time, taking into
account the RTD (Residence Time Distribution) in the process.



1.2

——10m/s -=-14m/s

0 T T
0 0.5 1 1.5
dg (mm)

18

——8m/s -a—10m/s 14mis

c

1.2 A

0.8
0.6 1
0.4 4
0.2 1

0 . : :
3 4 5 B 7
Dggp (pm)

K; (min™')

3.3. Effect of bead size and agitation speed on the overall disruption kinetics

The effect of bead size and agitation speed on disruption kinetics is
presented in Fig. 2. Due to an important counting uncertainty for ex-
tremely small and big cells (size classes with the lowest cell number),
the calculation of disruption kinetics constants was restricted to
3 um-6.5 um. In Fig. 2.a, the disruption kinetics coefficient clearly de-
creased as the bead size increased. The 0.375 mm beads allowed three
times higher K values than 1.3 mm beads. In Fig. 2.b, the impeller tip
velocity also improved the disruption kinetics, but only for small beads
whereas no significant improvement was observed for bigger beads
(over 0.9 mm). Using smaller beads at a constant filling ratio results in
higher beads number. The efficiency of small beads and high velocities
can be explained by the fact that both conditions increase the stress
frequency (Kwade and Schwedes, 2007).

3.4. Effect of cell size on the disruption kinetics

The higher resistance of small microalgae cells to bead milling
disruption was previously reported by Montalescot et al. (2015) about
two strains of spherical shape: N. oculata (3 um mean diameter) and P.
cruentum (4 um-9 um). Three times more mechanical energy was ne-
cessary for N. oculata to reach the same disruption level than P.
cruentum. However, since the cell membrane and cell wall composition
were different for the two strains, the robustness of N. oculata couldn’t
be attributed only to cell size.

Fig. 2c and d, show that the disruption kinetics (using glass beads)
increased with cell size regardless of the impeller tip velocity or the
bead diameter. Big cells of C. sorokiniana appeared to be more sensitive
to the mechanical bead milling treatment.

The difference between big and small cells was accentuated by
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Fig. 2. Bead milling parameters effects on disruption kinetics — a) beads size effect on the overall kinetic constant K — b) Impeller tip velocity effect on the overall
kinetic constant K - ¢) Disruption kinetic constants K; according to the cell size for 8, 10 and 14 m.s~! (0.375 mm glass beads) — d) Disruption kinetic constants K;
according to the cell size for 0.375, 0.625, 0.900 and 1.30 mm glass beads (14 m.s™h).

increasing the circumferential velocity of the impellers (Fig. 2.c). The
difference was enhanced when 0.375mm glass beads and 14m.s ™!
velocity are used. In these conditions, the kinetics constants value for
6.25 um cells was 4 time higher (1.37 min~') than for 3.25um cells
(0.35min " 1). For example, in these conditions, for a 1 min of treat-
ment, 75% of 6 um cells were disrupted while, 70% of 3 um cells re-
mained intact. Such a behavior revealed the possibility to target bigger
cells to recover metabolites that are preferentially accumulated in big
cells. For Chlorella sorokiniana, the optimal conditions for efficient
disruption were ~0.4 mm glass beads at 14 m.s ™! impeller tip velocity.
As previously mentioned, the optimal conditions are strain dependent
because of the different cell wall rigidity and composition, and the
mean cell size. Optimization studies should be carried out for each
adopted strain. Besides, this study aimed to provide a modeling tool for
the selection of the bead milling parameters as function of a target cell
size, responsible of specific product accumulation.

3.5. Stress model applied to each size class

3.5.1. Model validation

As mentioned in Section 2.3.2 two expressions for SN are proposed
and compared. SN; (0.9) and SN, (0.9), defined in Egs. (12) and (13),
were calculated at ¢ (0.9). ¢t (0.9) is the treatment time necessary to
reach 90% of disruption (16). In Fig. 3.a, SN7 (0.9) values for the small
cells were slightly higher than those of the big cells in the 107 °-103J
SI range. In Fig. 3.b, the SN, (0.9) values are not correlated to the cell
size as expected from the results of Section 3.4. SN, definition does not
reflect the longer time needed by small cells, for a given value of SI
(corresponding to a set of experimental conditions). Therefore, the
definition SN; was selected for further analysis of the disruption be-
havior according to the cell size distribution.
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Fig. 3. Comparison of SN; (0.9) and SN, (0.9) for 90% disruption rate prediction according to the stress intensity SI (J) and the microalgal cell size — a) SNi;(0.9) and
b) SNi, ((0.9) — ¢) SN; (0.9) applied to the whole population as a function of SI value.

In Fig. 3.a, all the SN; (0.9) values calculated were around 102
except for the smaller cells (3.25 um). Montalescot et al. (2015) found
two zones in the SI/SN diagram: (i) for SI below the critical value, the
SN (0.9) decreases when SI increases and (ii) after the critical value no
further decrease was observed and SN (0.9) is quite constant. Con-
sidering the different size classes, for the small cells (3.25 um) the SN
value is the highest and it decreased with the SI, until a critical SI value
around 2.107%J. For bigger cells, no critical value of SN; (0.9) was
observed: all applied stress intensities were already higher than the
critical one. In fact, Schwedes and Bunge (1992) already experienced
higher stress intensities than the critical SI of yeast cells, when big glass
beads were used.

In Fig. 3.c, considering the whole population, no significant effect of
the SI on SN (90) was observed. The stress intensities tested were
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higher than the mean critical intensity required for C. sorokiniana cell
disruption. In such conditions, the increase of the stress intensity does
not reduce the required number of stress events to reach a given dis-
ruption rate, but it increases the energy consumption. For an optimal
energy use, the bead milling should be operated around the critical ST
value. In this study, the critical value was not properly detected,
probably because it was lower than 2.10~>J (the lowest SI here con-
sidered, Fig. 5).

3.5.2. Prediction of the disruption kinetics

The analysis of the disruption kinetics results of the different size
classes, highlighted a correlation to the stress frequency, SF. In Fig. 4,
the disruption kinetic constants for the various cell sizes (K;) and for the
overall population (K) are presented as function of SF; Except for
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Fig. 4. Correlation between the disruption kinetic constants and the stress frequency SF, (s-1) — a) K; for each size classes — b) K for the overall population.
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Fig. 5. Supernatant and pellet distribution of different products according to the SI value — a) dry matter recovery — b) starch yield and purity in the pellet - c) protein
yield and purity in the supernatant — d) chlorophyll yield and purity in the supernatant — dashed lines correspond to initial biomass composition.

3.25 um cells that had a slower disruption, all the other size classes
followed the same trend of K; proportional to the SF; value. The mean
disruption kinetic constant K can be successfully predicted from SF
values. For Chlorella sorokiniana, it is a linear function of the stress
frequency with K = 0.035. SF (K in min~! and SF in min™1).

3.5.3. Prediction of metabolites recovery as function of the energy
consumption

The amount of metabolites recovered for different bead milling
conditions was quantified. The recovery was referred to the selected
centrifuge parameters calculated in the Section 2.4.

In Fig. 5, the partitioning of dry matter, starch, protein and chlor-
ophyll between pellet and supernatant is shown as a function of the SI
value. In all conditions, 90% of cell disruption was reached. In Fig. 5.a,
the recovery of the dry matter in pellet and supernatant is shown; in
Fig. 5b, c and d, the yield and the purity of starch recovery in the pellet,
proteins and chlorophyll recovery in the supernatant are presented. A
clear behaviour appeared for all the products:

- Below a SI range (1.10 °-5.10~*J), corresponding to the grey zone
in Fig. 5, most of the dry matter (around 70%) still resides in the
supernatant after the mild centrifugation. It resulted in high protein
recovery in the supernatant (up to 90%), but at the same time high
amount of chlorophyll was released (about 75%). In the pellet, 75%
of the total starch was recovered in this zone.

For higher SI values, most of the initial mass (60%) was recovered
in the pellet. It produced higher starch recovery in the pellet than for
low SI values, to the detriment of the starch purity. The protein
yield in the supernatant decreased to the 50%, with a slight purity
increase. The chlorophyll release in the supernatant decreased from
60% to 20%.

These results suggest the possibility to select the SI of the bead

milling process as function of the main target product and the required
purity. For example, if the target product is starch, the highlighted SI
range should be selected for high starch recovery (80%) in the pellet
and purity up to 20%. In this zone dry matter, proteins and pigments
are mainly released in the supernatant (80% and 70% respectively) and
are available for other biorefinery applications.

Otherwise, if the target metbolites are the soluble proteins with low
level of chlorophyll associated, SI values higher than 10~ %J should be
considered. In these conditions the recovery decreased to 50% but the
supernatant was enriched up to 70-80% of proteins.

The use of small beads, corresponding to low SI values, resulted in
an important miniaturization of the cell fragments and most of them
remained in the supernatant after the centrifugation step.

The opposite trend was related to high SI values: the stress fre-
quencies reduced the miniaturization of fragments, resulting in 60%
recovery in the pellet during centrifugation. More starch was obviously
recovered in the pellet, but together with all the insoluble components
of the microalgae. The protein content recovered in the supernatant for
high SI is reduced (50%). Safi et al. (2017) concluded that the max-
imum amount of protein released by bead milling represents 50% of the
initial protein content of the biomass. We can suggest here that mainly
cytoplasmic, water-soluble proteins were released for high SI, even if
the 90% of cell disruption was reached. On the contrary, in low SI
range, higher comminution was achieved and part of the non-soluble
proteins was released and remained in the suspension after cen-
trifugation.

As a conclusion, the optimization of the bead milling parameters
cannot exclude the analysis of the product recovery in the following
operation unit (in this case the centrifugation). The data reported
highlighted that low SI did not correspond to mild disruption, while
mild disruption could be considered for SI higher than the transition
zone (in grey). In fact, high SI avoided miniaturization of the cell
fragments but increased the energy consumption. Nevertheless, high



energy consumption in the disruption step, could be justified if it sim-
plifies and save energy in the following steps for biomolecules separa-
tion (Safi et al., 2017; Montalescot PhD thesis).

The understanding of the different repartition of the product in
function of the energy requirement for the disruption is a crucial point
for the design of downstream process in function of the target product
and the refinery application. It opens the way to a customization of the
disruption parameters in function of the value and the required purity
of the target product.

4. Conclusions

A kinetic model, including cell size distribution, was developed for
Chlorella sorokiniana disruption in continuous bead miller. Glass beads
of 0.4mm size at impeller velocity of 14 m.s™! were the optimum
conditions for efficient cell disruption. These conditions allowed dis-
ruption of big cells faster than small ones. A modified Stress Number,
including cell diameter, was then proposed and validated.

Separation of starch, proteins and chlorophyll by mild centrifuga-
tion was studied according to disruption parameters. Optimal disrup-
tion conditions led to extreme comminution. An intermediate zone was
pointed out for allowing moderate energy consumption and preserving
efficient metabolites separation by centrifugation.
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