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Objectives

<+ Description of the methodology related to development
and industrialization of mechanical and jet milling
technologies

- Description of different steps of mechanical and jet
milling studies and their specificities: HSE, analytical
characterization
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ethodology of milling or jet
milling study

Terminology



Objectives

< Particle size reduction
» Milling
® Mechanical milling
" Jet milling or micronization
" Nanomilling or nanonization
< Grinding
<« Comminution



ethodology of milling or jet
milling study

Why reducing the particle
size?



equirements specifications

Why reducing the particles size ?
®* Enhancing of bioavailability by increasing the dissolution rate of AP/

SSA: specific surface area T when ds |

dec K *SSA h: diffusionnal distance | when dy, |
= (C — C)
dt h 5 | . .

C, : Saturation solubility T when ds, < 100 nm

C: bulk concentration



Relationship SSA-d,

o (@08

Diameter = 10 um
Diameter = 100 um

1000 spheres
Surface = 314000 pm?

Factor = 10
1 sphere

Surface = 31400 pm? Diameter = 0.2 pm

. 125 10° spheres

Surface = 15,7 10° pm?
Factor = 500




Relation SSA-d50

"'é'f‘"‘ V=nd/6 = m=p*nd’6
- Qe e

SSA = S/m = 6/ p*d ~ 6/ds,

SSA (created) = SSA (milled) = SSA (unmilled)
SSA (created) - 6Id50 (mi||ed) - 6Id50 (unmilled)



equirements specifications :

Increasing the dissolution rate of API

Digoxin drug

Table |. Particle size, disintegration time snd dis-

solution rate of three varieties of digoxin
tablets

—

Tablet Particle size, Disinte~ Dissolution rate, per=-
mean diameter gration centage in solution at

M (90% confi~ time, min 15min 30 min 60min
dence limits)

e e s,

A 13( 5 - 30) - M. 38 59 71
B 102 (80 - 150) &.5 12 18 18

c 7(3 = 10) 5.5 49 55 62

Effect of particle size on bioavailability
Jounela et.al



equirements specifications :

Increasing the dissolution rate of API

Digoxin drug
0.25 mg tablet
administred

-— with 100 ml of
°\:§ water

—

2 2 I

Serum digoxin concentration (ng/mi )
(=]

o
=
L

0 1 2 3 ¢ 5 6 7 8 9 © 0
hours

Fig. 1. Steady state serum digoxin concentration
after administration of 0.25 mg of four varieties
of digoxin products; mean values from 7 subjects.

Effect of particle size on bioavailability
Jounela et.al



equirements specifications :

Increasing the dissolution rate of API

Digoxin drug

Preparation?® AUCE (ng.hr.ml-l), %z of D

mean + SE)
A 16.52 £ 1.51 96
B 6.49 ¢ 0.41 37
L 13.50 + 1.58 78
D {(alcoholic solution) 17.30 + 1.41 100

Effect of particle size on bioavailability
Jounela et.al



equirements specifications :

Increasing the dissolution rate of API

(A) (B)
- - €
_g 6 % 6 E Fig. 3. Effeat of food on bicavailability of nanosized and micronized API for
) : - 4 -3 5r cilostazol. (A) Nanocrystal suspension (220 nm); (B) jet-milled suspension
< g % (24 um); (C) hammer-milled suspension (13.4 um). Open symbols represent
s 4 '-'é 4 K- fasted state, filled symbols represent fed state (repnnted from Joumal of
g € g | Controlled Release, 111 (1-2), Jinno, 1., et al., Effect of particle size reduction
on dissolution and oral absorption of a poorly water-soluble drug, cilostazol, in
8 sorp po
§ 2 5 2l § 3 beagle dogs, 5664, Copyright (2006), with permission from Elsevier).
E E E
; 3 ~
‘3 B ‘s 0 @ o&‘
0 2 4 6 8 10 0 2 4 6 8 10 . as 8w
Time (hr)
Time (hr) Time (hr)
B 12000
10000 1 Fig. 1. Comparison of nanosized (180 nm) and micronized (5 pm) API for a
{ development candidate in a dose proportionality study. Compound exhibits poar
g = solubility (<0.1 pg/mL) across the physiological pH range. Increased
£ i, dissolution mte for the manoformulation results in a significantly higher
[c,' { bioavailability for the nanosized APl over a wide concentration range (Menck
2 4000 data on file).
20001 ® Nancsized suspension - 180 nm
é ¥ Micronized suspension - 5 um
" w w0 w0 o
Dose (mg/kg)

F Kesisoglou et al. / Advanced Drug Delivery Reviews 59 (2007) 631-644



Requirements specifications :
Enhancing blend homogeneity

Settling after mixing

No Settling after mixing

—)>




Requirements specifications :
Inhalation therapy

Get access to inhalation therapy
® Systemic toxicity reduction

® rapid availability of API at the target

® High concentration within the lung

®* MMAD: Median massic aerodynamic diameter

» Strict control of MMAD will ensure reproducibility of aerosol
deposit and retention.



Requirements specifications :

amorphization

sing the dissolution rate of APl by crystal structure

jcation: Amorphous solution or dispersion

rogressive perturbation of crystal structure and increasing of his free energy
P to amorphization.

: : : : : Mechanical treatment ' ' :,: : Mechanical treatment " "' N\
el \ r—
IR S ad B R >N
AEEN Molecular order loss | ' 'l ! Molecular order loss . -
Molecular mobilitv gain . Molecular mobility gain 4 N
th . ity gal Dislocated Amorphous
Crystal
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Requirements specifications :

Chemical reaction

be used to create particles of a certain size and shape, to
se surface area available for chemical reaction
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Process flow chart

Chemical Synthesis

I

Crystallization

Filtration

l

Drying

l

Milling or jet
milling

Sz

Formulation

Active
pharmaceutical
ingredient
manufacturing

Drug product manufacturing



ethodology of milling or jet
milling study

Energy requirement



Particles size reduction:

ergy Requirement and Product Size Distribution

here are three well-known postulates predicting energy
Fequirements for particle size reductions

* Rittinger (1867) proposed that the energy required for particle size
reduction is directly proportional to the area of new surface created

1 1
E =CrX (Xz X1)
dE 1
—~ = —Cr X (3)



Particles size reduction:

ergy Requirement and Product Size Distribution

On the basis of stress analysis theory for plastic deformation, Kick
(1885) proposed that the energy required in any comminution process
was directly proportional to the ratio of the volume of the feed patrticle to

the product particle

E = Cy X In(
s

dE

_=CKX(%)

dX



Particles size reduction:

ergy Requirement and Product Size Distribution

Bond (1952) suggested a more useful formula:

EZCB

X (72~ 7

Ep =W,

10 10
X (7~ 750

dE

1
§=CB><(E)



Particles size reduction:

ergy Requirement and Product Size Distribution

ax - X (_)
N=2, C= C; for Rittinger
=1, C= C for Kick

N= 1.5, C= Cy for Bond



Particles size reduction:

ergy Requirement and Product Size Distribution

Specific anergy
requarorment
Rittinger’s ey ¢ 1e?
f l f Rittinger KICk S proposal
ormuia (l)lr B ' - 1s applicable for
ry sm ‘
ve t).' i a . Bod N\ . large particle
particle size 0 | . | size
(ultra-fine o Kook |
1.0 | " |
grinding)
¥ 107 107 m:‘ 1.0

Particle size (m)

Bond’s formula is suitable for
intermediate particle size,



ethodology of milling or jet
milling study

Technology selection
according the desired
particle size



Particles size reduction:
2y Requirement depending on technology to be used

Melting heat
1000 i
Forced sieving
100 !!
Mechanical milling
Jet milling
! !!
nano milling
0,1 L LR 1

0,1 1 10 100 1000 10000
kl/kg




articles size reduction:

ology selection according the desired particle size

Forced sieving
* Delumping

» Used as preliminary step before ultra-fine milling.
» Make uniform the PSD of drug product bulk before granulation

+ Coarse to fine milling : target from 10 to 80 um

* Technologies: Mechanical mill, loop jet mill

* Make uniform the PSD, enhancing the processability of drug
product, enhancing of the dissolution profile...

<+ Ultra-fine milling : target < 10 um

* Technologies: Pancake jet mill, fluid bed jet mill

* Used when the dissolution is critical, API for inhalation,
<+ Nanomilling: Target < 1 um

* Bead milling

* High pressure homogenization



articles size reduction:

ology selection according the desired particle size

Equipment Grinding Range

B

| Air Classifying Mill }

l Spiral Jet Mills |

i e
AT A
i ey
[ S
:
:

" Fluidized Bed Jet Mills i
| 1

— » PSD in

o1 1 10 0 100 150 500 1000 gope "ToTone



ethodology of milling or jet
milling study

Coarse milling/ forced sieving



article size reduction by forced

sieving
]
Drying | mixing
I ! I
Forced sieving | Granulation
A i A
Jet milling | Forced sieving
I A
» Delumping to - Tabletting
avoid jet milling |
blockage

» Delumping to make
| uniform particle size
distribution



Particle size reduction by forced
sieving

& Cone mill

* High speed rotor (1000 a 2000
rom: up to 25 m/s)

* Grid made from punched sheet

* Technology to be processed at
overfeeding regime

* Critical process parameter




Particle size reduction by forced
sieving:

Bar mill

* OQOscillating rotor at very low
speed (0,5 a 2 m/s)

* Grid made from wire mesh

* Technology to be processed
at overfeeding regime

* Critical process parameters

https://youtu.be/bHw
SE10Ldzs




Particle size reduction by forced
S ie Vin g o Case study : API A

Specific calibration rate as
function of screen size

4000

T
£
=3
*

-
= 2500
@

2000 —
E - + Oscillating
p= 25m Y sieving mill
2  mm
ﬁ 1500 )
2 * u m Conical
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= sieving mill
E 50 +—5 =
= R L - T
o 0 1000 2000 2000
o
)

Screen size {m)

The oscillating sieving mill leads to higher specific calibration rate when it
compared to conical sieving mill. Indeed, a specific calibration rate of 3800
kg/h.m” was observed when using the oscillating sieving mill with screen size
of 800 um while, only 2000 kg/h.m? was obtained when using conical sieving
mill with larger screen size (2000 pm



Particle size reduction by forced
SieVing: Case study : API B

Particles size distribution

DTP

100.00 +

80.00 —+ —@— Frew itt 630y
X
S 60.00
g : — m  CMAG650p
§ 40.00 +
© - & .
o 20.00 + Unmilled

0.00

0 500 1000 1500 2000

Diameter (um)

* The bar mill leads to a milled product with particles lower than
630 um

* Even if the cone mill use grid size of 650 um, it leads to a
milled product with particles larger than 650 um



Particle size reduction by forced
SiEVing: Case study : API B

Unmilled Cone mill Bar mill
A% A%
Ik density (g/ml) 0,276 0,207 -25% 0,237 - 14 %
r index (%) 21,9 28,4 + 29 % 19,2 -12.3 %
of particles > 630 38 % 23,5 % - <2% -
um

* The cone mill has a negative impact on the flowability

Apparent density = mass/ mitial volume
Tapped density = mass / final volume after 500 tap

Carr index = (Tapped density — apparent density)*100/
tapped density



Particle size reduction by
fﬂrced Sie‘/'ing: Case study : API B

*¢* Morphology

* Cone : Accumulation of electrostatic charges due to high shear rate
(up to 25.103 s7)

Rotor has a diameter of: D (m)
Clearance between rotor and stator: € (m)
Rotation speed = RS (rpm)



Particle size reduction by
forced sieving:

®* Conclusion :

The bar mill leads to high specific calibration rate
The bar mill prevents the electrostatic agglomeration.
The bar mill could enhance the flow properties.

The bar mill helps the processability of drug product



Methodology of milling or jet
milling study

Mechanical milling



Particle size reduction by
mechanical milling: rneory

* The milling take place by mechanical action (impacts of
particles with milling media (rotor and stator) or with others
particles.

%* 3 technologies:
* Pin mill
* Hammer mill
* Paddle mill




Particle size reduction by
mechanical milling: pin mi

tator

Relative movement of rotor part reqgard to a stator part. The rotor and
Stator are composed of 4 or 5 of pin (1- 2 cm length and few mm
diameter) rows.

* The solid feeding takes place at the center. The milled product is
evacuated at the outlet of the mill due to the centrifugation force.




Particle size reduction by
mechanical milling: pin mi

*%* Key parameters :
* Rotation speed

* Number of passages
* Solid flow rate



articie size reauction Dy
eChanical milling: Pin mill- Parametric

SSA vs nombre de passe a
100 m/s
i A FORPLEX simpl 100 08
u simple rotor
s ] * m 2 06 —
& N\ao 4 ¢ & Alpine Simple rotor 160 E /
<E 0‘3 T . mm o 04
ol ’ A Alpine Double rotor 250 g
0.2 ]‘- AP % 0,2
04 } } 0 \
0 10000 20000 30000 0 2 4
(tip speed m/s)* Nombre de passe

B Whatever the used scale, whatever the used technology the tip
speed is the decisive factor.

* The created SSA is proportional to the square of the tip speed.
* No significant impact of the solid flow rate on the created SSA.



article size reduction by
eChanical milling.' Pin mill- Scale-up

¥ = 16138533312 T
= - :-%,
F, * : -
R o
] g
E EIE,I]?.E?
= 4+ Minimum g v=158.2
2 e & R® = 0,9919
X - 9 10
o o y = 419,96x%123% B Maximum T /
N = EE R =0,979
A ¢ 2
(8]
o
I | 1
0.1 1 10 01 1 10
Mill diameter (m) Mill diameter (m)
| ]

P Scale-up rules
e ASSA ~ N2
* Solid flow rate ~ D?
* Power consumption ~ D?



article size reduction by
eChanical milling: Pin mill- Scale-up

Milling trials performed using 100 mm pin mill

Rtotation speed | Solid flow rate d50 (um)
(rpm) (kg/h

0 4 116
4000 4 59,6
9000 4 351
13000 4 20,51
18000 4 12,11

* Graph ASSA ~ N?

* FExtrapolate rotation speed to get 0.3 um’ as ASSA using 250 mm mill
diameter

* Extrapolate the solid flow rate using 250 mm mill diameter



rticle size reduction by
’ Ch an ical milling: Paddle or hummer mill

Grid (used for both
technologies)

Paddles

Hummer

** Principle
* The solid feeding take place at the center. The milled product is

evacuated through the grid at the outlet of the mill due to the
centrifugation force

¢ Less used in pharmaceutical industry due to the risk of grid
clogging



ticle size reduction by mechanical
lin & Paddle or mill: Parametric study

Key parameters :

* Tip speed: The created SSA is proportional to the square of the
tip speed

* Solid flow rate: No significant impact of the solid flow rate on the
created SSA

* Gas flow rate: No significant impact of the gas flow rate on the
created SSA but it has to be sufficient in order to ensure the
solid cooling and it’s transportation

* Grid type (holes shape, holes diameter, number of holes): impact
significantly the physical quality of the milled product.

SSA créée vs caré de la vitesse

¢+ Toupa/05

o

mm
r Troupat/1
mm
A Trou
araché/0,5
Trou

o o0 o0 9

QI\)-P
k

SSA créée en m?/g

0 500 10000 15000
Camé de la vitesse (M/s?




ticle size reduction by mechanical

. httlps://youtu.be/N S8JRwAYQ1k
ING. Pin mill equipped with dynamic selector

lindrical cage rotor

ant for producing high
tonnage of API requiring tight
particle size distribution

at — Tangential air drag force
o — Radial air drag force
Centrifugal force

K . — Gravity force /

Coarse

TS . . Dissertation by Gleb Gennadievich Mejeoumov

*%* Principle

* The product is introduced within the mill using a rotary valve. Then
it’s milled by mechanical action (impacts) of particles with milling
media (rotor and stator) or with others particles.

The milled product is then carried towards the dynamic selecteur.
The bigs particles are centrifuged and go back with the mill. The
fine particles are transported by the gas to the filter



lmg e Pin mill equipped with dynamic selector

ticle size reduction by mechanical

B: Material flow rate kg/h > B, =B, + B,
@ F(x): Particle size distribution
@ \ Fine Particles =
Separator Feed [U Ba To(x) z
st f1(X) 70
60

Coarse Particles
B, fy(x)

Cumulative Passing, %

‘Fey parameters
o

10
Particle Size, ym

100 1000|

Rotor speed

* Air flow rate

* Feed rate
o

Dissertation by Gleb Gennadievich Mejeoumov



% of feed reporting to separator
coarse flow

ITromp, =

ticle size reduction by mechanical

lmg e Pin mill equipped with dynamic selector

B, - f, =B, f, + B;

Bz'fzi
Bl'fli

DYNAMIC SEPARATOR
TROMP CURVE

70 +
60

. f 3i f; = portion of material in i fraction

Selection function

Cut size value: X,

50
40 -+
30 +
20 4
10 +

By-pass=23.29%

A J

Sharpness of separation: X.-/X,-
By-pass value: fraction that
bypasses the classification action
Partition coeffition: B,.f;,/B,.f};

Grade efficiency curve

f3i 'fli_f2i

GEC = .
flf f3i —fZi

10 d50=23.33 100
Particle Size (um)

1000

Dissertation by Gleb Gennadievich Mejeoumov



ticle size reduction by mechanical

lmg e Pin mill equipped with dynamic selector

** Principle
* The product is introduced within the mill using a rotary vale. Then

it’s milled by mechanical action (impacts) of particles with milling
media (rotor and stator) or with others particles.

* The milled product is then carried towords the dynamic selecteur.
The bigs particles are centrifuged and and go back with the mill.
The fine particles are transported by the gas to the filter

\/
*%* Key parameters :

* Mill rotation speed, selector rotation speed, solid flow rate, gaz flow
rate.

https://youtu.be/xXILSRM1N1e0



ticle size reduction by mechanical

lin &< Pin mill equipped with dynamic selector-Parametric

) . SSAvs déhit de solide
SSAcrée vs (Q_air/N?)
0,0’60 + N select=3500
x 050 x . Tr/min, N broy =
100604 100B@  10EW0| | E 10000 Tr/min
1,00 ‘ ‘ o s = "N sdect=2000
R £030 - Ti/min, N broy =
N 1] s
£ @ g0 10000 Tr/mirt
S < 4 "N sefect = 5000
® ¢ % 0,10 Tr/rin, N broy =
% 000 ‘ 10000 Tr/rrin’
010 000 5000 100,00
Q air/N (nB/h/(tr/min)?) Débit de solide en kgh

SSA blaine

SSA vs vitesse de
broyage a N_select=3500
tr/min et Q_solide= 51

o 0,60
£ 0,40
c 0,20

® 0,00

kg/h

& &
¢ v @

*

0

5000 10000 15000

Vitesse de broyage en tr/min

#* The physical quality of the milled product is mainly driven by the

selector performances and the gas flow rate.

#* The impact of the solid flow rate is not significant
#* The mill rotation speed has a low impact on the physical quality of

the milled product




ic mechanical milling (down to -160° C)
sed for product with low melting temperatur
oduct sensitive to friction

Product with plastic behavior

rticle size reduction by mechanical
lmg e Specific technolgies: Cryogenic milling

SSA Créée m?g

SSAvs T

L 2

N
o
S

-50

T(*C)

50

SSA créée vs N2a -90°C

(100 mm)

0 15000
N2 (m/s)?

20000

25000




Particle size reduction by mechanical
mlllmg e Specific technologies: Amorphization by milling

o
*%* Takes crystalline state away from equilibrium by progressively
disturbing its crystal structure and increasing its free energy until the

obtaining of totally amorphous product

E4RN AN A
: : : : : Mechanical traitement § § IN | Mechanical traitement | "\ \. | -—
> 101 - B -
: : : : : Loss of molecular order (] .. } Loss of molecular order ,' \ ~
Gain of molecular mobility D afectjye 2" ©f molecular mobility Amorphous
crystal
y crystal

* Glass transition temperature (T,) role



- Particle size reduction by mechanical
milling: Specific technologies-Amorphization by

beads milling

morphisation by milling (API) or co-milling (API + excipient)

Vis de

(HO/ o

DSC POWdGI‘

Crystal form exo i

| rer— |
wm = J I
w w0 W {-

Yol |

Milling 15 \/j o
40 60 80 100 1207100 120 140 160 180 200 220 0

0T

5000
e
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Particle size reduction by mechanical

milling: Specific technologies-Amorphization by Hammer
mill

Recirculation Duct

Rotor with

/ Impact Blades
=/

Stator




Particle size reduction by mechanical
milling: Specific technologies-Amorphization by Hammer
mill

API A/HPMCP

esults : I I 30
° hous after 3 minutes of milling ™ e 10

e mma W% ’
| J5.6°C < T, < 137.3°C T e

2-Theta - Scale

Physical mixture After 1 minute After 3 minutes

Tg = 136.9°C

165°C(H)
0.%7363/9/°c

| Heat Flow (mW) |
=] Bl

Tm = 150.5°C
12.9/g

1 .99°C
Tm = 146.5°C /v;‘;ii;j
7.0J)/g

Temperature (°C) Universal V3.0G TAgk, y)p Temperature (°C)

154.30°C

Rev Heat Flow (mW)



ethodology of milling or jet
milling study

Jet milling



Particle size reduction by jet milling:
Theory & applications

* The different jet mills

%* Applications

®* Nozzles : theory and applications
7 T

%* Critical parameters

%* Population balances

** Effects on crystal structure

** GMP & Hygiene



Particle size reduction by jet milling:
Pro’s & con’s

ros :

* Ultra fine milling (1 to 15 um depending of material and
conditions)

* No product contamination

* No overheating of the material

* Easy cleaning- easy cleaning validation

% Cons:
* Possible amorphisation : Surface area can decrease during
storage

* Hygien (respirable size) & safety (powder explosion hazards)



Particle size reduction by jet milling:
Different technologies

DISCHARGE
e (Variabie Sizes)

Spiral or
pancake jet
mill

Sotecteur (1) -

AUX. CLASSIPIER ~ b B1P L

NOZZILE

WICH PRESS.

‘- FEED NOPPER
-y <
._:_'.‘- 5

Opposed jet

%

Fluidized  Mill
bed jet mill

Charmiie
dr broyage (2)

- I
™ hN RIGH PRESSURE GAS [Lj
-

NOZZLEY



Particle size reduction by jet milling:
Nozzle’s principle

A° \
_, Section A*
u
/ velocity u* ~sound velocity

PO
Pressure P*

Nozzle’s throat

The gas is accelerated by expansion
through the nozzle



Particle size reduction by jet milling:
Truncated & de Laval nozzles

Patm




Particle size reduction by jet milling:
Physics : compressible flows

amental equations for ideal case
Umption

> Adiabatic without friction

Mass conservation

M = pud = Cte
dp+du+dA:O
o u A

ldp 1dAd 1du_

+——=0
pdx Adx udx




Particle size reduction by jet milling:
Physics : compressible flows

ect gas equation P
—=RT
yo

® [sentropic transformation
L,
H+—-u =H,

2

» H, is stagnation enthalpy
» For perfect gas

1
CpT + Euz = (CpT,



Particle size reduction by jet milling:
Physics : compressible flows

C C
— = (te 7/=—p= r
o’ Cv (Cp—R

» Cp: specific heat at constant pressure
» Cv: Specific heat at constant volume

*Stagnation properties

4 Mach
%

> u is the gas velocity and c is the sound velocity
» Mach is the Mach number



Particle size reduction by jet milling:
Physics : compressible flows

> Therefore

& =1+ y—_lMachz
T 2

Y
PO (1 + 7/—1Mach2j7 -1
P 2

1 1

&=(&j7 :(1+—}/_1Mach2j7/_l
P 2



Particle size reduction by jet milling:
Real nozzle

%% Machining quality of nozzle
®* Pressure drop by friction in the cylindrical part
e“Subsonic velocity at the throat (M* from 0,5 to 0,99)

* Impact on kinetic energy and therefore on performances of particle size
reduction
* Nozzles are characterized in terms of Mach number



Particle size reduction by jet milling:
Aerodynamic qualification

<&

L)

L)

Pressure

re U
P transmitter = Ma Ch

Nozzle

H C
4 )
! Flowmeter 1 litre tank 4 f lOW
i

= ==

Nozzle

Air supply

* Not always possible as most of the suppliers drill the
nozzles directly in a ring



Particle size reduction by jet milling:

Aerodynamic qualification

When nozzles are directly
drilled in a ring an
average Mach number is
mesured « Orifice
coefficient »

Gas flow rate m 3/h
B8 88 3

=
o O

Qv nhvs pressionY = 6.1215x - 0658

o

5 10
Absolute pressure (bar)

R =099

+ BExperiment
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Gas flow rate vs absolute
pressure

e

H e
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u
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Gas flow rate vs pressure
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0 T
0 5 10
Gaz absolute pressure
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¢ Theoretical
m Exerimerd




Particle size reduction by jet milling:

Size Name Grinding nozzles Injection nozzles

d (mm) [number[ CO d (mm) CcO

Jet'Omizer Vitry OO 0,7 2 0,83 0,55 0,53

Loop Jet'Omizer Frankfurt 0,725 2 0,78 0,8 0,76

Rinajet 0,75 2 0,96 0,75 0,93

Loop 101S 2,05 2 1,00 1,4 0,90

1.5 inches FPS 1,5 0,4 4 0,87 0,6 NA

Spoutnik 1,55 3 0,80 1,55 0,66

o FPS 2 0,8 6 0,93 0,6 NA
' MC50 Vitry 0,85 6 0,82 1,25 0,94

2 Inches -

MC50 Frankfart 0,9 6 0,74 1,2 0,75

Micronmaster 1,4 3 0,97 1,4 0,93

Sturtevant 1,04 2 0,90 0,71 0,89

4 Inches MC100 1,25 6 0,75 1,65 0,95

5Inches FPS 5 1,25 6 0,49 NA NA

L. APEXS8 2,05 8 0,82 1,65 NA

8 Inches CHRISPRO 8 1,5 15 0,52 3,7 NA

MaChlnlng FPS 8 1,5 8 0,59 1,65 NA
> JETPHARMA 12 1,9 12 0,93 2,5 1,00
quallty 1581 3 12 0,87 4,6 0,73
12 Inches 50236 3 12 0,91 3,6 0,67

02307. 3 12 0,72 5,7 0,50

50609 3 12 0,64 5,7 0,67

20 Inches 372045 4,5 12 0,53 9 0,70

372055 55 12 0,60 9 0,66
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Particle size reduction by jet milling:
Jet energy

Gas kinetic energy

yRT;) d2
M

1 )
E.=50.¢ =n*CO*0,189Fy

————————————

Grinding specific energy

E P

0

E, 6 =——x
Qsolid Qsolid

Solid-gas ratio 0
_ solid
Q gas




article size reduction by jet milling:
etic energy of the jet is derived from fluid mechanics

*: nozzle section
Orifice coefficient : nozzle quality

v Syl

:l % %k k3 :l % A0 (O0\3 L 2(7/_1)

Eo=g A% prusd =2 4% p° ()3 COL D™

o S
g 00000000 elium

°= RT® ; o
M 2 o AZzole

g oooooooo

(sonic velocity) WL

'Absolute pressure P°(Pa)
Molecular mass --> Gaz nature influence (He vs N2 :
Energy 3 times bigger)



Particle size reduction by jet milling:
Pancake jet Mill

Gas outlet

Unjet milled API Almalnte fller

Product
transportation
line

Injection gas
Gas supply
o —— —_— E—

Grinding gas

Cyclone
filter

Jet milled API
recovery

]

Microsoft
werPoint Presentati



rticle size reduction : Pancake jet
/

mill is made of:
flat cylindrical milling plate :

Micronized Product Outlet

VYortex Finder

Compres ed__ Grinding
Feed Chamber
Air/Gas

Grinding Air/Gas
Manifold




rticle size reduction : Pancake jet
/

mill is made of:
powder feeding system (venturi) :

Feed Funnel
Micronized Product Outlet
Venturi Editor / Vortex Finder
e oo Grinding
e y Chamber
Air/Gas
Grinding Air/Gas
Manifold
= T : =
Compressed
Grinding Air/Gas
Replaceable Liners




rticle size reduction : Pancake jet
/

mill iIs made of:
static classifier:

VYortex Finder

Compressed__ Grinding
Feed Chamber
Air/Gas

Grinding Air/Gas
Manifold

Compressed
Grinding Air/Gas
Replaceable Liners



Particle size reduction by jet milling:
Pancake jet Mill-Aerodynamic mechanism

Grinding zone

Grinding zone

Static classifier

Grinding nozzle

l=k*d,  k=10~20
I = length of tree jet dn 1s the nozzle diameter
i 1-2Xk al
r = 2| ( D ) cos a_

Grinding nozzle

r 1s the radius of the assumed boundary circle

The spiral jet mill cut size equation Rory MacDonald et.al



Particle size reduction by jet milling:
Pancake jet Mill-Aerodynamic mechanism

d
Tangential drag F " b@ﬁ F Centrifugal force
C

|

F Radial drag
r

® Solid particles in the mill are subject to two competing forces

3
_P XXX vt Centrifugal

e 6 X 1 force
2
F. = Ap X Lw X p g~ Vo Centripetal
t— 2 force
CW — Cl +

Re

The spiral jet mill cut size equation Rory MacDonald et.al



Particle size reduction by jet milling:
Pancake jet Mill-classification mechanism

‘ hi ! H \
< >
D
ans
.. =
" md,h
Ut
Assumption: constant spin ratio =2 U_ =k
r
2
d — 3C DT 1 (vt)
CUE — wFHg >
4ps (vr)

The spiral jet mill cut size equation Rory MacDonald et.al



article size reduction by jet milling:
Pancake Jet mill-Parametric study

Grinding nozzeles type

el S

Grinding nozzeles number and diamete

Grinding nozzeles angle

o —

Process parameters
(geometrical parameters)

Grinding nozzeles number

Key parameters
Particle size distributio A i
—-—y e rinding gas humidit
Bulk density&Flowahility & & ¥
o]
w M
Crystal structure Grinding Pressure =z
Residual solvent oy
Surface charges Injection Pressure —
= T
oL =
Morphology Solid feeding rate o2
Stickeness S
Hardness \ Grinding gas type \ E E
=
c B o
Toughness Grinding temperature\ 2 u R
Abrasiveness \ E a5
% N, f 258
Type of jet mill ,.:'i us £ S
iy Lo A D
Size of jetmill ¢t
oo
[
o a8
aam e
£ 3
M ==
5B
3
53

Classifier gap Process parameters

(operating parameters)

Micronised producr recovey Micramses product qualty
- attributes

Jet mill material




article size reduction by jet milling:
Pancake Jet mill-Parametric study

Key parameters
* Nozzle angle
* Number of the nozzles
* Nozzles diameter

* Type of the nozzles (convergent vs convergent-divergent vs
straight)

* Gas type (Air, Nitrogen, Helium)
* Grinding pressure
* Solid flow rate



article size reduction by jet milling:
Pancake Jet mill-Parametric study

Nozzles angle impact at different solid flow rate

A 0.4kgn

2]
Z o ./. B 12kgh
=

A @® 2kgh

=
»

40 45 50 55 60 65 70 75

Nozzle angle

* The nozzle angle has not a significant impact on the particles size
but impact dramatically the solid build up within the jet mill

(from Smit et al.)



article size reduction by jet milling:
Pancake Jet mill-Parametric study

API C
25 API D
5 2 d o o ] ?
Q|
£ T
E15 M S o L 1
@y E 1 k AA ® 1§ 025kgh
2 A o L 27 B 05kg/h
MicronMills 8:Q =7 m T A § 0 kol
0,5, Kg/h 0w 1t 0kg
0 MC 100: Q = 1 Kg/h ® 1 ® 20kgh
0 . . . . 0 : : : : |
0 2 4 6 8 10 0 2 4 6 8 10

P (bar) P (bar)

Higher the grinding pressure, higher the created specific surface area



Pancake Jet mill-Parametric study

. Solid flow rate impact

According Mohanty et Narasimhan

4 \
d,—d
0go\r=)_ [ 1
d 45 d
J \4p 4f

Where Q is the slid flow rate
d; is the feed particle size
d, is the particle size of micronized product

article size reduction by jet milling:

+C

C, m and x are constant related to product characteristics

The exponent x is coming from the equation below

dE _ 1
H_ CX(XH)



article size reduction by jet milling:
Pancake Jet mill-Parametric study

According Ramanujam et Venkateswarlu

* The particle size increase continuously . The milling profile
exhibiting two regimes. Each regime is driven by a power law

Particle size
"Illul.Ilh

Flow rate

maximum value of the solid
flow rate exists beyond which
the behavior of the particles in
the grinding chamber is very
unstable resulting in a
discontinuous output of the
product and large fluctuations
in the particle size.



article size reduction by jet milling:
Pancake Jet mill-Parametric study

Solid flow rate impact : 2 cases

Product G
Product F ]
P°b = 4 bar. = 1 P =oBar
10 §
~ —a—Nozzle 1.5 ym
A ~1
£ il o 0,5
c<,() © —»— Nozzle 1.3 ym
N C oo
S5 0.2 .
1 0 5 10
0.1 1 Q (kg/h)
Q (kg/h)
Case 1: decrease in SSA when Case 2 : Existence of an optimal solid

solid flow is increased flow



article size reduction by jet milling:
Pancake Jet mill-Parametric study

Injection pressure

* This is parameter is poorly studied,

* The most authors arbitrarily set it to 0.5 or 1 bar more than the
grinding pressure to avoid a phenomenon of reflux in the venturi.

* For Karl Sommer, the arrival of the gas-solid flow at the chamber
causes, from a certain pressure, a disruption of the spiral flow
which reduces the efficiency of grinding. He therefore
recommends working at minimum feed pressure.

<+ Jet milling temperature

* the speed of sound is proportional to the square root of the
temperature, a high temperature will increase the speed of the
gas in the mill and therefore the kinetic energy of the grinding

gas



Particle size reduction by jet milling:
Pancake Jet mill-Parametric study

IZ | Feed
—a—55.4 ki/kg
E P . - . — = 110,7 ki/k
Espec = Q C ~ lell s Z —e—3322 kJ/kz
sol sol E 7
3 0
11 2
] 1
— API | 0 ' '
— 0.1 ' Dpp(um) '° 100

100 mm mill, N2

—

product Z for low energy trials.

100 mm mill, He

2;‘1*" i Particle size distribution of

10

Feed

500 mm mill, N2

8 J —a—2805.,4 kI/kg

—- 11812 kl/kg

Surface créée (m2/g)

1 —e—1476,5 kl/kg

V

N

Volume (%)

\ =
p—
p—

100 1000 10000
spec ( J

E /kg) 2
0 h T
I 0,1 1 Dp (pm) 10 100
Low energy : created High energy : created surface ~
Surface ~ E Eqpec” , o <<1, Particle size distributions of product
i Z for high energy trials.

fragmentation regime Attrition regime



rticle size reduction by jet milling:
Pancake Jet mill-Parametric study

act of milling chamber shape
®" Ellipticale shape more powerfull than the plate one

N __' 1

Plate
5 4 *
E 35
e 3 ¢
§ 251 o & Elliptic Shape
S5 2 | m Plate shape
5 15 ? g ¥ P
L €2 i
1}.- - : i
O 0,5 1 f
T T
0 ‘ ‘ ‘ ‘ g fﬁfﬁ:f_fé ,[;4//{{1_
0 200 400 600 800 1000 5;/ SN,
Specific Energy (Kj/kg) s

Role of classification? Elllpth



article size reduction by jet milling:
Pancake Jet mill-Parametric study

Ramanujam & Venkateswarlu correlation

R;=f(Re,, Ry, Ry)

Rs= SSA,/ SSA;
Re,, = dg, U,/ U, (Reynolds number within grinding nozzle)

RM = Qp/ans
R,=d./D,

R = exp[K(Rg'z XR]{} Re?, )J

* This correlation shows a transition zone with different coefficients
on each side

O O O 04



article size reduction by jet milling.

Pancake Jet mill-Parametric study

Dimensional analysis
arma correlation

R; = K(Re, )" (R,,)"(R,)

* The correlation was obtained from 48 trials carried out on
a pancake jetmill wusing calcite.

* Unlike the previous one, no transition zone was
encountered.



article size reduction by jet milling:
Pancake Jet mill-Parametric study

Material choice to solve adherence problems

Stainless steel (12 min)

PTFE (37 min)

* Venturi clogging (ProductY) : depends on the material used
for the venturi



article size reduction by jet milling:
Pancake Jet mill-Parametric study

g modeling and PSD prediction by using kinetic model

Kinetic model is based on mass-balance which uses a statistical

analysis of collisions between particles, as well as for the breakage
functions of the particles.

The method consists in dividing a particle-size distribution into
several size classes indexed from 1 (coarse) to n (fine).

* Then, two functions are defined:



article size reduction by jet milling:
Pancake Jet mill-Parametric study

Mother particle j with mass m,

‘ Some fragments or daugther
particles with mass m.

J

mi=bi,jmj m;,;=b;,;

Class d, m;
Cfass d,,,

mn=bn,jmj

Class d



article size reduction by jet milling:
Pancake Jet mill-Parametric study

dw, (t) -
L = —sw(e) + Z by S;w; ()
j:




article size reduction by jet milling:
Pancake Jet mill-Parametric study

y [ p—
’—’—'l -’
Population balane including attritio m -
40 fragmentation
30 o
£ 8 .
.20 g 20 T ! |I
V = attrition (at high
= & 10
| energy)
0 ‘_ feed
—Jl}— Experimenal output
—A—Simulated output

diameter p



article size reduction by jet milling:
Pancake Jet mill-Parametric study

cale up rules:

Use Homothetic geometries

o~y 2
anz D
~ 2.2to 2.7
Qsolide D

~ -0.2 to -0.5
Espec D

* Rules checked from 100 to 500 mm & from 10 to 500 kg/h



article size reduction by jet milling:
Pancake Jet mill-Parametric study

m

le-up
ase study: Product C

L

¢ 1.5 inches

=
|

B 5 Inches

[44]

A 8inches

== = Specification

[t

® 12 inches

[
]

@ 20 inches

]

Created specifi surface area(um?)

. e T
Specific Energy (Kj/kg)

The milling profiles of different mills (1.5, 5, 8, 12 and 20 inches) led to a
one master curve.

The specific energy approach is a very good scale-up’s marker.

The scale-up factor between 1.5 inches and 20 inches is about 186 (130
kg/h for 20 inches and 0.7 kg/h for 1.5 inches)



Particle size reduction by jet milling:
Loop jet mill

Milling Zone at the bottom part

#® Classification zone at the top part

* The big particles will stay within the mill. They will go back to
the milling zone.

* The fine particles are ejected through the product outlet

Classifying
chamber

Product outlet

Raw feed inlet

Pusher nozzle /4 ¢

Venturi

Grinding chamber
& nozzl es

Compressed
air inlet

High pressure
manifold




article size reduction by jet milling:
Loop jet mill Parametric study

Key parameters
* Number of the nozzles
* Nozzles diameter

* Type of the nozzles (convergent vs convergent-divergent vs
straight)

* @Gas type
* Grinding pressure
* Solid flow rate



ticle size reduction by jet milling:
jet mill Parametric study

SSA vs Egp

%t 2 milling regimes ;
* Low pressure : fragmentation | & A
* High pressure : attrition 2 011

** The created surface depends
mainly on the specific energy.

SSA créée en m?/g
o

0,01

E,, kilkg

E ]st

E: cinoC

v Qolide Qolide




Particle size reduction by jet milling:
Fluid bed jet mill

Classifier motor

Classifier rotor

Product outlet

Classification zone

Opposed nozzles
& grinding zone

Compressed
air inlet

**Principle:

* The jet mill is composed of a milling chamber and a dynamic
selector

* The milling chamber is composed of fluidization bed equipped
with 3 nozzles positioned in order to have convergent jets toward
the center of chamber where the milling take place

* The big particles will stay within the mill. They will go back to the
milling zone.

* The fine particles are ejected through the dynamic selector
(squirrel cage)



icle size reduction by jet milling:
bed jet mill: Parametric study

N/
** Key parameters :

* Grinding pressure

* Selector rotation speed
* Solid flow rate

* Nozzles diameter

Type of the nozzles (convergent vs convergent-divergent vs
straight)

* Gas type
* Grinding pressure
* Solid flow rate



Particle size reduction by jet milling:
Fluid bed jet mill: Parametric study

SSA vs Pabs/N?

P_abs/N? (bar/(tr/min)?)

SSA = Cte at R = cle: P o Drag forces
N : N 2 Centrifuge forces

#* The physical quality of the milled product is mainly driven

by the selector performances and the gas flow rate.



A Y LI IC IO e ievne UJ/Jﬁl«

milling:
Fluid bed jet mill Parametric study

essai U P broyage=52berg Q sdick=1,63kgh V. select=5000trfrin

Temps mise en régime vs débit de solide ] - . .
4N select = 1970 tr/min Temps mise en régime vs vitesse de selection
- a Q_solide = 2,69 kg/h et P = 4 bar -
0,3 0,09
0,08 + kS
c 025+ y = 0,2428x - 0,0057 - A o
c R? = 0,9934 £ 007 +
o o * =
g 02+t E 006+ o
B 2 £ 2
g £ 005+ 5o H=r
§ 0157 ) o 0041 g 0§
@ 2 g —d®
2 € 0,03 1 * 315 — Trrsmissan
E o » S
7] Q b
a £ 0,02
E & 0
e 0,01 (
; ; ; ; MV"‘WA »
000000000000000000000
tesse selecti g .
[y Qo7 24 02tB mnB48
Tenpsennin

‘|fligh hold-up within the mill (approx 240 g)

*# ong time to reach the steady state (f(flow rate, Rotation
Speed of the selector))

“®High variability of the physical quality of the milled product

gluring processing



rticle size reduction by jet milling:
ific technologies Cryogenic jet milling or jet milling under

A1 S0lid-feedimmmbmmmmm—

Steam injection

* Cryogenic jet milling (T<-20° C)

Enhancement of jet milling

performances

Amorphization (T< Tg)

®* Micronisation under HR

< > Avoid the amorphisation (Tg
® <)
u-g-'-a/—:‘;m‘_}—‘i i k , 7T ’{;\' C 1
A = ~ 1 @ i ooling
= [ exchanger
Grinding line O |
/ " £ Wsm.::ﬂm ]

Injection line




article size reduction by jet milling:
ecific technologies Cryogenic jet milling or jet milling
under RH

Micronisation at low temperature
* avoid the risk of melting low-melting materials
* make fragile soft or ductile materials
* Improve amorphization process (T<Tg)

# Micronization under controlled relative humidity

* The objective of micronization under controlled HR is to avoid
amorphization of the API during jet milling

* Jet milling takes place between 50-90 % RH within chamber.

* Pure superheated steam is intfroduced (to avoid condensation)
at the venturi, where it is mixed with the preheated feed gas
typically in the range 40-50 ° C (as is introduced much steam
at the venturi it is necessary to overheat the gas to avoid
condensation).

* The flow of steam is controlled by a pump which introduces
the liquid water into the boiler. Moisture is controlled by an HR
probe at the output of the system.
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ticle size reduction by jet milling:
ific technologies Cryogenic jet milling or jet milling under
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rticle size reduction by jet milling:
odology of mechanical milling or jet milling

Technologies comparison



ticle size reduction :
nologies comparison

ke vs loop jet mill : The pancake jet mill leads to a finer milled product (d50 <

than the loop jet mill (d50 210um)

@ine cases a narrow particles size distribution could be obtained by pin mill or

loop jet mill

The loop jet and the pin mill could have an overlapping in terms of milling
performances. In this case the loop jet mill has to be used as first intention (easy

cleaning, easy maintenance eftc...)

** The pin mill has to be preferred to hammer or paddles mill because he is less

sensitive to clogging (No grid)
** The fluid bed jet mill has to be avoided (High variability of the physical quality of the

milled product, complex maintenance, complex cleaning

** The hammer mill to be used for cryogenic milling which require high residence time



rticle size reduction:

hnologies comparison_ loop jet mill vs Pin mill

(Vitese’ (isy
0 500 1000 15000 20000 200

¢ Lopje nil 22
1 AdreUPZIed

Loop jet mill: the important
parameter is the specific energy

Pin mill: the important parameter
is the (tip speed)?



rticle size reduction:
hnologies comparison_ loop jet mill vs Pancake jet mill

SSA vs Egp
2
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[ |
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Particle size reduction:
Methodology of milling or jet milling

Methodology



Particles size reduction:
Milling studies Planning during development

e-clinical phase:
Basic data acquisition at miniature scale
Feasibility study at lab scale
As function of the targeted particle size the technology is selected
®* Parametric study :
—impact of different process parameters on the
physical quality of the API (PSD, SSA, apparent

density, flowability, shape, etc....)

—Impact on drug product quality attributes
(Physical properties, biopharmaceutical
properties)

* Physical stability study

—Monitoring of PSD or SSA at different relative
humidity ((0, 60, 75/80 % RH) and ambient
temperature during 1 week, 2 months and 3
months.




Particles size reduction:
Milling studies Planning during development

EHS study

sBefore phase IlIb:
® Technical trials at pilot scale
* Manufacturing of techno-batches

* Manufacturing of GMP batches according the fixed target or specification
* Industrial transfer



Particle size reduction:
Methodology of milling or jet milling

haracterization of unmilled product (SSA, PSD, density, DSC, microscopy...)

A s function of the target particle size : selection of parameters to be tested

g@ccording the suitable technology

% o perform the parametric study — ideal case

* Mechanical milling :

— Milling using 3 or 5 levels of rotation speed at constant solid flow rate

— Milling using 3 or 5 levels of solid flow rate at constant rotation speed



Particle size reduction:
Methodology of milling or jet milling

* Jet milling:

— Milling using 3 or 5 levels of grinding pressure at constant solid flow rate

— Milling using 3 or 5 levels of slid flow rate at constant grinding pressure

** Observation of the build —up within the mill
** Characterization of milled product (SSA, PSD, density, DSC, microscopy...)

** Stability evaluation of the milled product



Particle size reduction:
Methodology of milling or jet milling

When the process has reached a certain “maturity”, realisation of

techno-lots, with product from pilot plants (possibly supplier) close to

industrial technology :

* batches with different PSD

* Robustness of upstream step ?

* Different suppliers ?

* Impact on expected usage properties

Allows the choice (or tuning) of the target or specification

** With well defined objectives/specifications, before transfer to industrial

units :
* Include long duration trial with definitive set-up

| 118



Particle size reduction:
Methodology of milling or jet milling

Finalisation of the study :
* Development report

* Safety study

* For a commercial or clinical use :

| 119



Particle size reduction:
Mechanical milling: Value chain

pin mill 100 mm pin mill

150 mm pin mill

Batch size: Up to

Batch size: 100 up 1000

(Btach size: 50 g g) . 30 kg)

*Support to candidate I Process development, I *Process tuning I

selection and formulation | .GLP tox Batch : and scale-up |

screening - «Technical and GMP . activities .
I batches I -Commercial .

*PK and tox batches [ |  manufacturing I

manufacturing

120



Particle size reduction:
Mechanical milling: Value chain

ches or - 4 inches or . >8inchesor> -
0 jet mill Qmill 1 Jetmill ! Qmill 2 !

Batch size: up to 3 kg) Batch size: Up to

(Btach size: Upto 10 g -Process development, . 30Kkg)

*Support to candidate I .GLP tox Batch I -Process tuning [

selectlc_an and formulation | Technical and GMP I anq §gale-up |

screening * batches . activities .
. I «Commercial .

*PK and tox batches i |  manufacturing I

manufacturing

121



Particle size reduction

Mill and jet mill environment



Particle size reduction:
Mechanical milling: Global configuration

)Rotary valve

o £

Fan

Cyclon filter




Particle size reduction:
Solid feeding

rating channel

Suitable for a product having good flowabailty.

*Gravimetric feeder is preferable for jet milling as the solid flow rate
is in relationship with specific energy

® The volumetric feeder could be used for mechanical milling as the
impact of the solid flow rate on particle size is not significant.




Particle size reduction:
Solid feeding

g
*%* Screw feeder

* The selection of the screw will depend on the physical
quality of unmilled product

Exchangeable

Feed Screws in Single
and Twin Screw Feeders
The table at right provides a

rough classification of bulk
material characteristics suitable

$ . Twin Twin Spiral Auger Auger Screw
to certain WDES of screw dESigns' Concave- Auger Spiral Spiral Screw Screw with larger
Where flow characteristics are profile Screws Screws Screws Screws tube
unkown or inconsistent, feeding Characteristics
tests are recommended. VI 15 T
free flowing
rel. free flowing O
poor flowing Q
dusty o | i LN N W N
sticky o
lumpy (2]
greasy a
damp o
hygroscopic o
bridging Q
ratholing o ]
flooding
compacting o ] l:] ]
fluidizing l
plasticizing Q |
TEZS AT 25 a2 T T3 3T 238 1T 23 ;;;
Legend: 1 || Powder 4 Fibers
2 W Pellets 5 M Flakes
st Drve® i 8 3 Granules O reguires
Digi-Drive® is the world’s first | aghtator

digital volumetric control. It's
easier to use, improves feeding
accuracy, and extends motor life.

A colored dot in the table means: essentially suitable

w



Particle size reduction:
Solid feeding

Agitated Agitated hopper | id equipped
hopper Negative with vertical
(positive cone): Prevent |

cone) arching Agitator



Particle size reduction:
Solid feeding

** Flat bottom is preferable in order to minimize the

hold-up




Particle size reduction:
Solid feeding

Problem : melting of the product, blocking of the

screws after 5 minutes run

» . .
** A working solution :
* Surface coating on feeding pipe:

| 128




Particle size reduction:
Solid feeding

Static electricity:
* On-line discharge

Ladungen

HAUG lonisation - r' *1 ®
zur Beseitigung HALG
elektrostatischer L J




&

®

Solid feeding

Particle size reduction:

Precision (%)

Perforamnaces de la vis pondérale

o Vis d'Archiméde (28
kg/h)

m Vis concawves (28 kg/h)

A Vis concawves (110 kg/h)

7
6 fin du test /\
/* \

5 AN

4 / N\

3 —\

2 ( A ) -

(1) :|A . “0“0““0
19 50 100 1

Duréé (min)

Precision (%)

Performances de la vis volumétrique

120,0%

60,0%

0,0%

-60,0%

-120,0%

Consigne (kg/h)




Particle size reduction:
Solid feeding

Rotary valve

* Suitable for a free flowing material.

* To be used only at the inlet of mechanical
milling or the outlet of the cyclone filter

* Suitable for mill which is sensitive to
overfeeding

* Different option for the rotary valve rotor

w =

Closed End Removable Shallow
Rotor Wear Bars Pocket Rotor

Inlet Baffles Drop Through
Adaptors

K

Beveled
Rotor Blades




Particle size reduction:
Milled product recovery

Combination of
cyclone and
cartridge filter

Cartridge filter Filter sleeve
“Octopus”



Particle size reduction:

illed product recovery Cyclone combined with cartridge
filter

S . Crr-
*%* 2 fractions of milling product to be handled
* Coarse particles recovered at the bottom of the cyclone

* fines particles recovered at the bottom of the cartiridge filter

*** Impact of milling yield

** Will required mixing step for the 2 fractions



Particle size reduction:
Milled product recovery Cartridge filter

** The most usual filtration systems are :

** Sleeve filters :

Cleaning by shaking
Number of sleeves dependant of product characteristics
Better yield (low deposit on the filter)

** Cartridge filters

Separation by gas back-pressure
better surface/volume ratio g
For filter sleeves, the type of cloth is more critical : _

| 134




Particle size reduction:
Milled product recovery Cartridge filter

let of the cyclone filter Inside of the cyclone filter
** Milling yield impacted by the hold-up
** hold up mainly due to the build up

** Not suitable for sticky material



PHASE SOUS
PPPPPP

Particle size reduction:
Milled product recovery Cartridge filter

s can be equipped with rotary valves

n designing the unit, don’t forget the conditioning

step :

In containers, no feed-rate limit

In drums, take into account the drum change, 6 to 10 minutes x 25 kg,
so a productivity maximal of 100 to 120 kg/h

% Hoppers can be equipped with flowability aids systems
to improve the flowability, however, trials need to be
performed to see if the productis not compacting
under constraint (pneumatic vibrator), in that case,

o | 136
aerating is needed :



Particle size reduction:
Milled product recovery Cartridge filter

mprovement of flowability : Gas pulsing
Pulses of N,

4_

| 137




Particle size reduction:
Milled product recovery Sleeve filter « Octopus »

%* No build-up
%*High recovery yield (>95 %)

** Suitable for sticky material

Sleeve Filter




Particle size reduction:
Milled product recovery Sleeve filter « Octopus »

Post milling

Inside of the cyclone Inside of the filter



Particle size reduction:
Example of gloabl installation

¥elone filter _ Lifting colunm
uipped with
ter sleeve

\Q _ Drum

Oscillating
mill

Discharge Jet mill \ Gravimetric
drum feeder



Particle size reduction:

Selection of jet mill material



Particle size reduction:

Selection of jet mill material

hesion between powders and surfaces plays an
portant role in the handling and processing of

pharmaceutical materials.

% Different mechanisms that cause adhesion can be Van
der Waal’s forces, electrostatic forces, liquid bridges or

contact melting



Particle size reduction:

Selection of jet mill material

s already known that small particle size and needle-
morphology can lead to issue like bad flowability
ancd adhesion to surface of jet mill piping and filters
which may results on bad jet milling yield and a

possible failure of the final quality attributes

** To manage this processing risk, the flow functions of
the unmilled API and jet milled need to be carried out

as function of jet mill material



Particle size reduction:
Selection of jet mill material Hopper Indicizer®

,.ﬂl; &

A Hopper Index (HI) representing
the hopper angle required to
initiate movement along the walls
of the hopper 1s then calculated.
A Chute Index (CI) could also be
determined with this equipment
and this index recommends the
chute angle necessary to prevent
material build up on the solids



free flowing

Particle size reduction:
Selection of jet mill material Hopper Indicizer®

onical hopper with Chute
A Index
Hopper
Index ¢l
HI degre

¢
HI=42- ¢’



Particle size reduction:
Selection of jet mill material Hopper Indicizer®

Hopper index Chute index Hopper index Chute index
Higher than 90 0 Higher than 90 0

Higher than 90 0 Higher than 90 0

Higher than 90 0 Higher than 90 0

86 0 Higher than 90 0

Higher than 90 0 87 8

89 0 Higher than 90 0

81 6 46 18

lower hoper index (HI) and the higher chute index (Cl) were obtained
when using Polytetrafluoroethylene (PTFE) for both quality of API



Particle size reduction:

Caracterization methods



Particles size reduction:
impact on the different powder properties

Particles size distribution (or Specific surface area) : always
monitored as a target or specification.

# Particles morphology

* Generally , the particles size reduction process leads to an isotropic
Shape.

* Will never be a key parameter for the technology selection.

» Flowability
* Could have a significant impact on the drug product process

* The patrticles size reduction process could enhance some times the
flowability (unmilled product in needles shape) or depredate in
general the flowability

»* Plymorphic transformation

* The particles size reduction process could leads to polymorphisme
change (Hydrate = anhydrous or Crystal to amorphous)

* Monitoring to be done before and after particles size reduction
process

4



Particle size reduction:

Characterization methods

Particle size

SEM
eLaser diffraction
Optical microscopy

Specific surface area

*BET surface
*Blaine Fischer

Crystal lattice

* X ray diffraction
* Differential scanning calorimetry

Bulk properties



Particle size reduction:

Particle size reduction

icles size distribution

* Particles interact with light. Exploitation of diffraction or

scattering data gives valuable information on particle size

* When a Light beam Strikes a Particle

Reflected

, T

detector mp *

turbidi er

Absorbed
and
Reradiated

Diffracted

lens



Particle size reduction:

Particle size reduction
> e
i : 1

Large particle scatter intensly at narrow angle

Samll particle scatter weakly at wide angle

Laser diffraction analyzers capture the diffraction

pattern produced by this scattering and then use an optical model

to derive the size distribution of the particles that produced it.



Particle size reduction:

Particle size reduction

* to get particle size data from scattered

light optical model with the o (e

mathematical transformations is i

Distribution curve

required: Fraunhofer or Mie

* Fraunhofer is an approximation of the

Mie theory

s B & & & 8 2



Particle size reduction:

Particle size reduction

* Fraunhofer vs Mie

Fraunhofer Mie



Particle size reduction:

Particle size reduction

raunhofer is particularly inaccurate below

um and also fails to properly characterize

systems containing transparent particles.

When the refractive index difference between

the particles and the surrounding medium is

Cumlative Volume Undersize (%)

low, inaccuracies also tend to increase.

Fraunhofer may inaccurately predict the size o ! o

Size / ym

of particles or the amount of material within a Mie theory correctly
given size range interprets the low

intensity scattering
ISO13320, recognises the fundamental

superiority of Mie for measurement range (0.1
to 3000 um).



Particle size reduction:

Particle size reduction

S size distribution

L)

o,

ser diffraction using Fraunhofer or Mie theory
EXxtract characteristic diameters of particle size distribution d10, d50, d90

* Calculate Span : (d90-d10)/(2*d50)

. g * dgy
e Calculate the narrowing index P.I=In( )
. (5
pEa .agmf | o I
log-normal Dissymetric ‘ :
distribution distribution :
P - I
- !
— - I




Particle size reduction:
On-line PSD probe

** On-line monitoring with Malvern Insitec or

equivalent probe :

Better understanding of the process
Improvement of productivity and yield (IPC)
Better control of the physical quality

Measurement of the e

Isokinetic / > .
sampling ;&

#° Reintroduction of the
sample, no losses.



Particle size reduction:

Surface specific area_Permeametry Blaine

ow of a fluid

Measurement cell

Brough packed bed 1s
) Two ways valve
ftlinction of bed .
. evels
thickness, ,‘
porosity and surface BN ~—— 75 vise the liquid
area. e *

k : apparatus constant
L : powder bed length g kte

€ : powder bed porosity D 9
t : time for liquid to fall between two \ ps L(l — & )

levels

p ¢ : solid density Koz eny-C arman




Particle size reduction.

Surface specific area_Gas sorption

cle Gas molecule

Gas adsorption with relative pressure increase



Particle size reduction:

specific area_Gas sorption  BET (Brunauer, Emmett, Teller)

first part of adsorption

e, up to 0.3 relative
Bessure, 1s used to determine

Specific surface area.

equation 1s commonly applied.

Vm : monolayer volume per gram of solid

P 1 c—1 P P : partial pressure
= + Po : saturation pressure at analysis temperature
V(Po —-P ) Vmc Vmc Po c : gas dependant constant

Plot of P/V(PO-P) against P/PO yields a straight line of slope (c-
1)/Vmc and intercept 1/Vmc. Surface area 1s obtained from Vm.

Nol N : Avogadro number
— G : area occupied by one adsorbate molecule
M .
v My : gram molecular volume

S




Particle size reduction:
Flowability

owder flow is a key requirement for pharmaceutical

anufacturing process

Tablets are often manufactured on a rotary multi-station tablet
press by filling the tablet die with powders or granules based on
volume:

* Flow of powder from the hopper into the dies often determines weight,
hardness, and content uniformity of tablet

** For capsules manufacturing, similar volume filling of

powders or granules is widely used

*** Understanding of powder flow is also crucial during

mixing, and transportation.
| 160



Particle size reduction:

Flowability
@Weasurement of the flowability Index l
Volumetry (1965):
Johanson cell (1990) Complexity
Jenicke Cell (1961)

| 161



Particle size reduction:
Flowability volumetry

Measurement of powder bed densities
Settlement curves

00 --
pg OOI
2
bk - o
‘0
s .
—_ IO tapped 3
] . (p tapped p untapped ) HR — AL A . + produit M
carr p . = produit L
ﬁf"'p"e e untapped
Frapred

Carr ClaSSiﬁcation 0 - - Nbd:(:‘.ooups .



Particle size reduction:
Flowability volumetry

Carr classification
Carr’s Index

% Compressibility Relative
flowability
5-15 Excellent
12-16 Good
18 — 21 Fair
23— 28 Slightly poor
28 — 35 Poor
35 — 38 Very poor
> 40 Extremelz poor




Particle size reduction:
Flowability Johanson cell

** Air permeability

Moule

Tamis

/ Piston intérieur

Piston extérieur

/

?
é
¢
¢
y
Z

/o

/778

Echantillon

--------

Arrivee air
comprime



Particle size reduction:
Flowability Johanson cell

easurement
Permeéabilite
Feed Density Index

Bin Density Index

SpringBack Index

Flow Rate Index




Particle size reduction:
Flowability Johanson cell

Density indices (mass/volume)

Flow Rate
Index FRI Bin Density
(mass/time Index BDI
W' Solid flow rate Feed
_Jﬁ/ Density
- “ Index FDI

Springback Index  qgn = BpI/FDI)-1
SBI



Jenike Shear Tester

Wall Friction: Jenike Shear Tester

e standard method to characterize flow properties
Of 'solid materials is the shear testing which provides

the information for the yield locus of the solid

* Yield locus is an important tool in determining the flow properties

of bulk materials.

» angle of internal friction, cohesion, flow function, kinematic angle of
wall friction, etc. are obtained from yield loci

* Shear testing is based on the information of shear stress values
against normal stress values and these are obtained by sliding the

material inside itself under defined load values.



Jenike Shear Tester

Wall Friction: Jenike Shear Tester

Wx A
Cover

Bracket

N\

A. Serkan et.al

Rin
/ d

SxA

hear plane




Jenike Shear Tester

Wall Friction: Jenike Shear Tester
shear test generally consists of

teps. n

The first step is the consolidation (pre-shear)

a. overconsolidated
b. critically consolidated
c. underconsolidated

step in which a criticially consolidated sample

.

strain

prepared

* The second step is the attainment of steady
state flow in the shear cell which is called as

shear step.

* Shear points on yield locus with failure point
(require for material to flow) shear stress values
were obtained for a defined shear normal stress

at a selected pre-shear normal stress.



Jenike Shear Tester

Wall Friction: Jenike Shear Tester

Yield Locus (YL) Steady state Mohr circle

(6 T /

Steady state Mohr circle

/ Major consolidation stress

a,

>

Unconfined yield stre§ O

the maximum normal stress value which a solid having a free and stressless surface flows or
deforms.

o, = f(c,) = the material flow function

A straight line approach can be made for most material’s flow
function



Jenike Shear Tester

Wall Friction: Jenike Shear Tester

Material
cohesiveness shows
increase with
inreasing slope
values regarding
flow function graph,

n Cohesive

Free Flowing

1/Slopegp =11, =
flow index

Very P Easy Free

Flowability Hardened y _
; flowmg flowing

Flow mdex (ff.) <1 <2 =4 =10 =10




Particle size reduction:
DVS : Dynamic Vapor Sorption

osing a sample to a series of progressive changes in

ive humidity and control the variation of sample mas:
as'a function of time. Gravimetric equilibrium expected

with each new moisture step before moving to the next

level of humidity.
Technique used to characterize the species in equilibrium depending on
the relative humidity.
Presence or absence of hydrate
Amorphization or not

Special packaging to implement
| 172




Particle size reduction:
DVS : Dynamic Vapor Sorption

. Amorphongsx "__o § 070
b QO ot | £ y = 0.0641x - 0.016
compound X @ asg | R?=0.999
15 p
i y g g 040 -
g 10 ’ “'E Chalte
& » E 0.20 -
" . = 0.10 -
o i 0.00 ;
" . . = 210 ] i 2 3 4 5 g T B g 10
0 0 Rm:oﬂ m:;m) %0 100 Amorphous Compound X (%)
u
Amorphous/Crystal . .
P Y Calibration

Sorption isotherm
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Particle size reduction:

Impact of the milling on the crystal structure

o .-

Amorphous contant vs ESP
g ) o i S :
£ s : -
f\ | E : .
Eoofe > "T i :
i arnmrd ?_. 5 e : . | . ||:||"|
N 5, e ZOne
SIrY W : : :
o 200 400 500 E00 1000
Specific erergy [JA]

] 0 = 0 -] i -] - = ) =

T - LT S

< over 200 kj/Kg partial amorphization is observed

<+ Amorphous material is not thermodynamicaly stable, can
be converted in crystal form

< Particle size can grow-up during storage




Particle size reduction:

Stability study



Particle size reduction:
Technical stability study

Purpose : to be confident about the proposed
specifications

&% How to : follow vs. time in accelerated conditions
the physical stability of milled or micronized
products

+ Storage of one or many samples in selected
conditions and monitoring of the PSD or SSA vs
time (reagglomeration)

% Conditions

* Temperature

* Relative humidity

| 176




Particle size reduction:
Technical stability study
mperature

* Laboratory, Tray dryer or constant climate chambers

elative humidity

Saturated salt solution, examples

HR en %
5°C 20°C 40°C
ilicagel bleu sec; Co 0 0
OH 5
LiCl 16 12
KOAc,1,5 H,0O 25 23
MgCl,, 6 H,O 33 33
Zn(NOs),, 6 H,O 43 38
K,COs3, 2 H,O 44
NaBr, 2 H,0 99 o7
NaCl 76 75
(NH,4), SO, 81 79
K,SO, 98 97
CuSO, 98
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4,00

3,50
3,00
2,50
2,00
1,50
1,00

0,50

Particle size reduction:
Technical stability study

d50

B

+ B B

& | B

10

15

20

# 800k /kg at O % RH
© 80O kJ/kg at 38 % RH
© 800k kg at 75 % RH
W 277 ki /Kg at 0 % RH
1277 kI/KE at 38 % RH
EI277 Ki/Ke at 75 % RH
@ 200Kj/Kg &t 0% RH
0 200kI/Kg at 38 % RH
© 200 Kj/Kg at 75 % RH

S(1)=8. =(S, =S, )e"

d90
18
16 %
14 &
(W

12
10 © E i

o] | | |
8 $ B S
5
&
2
0 :

0 5 10 15 20

# 800k!/kg at 0% RH
O B00 k) /Kg at 38% RH
© BO0kI/Kg at 75 % RH
W277K)/Kgat 0% RH
(1277 KJ/Kg at 38 % RH
277 KJ/Kg at 75 % RH
® 200K/ Kg at 0% RH
O 200K/ Kg at 38 % RH
& 200K/ Kg at 75 % RH

S_ = final SSA

S, = initial SSA
Ky o,ur = agglomeration cste




Particle size reduction:

Equipment cleaning



Particle size reduction:

Equipment cleaning surfactant selection

The cleaning of pharmaceutical equipments is
required in order to avoid the cross contamination

% The cleaning method has to be validated

« In order to make the cleaning easier, the use of
surfactant is required

<+ Methodology:

* Surfactant screening based on Data base acquisition:

* Surface tension
» Critical micelles concentration (CMC)
» Evaluation of wetability

— Sinking time

— Contact angle



Particle size reduction:

Equipment cleaning surfactant selection

base acquisition

H e i s B by

CMC: The concentration at

which there is micelles

aca Tengan [miin]

A

H = ] & b = ® 4 ] 2 b
i i i i 1 i i

formation. For surfactant _ _ —
efficiency , it is required to fix T‘ﬁ i,‘} ;1 W F“:é%:“
concentration higher than the . " " commraeninas - -
CMC value. Recommended
. Surfactant CMC (g/l) | concentration by the
supllier (g/l)

Y 10 10a 20




tability test

owder incorporation test

Contact angle measurement

Particle size reduction:

Equipment cleaning surfactant selection

C:\C\donée
rré\Donnees\nanom:

tensioactif concentration (g/l) contact angle®
Water Q0 °
) Y 15 45,7 °




Particle size reduction:

Safety aspect



Particle size reduction:
Safety aspect

Mastering the micronisation/milling process has to be
a permanent priority

#=Set up earlier a method for risk evaluation

» Acquisition of data base on the product to be
processed

1> Set up a suitable safety barrier for each equipment
i Periodic review of risk evaluation



Particle size reduction:

FIRE
TRIANGLE




Particle size reduction:
Safety aspect Explosion of combustible dust

combustible dust explosion to happen, it
Bliires the presence of all these factors

Confinement %
Dispersion

Ignition \\

Source

Oxidant (lﬁ

Fuil| (dust)



Particle size reduction:
Safety aspect Explosion

|

> fire
* dispersion of solid particulate material

* jn a more or less enclosed space

Explosmn

A 4 dispersion 4 {\ ,’j
confinement & g




Particle size reduction:
Safety aspect Risks evaluation

Identification of explosion risks
—> Safety technical data

Estimation of risks
- Explosive atmosphere
- Ignition source
- consequences of explosion

Evaluation of risks
Scoring

Lowering risks
prevention and mitigation plan




Particle size reduction:
Safety aspect

Identification of explosion risks

* Basic data acquisition

dust sample

inert substance

/

furnace

:

control unit
for linear
heating

=

I Ifurnace

I_Tﬂ:rl temperatu
it TR difference

temperature

re

Test under
air or pur O,



Hartmann apparatus

Identification of explosion risks

hi% h /
voltage
generator

 spark gap

Particle size reduction:

Safety aspect

* Basic data acquisition

It consists of 1.2 litre vertical tube in which dust
was dispersed by air blast.

Two electrodes made of Brass or Stainless Steel
(SS) of grade AISI 304 was kept inside the glass
tube at some distance apart.

Electrodes were connected with spark ignitor and
serves as ignition source.

Spark ignition system was supplied by high
voltage DC power

Flame propagation is observed as a function of
dust particle size, dust concentration, DC voltage,
etc.



Particle size reduction:
Safety aspect

* Basic data acquisition

The lower the MIE, the more sensitive a powder is to small sources of
ignition
10 mJ -> flammable product
Mastering ignition sources as the only barrier is possible
3 mJ < MIE <10 mJ - very flammable product
Mastering ignition sources as the only barrier is not possible
< 3mJ extremely flammable product
Mastering ignition sources as the only barrier is possible



Particle size reduction:
Safety aspect

Identification of explosion risks

* Basic data acquisition

1) Dust cloud is formed in a closed combustion
chamber by dispersion of the dust with
compressed air.

2) Ignition of this dust/air mixture is then
attempted after a specified delay time by an
ignition source located at the center of the
chamber.

3) The pressure during the dispersion and
explosion is measured by a pressure transducer

and recorded by data acquisition system.



Particle size reduction:
Safety aspect

Typical time curve

0.8 ‘
o7¢F o,

0.6 - maXimum

[ i

S osf pressure P _

2 04p and maximum

® 03}

g rate of pressure
sl rise (dP/dt ),
0.0 can be obtained.

_01 - " 1 " N 1 i 1 1 1 A
0.05 0.10 0.15 0.20 0.25 0.30 0.35
Time /s




Particle size reduction:
Safety aspect

Rate of Pressure Rise (dP/dT) — K, Test (generated
when dust 1s tested in a confined enclosure)

K 1s the Deflagration Index for dusts,

Kst test results provide an indication of the severity of a
dust explosion. The larger the value for Kst, the more
severe 1s the explosion.



Particle size reduction:

Safety aspect the well known triangle

Kst = (dP/dt)max V'~

where:

K Calculation

(dP/dt) gyax = the maximum rate of pressure rise

V = the volume of the testing chamber:

Dust explosion

Kst (bar.m/s) Characteristic
class
St0 0 No explosion
St 1 =0 and <=200 Weak explosion
St 2 =200 and <=300 | Strong explosion
St 3 =300 Very strong explosion

Estimate —
Anticipated
Behavior



Particle size reduction:
Safety aspect

Identification of explosion risks

* Basic data acquisition

Resistivity: ability of powder to conduct electricity

Essential and critical with respect to powder behavior

Powder are resistant when resistivity is > 1013 Qm and are suited for
long charge retention

The most method for resistivity measurement is the bulk resistivity cell
The cell should be made from an insulating material

The powder is subjected to steady state DC potential

The current I is measured

Powder resistance can be calculated from Ohm’s Law (R=V/I)
Specific resistance is measured using the equation (p = (VA/Id)

A and d are the electrode area and electrode separation distance

Powder electrostatic theory: Hosokawa documentation



Particle size reduction:
Safety aspect the well known triangle

» Static Electricity Discharges

» Static electricity is thee fourth largest cause of

ignition sources in dust explosions.

* Handling solids often leads to the accumulation of
static electricity. This accumulation can lead to a

spark that then serves as an ignition source.

* One method to prevent static electricity is to prevent

the accumulation of charge.

* Charge Accumulation:

. | 187



Particle size reduction:
Mitigation plan

ring particle size reduction try to eliminate or
uce one or more of the element that can contribute
@ explosion.

Confinement

Dispersion

Ignition \\

Source

Oxidant



Particle size reduction:
Safety aspect Mitigation plan

» Reduce oxygen below minimum oxygen
concentration - milling using Nitrogen

* Implementation of Explosion suppression

* Flap valve.

* Implementation of flameless venting devices
that combine the techniques of explosion

venting and flame arresting.

* flushing



Particle size reduction:
Safety aspect mitigation plan

» Prevent accumulation of electrical charges

* We can eliminate sparks if we ensure that all parts of

the system are connected with a conductor

* The problem comes when pipes or jet mill are Teflon
lined or made from polymers or connected with non-
conducting gaskets

<+ Grounding
* Is the connection of a conducting wire between a

charged object and the ground.

* Any charge accumulated in the system is drained off

to gI’OUﬂd. | 2060



article size reduction:

Safety aspect Decision tree

Safe use of Mechanical Mills
DTA (closed pan)
A BT Dmft 3 GES Process Safety June 04, 2004

Drop hammer fest
A Hd Deflagration testing at process temp. "
>500J/g? Intended ¥ observe Explosion.
4 Flame 40Nm*
*IT oo /pressume mat o | T
checkthe abulity for
prpagEia of defhgration Cossider Jt Milling /Cryo Milling.
Selfignition SXamme reteston tome and 2
SEE D nek possible T, _ =T, 100K ADT,,10K
DTA 20bar air
Gre wer 8ml quick test
. 1] - Velmoturbos ads o sormally o allfar Frictionm test
Tonm 0fselfignition o ey bocas v observe

§h4 matad of baia g Meamd ap

Explsion, Crckling. Flame
360 N*)

“iparfrmed a3 smdardtess as
described for haza dous swbstance
lmeanes mchding ot chuifiation.
mechanical 1
sensitive &)

Considar Nfrogen martizstion to avoid foe propagaton gmarated o . .
goh—i dower mlsasw due to mill filere. Explosive Properties

is is noxmally not a poblam if the carumfarential pesd ismax Im/s i I
ln;:u_ﬂ;:&mnqphdlfmmhbﬁ dowsrimd :&::’: ::gf:::su
2 ]I * suspension mill

%) additional teang ® bwer Fiaba
stmagh could b pard anedto demomme

Proceed withot additional prowctivn. Reathe mill. | h odinpek i &

Evaluste therik of parks dwe to ingess of

foreign pasticles md / or mechanial fadure

Lim#the millvolme, provide wreens as

an additional pmtection burrsrar. Ground equipment. Run the mill

[ Vo milling possible with the equipm et exvisaged ]

U K, mdp,_ , to cakulate reliaf
VDI 3673, NFPA 68, FM 7-76

Kun MAe chani cal MGl
» (Equipment ncl. flers gounded)




Particle size reduction:
Safety aspect mitigation plan
Usual solutions for sensitive powders

Nitrogen blanketing  Low adaptation costs + Safety (anoxia)
e Multiproduct * Cost of Nitrogen
* No product loss
Explosion proof  Cost
construction (typically  Mono-product
10 bar overpressure) « Each disassembling

requires tests
* Product loss

Explosion venting
system

Explosion suppression
system



Particle size reduction:
Safety aspect

ISK of toxicity Tor the operators (inhalation
Explosion Risk

* Fine particles: possibility to form dust cloud

<« Burning risk due the cryogenic conditions
< Anoxia risk
* Oxygen probe is required

* Complete suit with breathable air



Particle size reduction:
Safety aspect Operators protection

o N

ventilated hood

Containment Hood with Complete suit with .

level : 100 ug/m? preathable air ventilat_ed hood Containment

(8h TWA) Containment leve] Containment level : 10 pg/m’
: 100 ug/m? (8h level : 100 ug/m?3 (8h TWA)
TWA) (8h TWA) C0n.1plete 51.1te
Use of N2 Use of N2 equipped with

breatable air



gcording to the OEB
product classification,
protection measures adapted

To avoid contamination to
outside: classified work
rooms, depression,
mandatory decontamination
before exit of operators by
air-lock

 Example: circulation plan for a
typical milling room.
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Particle size reduction:
Safety aspect Hygiene




Particle size reduction:

ty aspect _Operators protection: high containement
level
rier isolator equipment designed to be used in

nction with milling equipment
@lator designed to have high containment level : 0.1

* CIP to clean isolator

Microsoft
owerPoint Slide Sho
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