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Grinding aids = Liquid / dissolved / solid additives

= Application in dry grinding processes to improve
the grinding performance

» QOriginally: Coming from the cement sector
(1930°s) ]
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Main objectives [ e P ooo0 E
1. Increase of the production capacity o o5 5
1990 1995 2000 2005 2010 2015
2. Decreasing the specific energy demand Year [3]

3. Achieving finer products
4. Enabling use of low-quality feed materials
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f Braunschweig [2] M. Weibel, R.K. Mishra, Zement-Kalk-Gips, 6 (2014) 28-39
[3] Values taken from ,The Global Cement Report®, International Cement Review (2015)
[4] W. Scheibe et al., Freiberger Forschungshefte A, 602 (1978) 61-70
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Grinding aids = Liquid / dissolved / solid additives

= Application in dry grinding processes to improve
the grinding performance

» QOriginally: Coming from the cement sector
(1930°s) ]

» Today: Great importance in many industries

Despite great industrial

— But: > 80 % of present papers still have : _
Importance:

a focus on construction materials

Grinding aid applications

are still mostly based on
empirical knowledge

Main objectives [

1. Increase of the production capacity

2. Decreasing the specific energy demand
3. Achieving finer products

4. Enabling use of low-quality feed materials
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1. Understanding the mode of action: The historical evolution

2. Overview on laboratory studies
» Liquid, dissolved and gaseous grinding aids

» The different types of solid grinding aids
3. Impact of the stressing conditions on the grinding aid performance
4. Transfer of laboratory studies to industrial processes
5. Grinding aids in plant operations

6. Summary and Outlook
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= 1930‘s: First applications of Grinding Aids in the cement
industry [l

R

100

= Rehbinder (1931/32)55 Grinding aids reduce the surface
energy of the particles
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& Ll Y| ] | I ! L ! ] 1

— Adsorption-induced reduction of the surface hardness

= 1930s — 1960s: > 20 studies on impact of surface active
substances on mechanical properties of particles and
rocks

— See review by EI-Shalll”]

= Rose and Sullivan (1958)'%: Extension of Rehbinder
theory to grinding in tumbling mills

Technische
# Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 5 [1] Publication NMAB-364, National Academy Press, Washington D.C., (1981) 206-223.
g Braunschweig [5] P.A. Rehbinder, Zeitschrift fur Physik, 72 (1931) 191-205.
[6] P.A. Rehbinder, N.A. Kalinkovaskaya, J. Tech. Phys., 2 (1932) 726-755.
[7] H. EI-Shall, P. Somasundaran, Powder Technology, 38 (1984) 275-293.
[10] H.E. Rose, R.M.E. Sullivan, Chem. Publishing Co., New York, 236 (1958).




Understanding the mode of action

The historical evolution
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Kennedy and Mark (1938)8l: Observation of dust increase by
Grinding Aids

— First suggestion that Grinding Aids effects may be due to
particle dispersion

= 1940s: Effects may be caused by reduction of ball coating®

= Mardulier (1961) 'l Reduction of surface energy leads rather to
a decrease of adhesion forces than to a change of fracture
behavior

— Ball coating solely as an extreme case of agglomeration

Von Seebach (1969) ['2l: Measurement of adhesion forces
— Reduction by introducing ethylene glycol vapours
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[8] H.L. Kennedy, J.G Mark, U.S. Patent 2,141,571 (1938)
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Sl B’ Braunschwmg [9] D.W. Fuerstenau, Grinding aids, KONA, 13 (1995) 5-18.
¥sce [11] F.J. Mardulier, Proceedings, ASTM, 61 (1961) 1078-1093.
[12] H.M.v. Seebach, Zement-Kalk-Gips, 22 (1969) 202-211.
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= Westwood and Goldheim (1970) [13-15;
The reduction of the material strength by surfactants is only relevant when plastic

deformation is important for the fracture
— Mostly brittle ground products in tumbling mills
— Thus, further indication against Rehbinder

= New theory: ,,Westwood effect”
— Adsorption of surfactants blocks the motion of dislocations near the surface

— Material becomes more brittle
— Substantial mechanism of grinding aids

Technische
24th June 2018 | A. Kwade | Grinding Aid Review | Slide 7
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[13] A.R.C. Westwood, Met. Soc. Conf., 35 (1966) 1-35.
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Schonert 1972 1"%1: Measurement of crack propagation velocities

— Crack propagation too fast for the grinding aid molecules to
Jfollow* the crack

Locher, Von Seebach 19720
— No impact of grinding aids on breakage in the case of brittle fracture

— Grinding aids promote comminution by abrasion as the molecules prevent the
(re)agglomeration of the fine abraded particle

Somasundaran, Lin 1972 ['8l: Statement against the relevance of Rehbinder/Westwood

Graichen et al. 1974/75['°: No impact of grinding aids on breakage propability
— Valid for single particle stressing by both compression and impact

Technische
2 Universiti'it 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 8 [16] K. Schénert, Trans. Soc. Min. Eng. A|ME, 252 (1972) 21-26
g Braunschweig [17] F.W. Locher, H.M.v. Seebach, Ind. Eng. Chem. Proc., Des. Dev., 11 (1972) 190-197
[18] P. Somasundaran, 1.J. Lin,, Ind. Eng. Chem. Proc., Des. Dev., 11 (1972) 320-331
[19] K. Graichen, H. Miiller, H. Schubert, Silikattechnik, 25 (1974) 169-172
[37] T. Heller et al., ZKG International, 02 (2011) 40-48
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Disproof of the relevance of both
Rehbinder and Westwood
for technical dry grinding of

Inorganic materials
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Confirmation of findings from the 1970's: " o
= Reduction of adhesion forces, thus change of: = . ! _
_ = 10 08 Z
a) Tendency of agglomeration g / . )
b) Flow and bulk properties z °] N o E
2 : 3
— Micro-processes inside the mill [20] 3 ° e
L] . = C
— Overlapping impacts on macro-processes [?'] g 4 y Limestone fraction: 10-15 m || o, G
. . ) o —a— Flowability index ff, [}
(e.g. axial material transport) c e Achesion force F, =
2 T T T T T T T T T T T T T 0.0
Further important results: cooe s ® 8
Amount of added hexanoic acid [10°® mol/m?] [22]

= |ncreasing effectiveness for high product fineness
= Grinding aids may act solid-specific
= The surface coverage of the product particles determines optimum concentration

. Technische

% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 10
o . [20] H. Schubert, Aufbereitungstechnik, 8 (1988) 115-120.
Ty Braunschweig [21] H. Dombrowe et al., Zement-Kalk-Gips, 11 (1982) 571-580.
[22] K. Spindler et al., Schuttgut, 4 (1998) 203-209.
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New insights by innovative techniques: 0

Molecular simulations by Weibel et al.[?3, Mishra et al.[?4] HOC:Si Ca H-bond length in A
...... 1.71
= Molecules adsorb on (clinker) surface with their polarparts = 1.55

» The adsorption strength is important for a stable TIPA Ca complexation

adsorption layer

— But: Adsorption strength
# Reduction of agglomeration energy

— Overlapping impact of binding geometry and
steric effects on stabilization

= Agglomeration energy is more decisive for the
grinding result
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3 Braunschweig [23] M. Weibel, R.K. Mishra, Zement-Kalk-Gips, 6 (2014) 28-39
[24] R.K. Mishra et al., Chimia, 71 (2017) 451-460




IPAT -

Institut fur Partikeltechnik

Understanding the mode of action
The historical evolution

1920 1940 1960 19|80 2000
I | | |
. “def v a{‘“g one® ( 0O a0 i cind ’t>
no! SV o ne \69 ef 2 €S 40 0N V7 el
e cl e \\ L ) d dics. .at {10 W
R e 05 B geC ‘,\ew od SV \ic? 193" quiP
e © Re“ w° oy apP est's o ed
W eg’t e O“ w a“\l
£ oc\l i “"\O\J

New insights by innovative techniques:

Prziwara et al. [?®l: Surface energy measurement by inverse gas chromaography

— Final proof: Reduction of surface energy = key parameter for reduction of adhesive forces

Agglomerate size X, Agal. [um]

280
Grinding aid (0.02 - 0.15 wt.-%):
1 © 0% * EtOH
2404| ®m TEA * HexOH
¢ TIPA X DecOH ** &
1| A DEG ® HepAc X
2004 v TEG ® UndecAc A %
XA e
el
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< *
120
o —— Linear fit (y = ax+b)
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| / b=-33.37
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1 < 0% * EtOH
4l = TEA % HexOH
¢ TIPA X DecOH
A DEG  ® HepAc &*
1 v TEG ® UndecAc w
mRK mA X
A
va%
- *
°
*
°
—— Linear fit (y = ax+b)
* a=0.0034
b =0.0812
R*=0.80
—71 - T r T r T 1 1 T T 1T T T T T T
25 30 35 40 45 50 55 60 65 70 75

Specific surface energy Y;o [mJ/m?]

80

e .
“ Braunschweig

24th June 2018 | A. Kwade | Grinding Aid Review | Slide 12

[25] P. Prziwara et al., Advanced Powder Technology, 29 (2018) 416-425
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-
Types of grinding aids _ ™
Liquid / Gaseous / Solid IPAT
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. Liquid and dissolved grinding aids (>100 chemicals in the literature)

: Simple alcohols + Organic acids + Poly carboxylate
Alcohol amines P gan y y Waste products
poly alcohols their salts ethers (PCE)
HO\/\N/\/OH Hsc/\/\/\/\/\OH . ﬁ ¢ o
I\ ;f CHS(CHZ)HCHZ)LONa
oH CHs 0
HO OH HO/\/ \/\OH
oo" PRI EIIvreY 64 b backbon
/[N CHy 5 OH°_° I, o nchor groups” (negatively charged)
HsC” “OH HO™ "0 HsC\/\/\)I\OH

ll. Gaseous grinding aids
= Chemicals with high volatility (e.g. ammonia, acetone, methanol)

lll. Solid grinding aids
= Dry organic compounds with melting points (slightly) above room temperature
= Colloidal sub-micron particles

= Dry (mainly inorganic) particulate grinding aids with high melting points

Technische

Z Universitat 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 14 [27] Online: https://www.chemie-schule.de (13th June 18)
;’ Braunschweig [28] Online: https://wikipedia.org (13t June 18)
¢ [29] Online: https://deu.sika.com/ (13t June 18)
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l. Liquid / dissolved grinding aids st e Bartletiectill

Liquid and dissolved grinding aids = Most common type

Normally: Commercial grinding aid blends of liquid and dissolved components

+ Most understood

+ Easy handling Originally: Qrinding a!ds in the field
s of construction materials

+ Low quantities necessary

+ Miscible = (Pure) cement clinker, Portland

cement
= Substitutents (limestone, fly ash,
granulated blast furnace slag)

= Blended cements

— Possible removal via mill air
(up to 13 %l26])

= Minerals (feldspar, graphite, ...)

= Ceramics (alumina, quartz,
pigments)

= Minority: Organic materials
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Laboratory grinding experiments
l. Liquid / dissolved grinding aids

: : 1N (30]
5000 Clinker (tumbling mill)

S —
NE 7000 Ee I ;7’.Z ”””””””””
(®) 0
d D/
8 60004 l//D/ ,,,,,,,,,,,,,,,,,,,,,,
M 1 / 0
‘© o *
3 5000 I I / ”"""”"”"”"”""y‘/m ”””””
(7)) ] P
= 4
2 s000{ LT e
© )l
- Blaine surface
(a8) 4 S I
O 3000 // —4— Reference
S 2000- Blaine surface |
8 —m— 0.08 wt.-% amine-based GA
) ] —0— 0.08 wt.-% glycol-based GA
1000 T 7 L L | — T 1 T

0O 10 20 30 40 50 60 70 80 90
Specific energy consumption E_ [kKWh/t]

» Usually stronger grinding aid effects at higher product fineness

IPAT -

Institut fur Partikeltechnik

» Grinding aids may act different, also depending on the product fineness

Technische
% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 16
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[30] Values taken from J.J. Assaad et al., Materials and Structures, 42 (2009) 1077-1087.
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l. Liquid / dissolved grinding aids IPAT
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Clinker (tumbling mill)B3%

6000 2.0

\8 Fineness increase ® E
e = 0.08 wt-% amine-based GA . @ Relative increase of the
O 5000 —2— 0.08 wt.-% glycol-based GA ‘/,/ ,,,,,,,,, L 18 % ]
o | Blaine surface o S prOdUCt fineness
S —4— Reference ‘/,/ k=
_— - ‘h -
‘s 4000 & (e Sm,w1th GA
n ad ] S (I) =
) | * /.\./ —n r S GA S )
_% 3000 - / ,,,,,,,,,,,,,, e L 1.4 g_ m,without GA
m 1o¢ / 0 - 5
o ] . O 0 o
£ 20009 S\ D//\D\D/ ——————————————————————————————————— - 1.2 %
a n-u o
o
® 1000 ———— T 1.0 £

o
—
o
N
o
w
o
N
o
(@]
o
(@]
o
\l
o
(00
o
(o]
o

Specific energy consumption E_ [kWh/]

» Usually stronger grinding aid effects at higher product fineness

» Grinding aids may act different, also depending on the product fineness
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l. Liquid / dissolved grinding aids st e Bartletiectill

Clinker (tumbling mill)i30] Limestone (stirred mill)31!

__ 6000 20 O 50 ; — .
) Fineness increase ® o 45 Grinding aid concentration
NE 1|—m— 0.08 wt.-% amine-based GA . P 40 3 . 0,00 wt % DEG 5 HepAc
—_— -0 . — N — ] .00 wt.% —0—
8' 5000 T D. 008 Wt' A) glyCOI based GA ’;y‘ """""""""" ~ 1 8 q) E 35_: \\\\\\\ 010 Wt% 7{:{7 77{:777
) || Blaine surface = S = N
S —&— Reference ‘/,/ c 3 301
£ 4000 o« 1.6 = S 25 ]
? o . S X7
© ' 4 e " | 3 N 201
c u - o o 20
T 3000 -y T -1.4 :5- " ]
E 1 O * / O r Y= % :
o " D - o © £ 15
= 20004 -/ S \D\/ ——————————————————————————————————— L12 @ © 1 e
* O 7] ] pie
O 0 o © o 1 Vert - —— o
() {1 a_m L 10 ertical stirred media mill
Q. . 5 1| (3-4 mm alumina, v, = 2 m/s, T = 30 °C, ¢, = 100 %)
n 1000 T T T T T T T T 1.0 E 10 —T—

10 20 30 40 50 60
Specific energy E_ [kKWh/{]

o
—
o
N
o
w
o
N
o
(@]
o
(@]
o
\l
o
(00
o
(o]
o

Specific energy consumption E_ [kWh/]

In the most cases: No information about the actual surface coverage
— Number of added active molecules

— Space requirement of each molecule + Optimum concentration?

— Real specific product surface area
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[31] Values taken from P. Prziwara, et al., Powder Technology, 335 (2018) 114-123.
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l. Liquid / dissolved aids - required amount A

12

Example: Grinding of limestone || Grinding of limestone (vibration ball mill)
— Grinding aid dosage [wt.-%]:
BET surf Opti £ 109 -—--o00 FZZooz N\Woos [os0 [0
surrace ptiimum conc. =
[m?/g] [wt.-%] S
x ; NN
2.0 — 2.5 [25] 0.05-0.156 —> o 61 7
3.2 32 ~0.2 2
[ ]
> 30 [33] > 4.0 T ]
o ]
0

—
m
>

-Hexanol Heptanoic acid
o]

HO\/\ N /\/OH H3C\/\/\)I\
OH
K\ HsC

OH
OH
YA
/1/ &

wo'«";?% .
g% ¢+ Technische —— : :
3 %E Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 19 [25] P. Prziwara et al., Advanced Powder Technology, 29 (2018) 416-425
“;_:3-'!1 :’&9 Braunschweig [32] O.Y. Toraman, Powder Technology, 221 (2012) 189-191.

Onscnt [33] M. Hasegawa et al., KONA, 24 (2006) 213-221.

[28] Online: https://wikipedia.org (13t June 18)
[34] S.R. Mihajlovic et al., Powder Technol. 245 (2013) 208-216.
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l. Liquid / dissolved aids - required amount A
12
Impor‘tant ACtuaI Surface Coverage | gring!ng oflimestone (viborat.ion ball mill)
— rinding aid dosage [wt.-%]: ]
0.05wt.-% | No.Molecules / E 101 ----o00 [ZZooz R\Woos [or0 M0
. = /0 . — 1
e . T
TEA 0.65 o 61 \\ fffffffffffffffffff
Hexanol 1.49 — B § ,,,,,,,,
Hep.Ac. 0.82 =y " = § ,,,,,,,,
o 2 \
. . A
Adsorption of stearic acid on calcit/34: TEA 1-Hexanol HGM
HO\/\N/\/OH Ho
18/m?2 3
Monolayer at 3.6x10'%/m HOH o OH

= Actual spec. product surface es»':* S
= Chemical properties
» Binding geometry

o
o
ew " o
s}
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”_' Braunschweig [32] O.Y. Toraman, Powder Technology, 221 (2012) 189-191.

# [33] M. Hasegawa et al., KONA, 24 (2006) 213-221.

[28] Online: https://wikipedia.org (13t June 18)

[34] S.R. Mihajlovic et al., Powder Technol. 245 (2013) 208-216.
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l. Liquid / dissolved aids - Summary IPAT
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Alcohol amines / poly alcohols Relative increase of the
= All-rounder: Efficient for most inorganic materials product fineness
= Best grinding aids for cementitous materials [21:3%] Sm with GA

— Cement ¢GA’maX =15 q)GA - Sm,without GA

— Limestone:  ¢gamax = 1.4 :

— Quartz: doamax = 1.1

Organic acids / salts
= Best grinding aids for limestones 121:25:3% (¢ 5 10 = 1.5)

PCE

= Good performance in closed-circuit plants [36]
= Especially benefitial in combination with conventional aids [36:37]

Waste products
= Grinding performance can be enhanced (e.g. with sulfite waste liquor(3®! or soapstock!38)
= |nferior to most of the classical chemicals, but cheaper

2 5% Technisch
echnische .
Xz Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 21 [21] H. Dombrowe et al., Zement-Kalk-Gips, 11 (1982) 571-580
§ 2 hwei [35] S. Sohoni et al., Powder Technology, 67 (1990) 277-286
g Braunschweig [25] P. Prziwara et al., Advanced Powder Technology, 29 (2018) 416-425
5

[36] J. Schrabback, Global Cement Magazine, (2009).
[37] T. Heller et al., ZKG International, 02 (2011) 40-48.
[38] A. Rashwani et al., Arabian Journal of Chemistry, 5 (2012) 263-270.
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Gaseous grinding aids = Least applied type

Principally: Similar mode of action as liquid/dissolved chemicals
+ Enhanced distribution via gas phase

— High volatility

— Comparatively low adsorption strength

— Increased removal with mill air

— Only applicable for hermetically sealed mills

O
H &
(I;, H HsC™ “CHs _N.
e iy ‘ey
Cl \C|CI H_?_OH Acetone H \ H
Chloroform H BP =56 °C H
BP =61°C Methanol Ammonia
BP = 65 °C BP=-33°C
§%lf?¢{% T%‘i:::::f:e 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 22
"ﬁ% %;‘-’ graunsc}:\:eig i [28] Online: https://wikipedia.org (13" June 18)

7, "
Oxsen



Laboratory grinding experiments L

IPAT

"I- SOIid grinding aids Institut fur Partikeltechnik
Differentiation of different solid grinding aid types: L
CH3 H;C OH
1. Dry organic compounds with melting points ,J\
(slightly) above room temperature "o o
— Examples: Bigger alcohol amines /[
H,C~ ~OH
Longer carboxylic acids ’
12 indi i %]: imestone grindin
Mode of action: 12 Enijg.%g ¢ dosage - I\_/Iibratiton bagn rr?ill ’
‘€ 10477002 No0.05 | Mill temperature = 31 °C
= Probably similar to liquid chemicals =
2
» Often applied in dissolved form o
O]
= But: Also work as pure (dry) aid B
S
ju
o

TEA TIPA
MP =21°C MP =45 °C
Technische . .
2 Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 23
=] -
< Braunschweig [28] Online: https://wikipedia.org (13" June 18)

[25] Values taken from P. Prziwara et al., Advanced Powder Technology, 29 (2018) 416-425



Laboratory grinding experiments
lll. Solid grinding aids

Differentiation of different solid grinding aid types:

2. Colloidal sub-micron particles

— Examples: Carbon black
Nanoscale silica

Mode of action: 1800

L

IPAT

Institut fur Partikeltechnik

= Similar to flow additives:

— Particulate additives adhere o

to host particles
1400

— Additives act as ,spacer”

— Reduction of adhesive forces

Specific surface area [cm?/g]

1000

—A— Spec. surface area

12004 ‘/A 777777777777 :L ,,,,,,,,,,,,,,,, —m— Sieve PaSSing P200pm
- |

Grinding in tumbling ball mill ||

Cement clinker "A"

+ Colloidal carbon (60 nm)

0.01

1

Concentration of colloidal carbon [wt.-%]

100

90

Sieve Passing P, .., [70]

—t 85
10

[39]

Technische —— : :
% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 24

[28] Online: https://wikipedia.org (13t June 18)

f Braunschweig [39] C.W. Sweitzer, A.E. Craig, Industrial & Engineering Chemistry, 32 (1940) 751-756
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Special case of dry additives:

IPAT -

” Co-millin 9 “ Institut fiir Partikeltechnik
= Simultaneous micronization and dry coating Comilt43l;

= Continuous fluid energy milling

= Comil

= Jet mill

Mixing zong = | Screen

» Mostly used for cohesive active pharmaceuticals (APIs)
» Rather to improve flow behavior (for subsequent steps)
and dissolution rates than grinding process .
| e
= Comparatively high concentrations °T /‘PID
84
Ibuprofen, uncoated 21 |buprofen, nano-silica coating 4] § 1 lbuprofen
S°T ®
_é °T Mannitol
E 41 ° Lactose
z 34 [ |
2 | APIC(Z D%’AF’IE +
1 4
0 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7
Bulk Density (g/cc) [43]
Technische —— : :
% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 25 [42] Han et al., International Journal of Pharmaceutics 442 (2013) 74— 85

‘ J:* Braunschweig [43] M.P. Mullarney et al., Powder Technology 212 (2011) 397-402
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Laboratory grinding experiments _ L
'y gUnReing exe iPAT

"I- SOIid grinding aids Institut fur Partikeltechnik

Differentiation of different solid grinding aid types:

- 2% -
WK 0"

3. Dry (mainly inorganic) particulate grinding Q) % |
aids with high melting points ‘l‘%{b ” 9N.\ Y
K% 07 To*

— Examples: Inorganic salts
(NaCl, Nitrates, ...)

120 ‘ ‘ ‘ ‘ ‘ ‘ 1
. 1| Ultrafine grinding (High energy stirred mill)
Mode of action: D 00l I R ]
£
. g |
Not clear yet S w| A A
= Literature: lon exchange within o .
(&) A i S S S e B - ki
surface-near areas!*% 8 S
8 40 | | | | Calcite
i . 1 /& N —/— No GA
" Also pQSSIb!e. _ _ = ; ‘ ‘ ‘ ‘ —4— 20 wt.-% NaCl
Sub-micronization of salt particles & ook . —m% Zinc oxide
.. Q —— No GA
enables similar effects as seen for @ 0 —— = 20 wt-% NaCl
i ili +——F——F—TF
CO”OIdal stablllzers 0 20 40 60 80 100 120 140 160

Grinding time [min] [40]

1
o ’;?Q

REEIEaE 24th June 2018 | A. Kwade | Grinding Aid R Slide 26
3 & . . th June . Kwade | Grinding Aid Review | Slide
: %» Universitit | | 9 | [28] Online: https://wikipedia.org (13t June 18)

e .
ol Braunschwmg [40] Values taken from J. Pollmanns et al., XVIII International Mineral Processing
= Congress, (1993) 219-226
[41] Online: http://www.chemgapedia.de/ (13t June 18)




Laboratory grinding experiments _ L
'y gUnReing exe iPAT

lll. Solid grinding aids et for Partkeltechnk
Solid grinding aids = ,Exotics”

Differentiation of different solid grinding aid types:

1. Dry organic compounds with melting points (slightly) above room temperature

2. Colloidal sub-micron particles

3. Dry (mainly inorganic) particulate grinding aids with high melting points

+ Great effects are possible

— Especially regarding flow/bulk properties and ultrafine grinding
+ No evaporation
— Comparatively high concentrations needed

— ,Contamination® of the product

— Further impacts on product qualities (e.g. colour or specific surface area)

SALL

12 Technisch
L ecnnische
:ﬁ %’i 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 27
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IPAT -

Age n da Institut fur Partikeltechnik
1. Understanding the mode of action: The historical evolution

2. Overview on laboratory studies
» Liquid, dissolved and gaseous grinding aids

» The different types of solid grinding aids
3. Impact of the stressing conditions on the grinding aid performance
4. Transfer of laboratory studies to industrial processes
5. Grinding aids in plant operations

6. Summary and Outlook
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Impact of the stressing conditions ) x
P - iPAT

TU m b I i ng ba I I m i I Is Institut fur Partikeltechnik

Inconsistent statements in literature, for instance:
= Dombrowe et al.l?!l: Performance of grinding aids is not affected by milling parameters

= Deckers/Stettner.[*4l: Ball size and ball filling influence grinding aid effects

Moothedath and Ahluwalial*®l: Operation of ball mill in attrition mode and breakage mode

— Breakage mode: No differences between
different grinding aids

— But: Different grinding aid effects for attrition

400

= /7] Clinker + Gypsum
= 1| Clinker + Gypsum + TEA
: TAT]. . T T
Allahverdi and Babasafaril*’l: Comparison of 3
©
. . [0] QA
=  Tumbling ball mill g
>
(%]
= Vibrating disk mill g B0V |
[0
Q.
. . . . . . ®
— Better grinding aid performance in the tumbling mill ¢ 20777778
G
SV, 200 Vibrating Disk Mill Ball Mill
$9 w3+ Technische ——— :
3 _ec_ %g Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 29 [21] H. Dombrowe et al., Zement-Kalk-Gips, 11 (1982) 571-580.
‘fjﬁ ”_"5’ Braunschweig [44] M. Deckers, W. Stettner, Aufbereitungstechnik, 10 (1979) 545-550.
v"i\rsc\a"" [45] S.K. Moothedath, S.C. Ahluwalia, Powder Technology, 71 (1992) 229-237.

[46] online: http://energosteel.com/en/the-operating-principle-of-the-ball-mill/ (12th June 18)
[47] A. Allahverdi, Z. Babasafari, Ceramics — Silikaty, 58 (2014) 89-94.



Impact of the stressing conditions x

High pressure grinding 'Eﬁ;lr:kemmk
Oettel and Huesmannl“8l: | P _Soverage oy | 19%0

—0 - 3.8 umol/m2

—A— 7,6 ymol/m? 80
—v-- 15,1 ymol/m2|- 70
[0 30,2 pmol/m?| 60

»  Specific adjustment of limestone W
flowability by caproic acid

e 1 _ t_____‘_‘_—_—_———o
= High pressure grinding with a eese Aem—mm g 90
7 . e i Ol L. "
force-controlled press 3 30
: > 2
= Strong impact of powder flow on: Captured 1 ?8
— Powder displacement mass o+ 0
0 200 400 600 800 1000 1200

— Energy absorption

& relative end mass mg . in %

pressure p in MPa
Recchi et al. [49I;
» Traditional grinding aids are inefficient in vertical roller mills (VRMs)
= Better results with high-boiling compounds and thickening agents
= Lower evaporation (unlikely? [26]) vs. enhanced stressing behavior

Hoffmann and Bernhardt 5
» Reduced power draw of mill drive with grinding aids

Technische

£ Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 30 [26] W. Rechenberg, Zement-Kalk-Gips, 10 (1986) 577-581
f Braunschweig [48] W. Oettel, K. Husemann, 74 (2004) 239-248
[49] P. Recchi et al., ZKG International, 63 (2010) 53-57
[50] online: https://www.gebr-pfeiffer.com (13th June 18)
[51] B. Hoffmann, C. Bernhardt, Powder Technology, 41 (1985) 295-300




Impact of the stressing conditions
Dry stirred media milling

IPAT -

Institut fur Partikeltechnik

Prziwara et al.[3'l: Batch-wise dry stirred media milling

Specific adjustment of limestone flowability by:

Diethelyne glycol (= low flowbility) and Heptanoic acid (= high powder flowability)

N W

N
o

—_—

Particle size X, , ., [MM]
(@)]

1

# Universitit
'~ Braunschweig

o O

0

Grinding result

Grinding aid concentration
DEG

PAGEN 0.00 wt.% —0—
0.10 wt.% —Y¢—

--3--

HepAc

1
/
/
/
!
!
/
/
’
/
/
/
/
’
’
7
v

e
\ % \
l Yo W
4| Vertical stirred media mill Y
1| (3-4 mm alumina, v,=2m/s, T =30 °C, ¢, = 100 %)
1I0 2I0 3I0 4I0 5I0 60

Specific energy E_ [kKWh/{]

Powder flowability index ff_[-]

Powder flowability index ff,

14
Powder flowability index ff_
DEG HepAc
129 0 wt.-% —o—
hie O 0.10 wt.% —k— -%--
10 L
8+ *
6 s
Ko e
. * *
ks*\; _
4_ [ ] J‘\t\ T
\. *—T\T
| .. *
®
2 LA LI ELL L BLELEL AL L L L LR R AL L AL L L LA B L T T T T T
60 50 40 30 20 10

Particle size X, ., [HM]

Technische

24th June 2018 | A. Kwade | Grinding Aid Review | Slide 31

[31] Values taken from P. Prziwara, et al., Powder Technology, 335 (2018) 114-123.



Impact of the stressing conditions

Dry stirred media milling

IPAT -

Institut fur Partikeltechnik

Prziwara et al.[3'l: Batch-wise dry stirred media milling

45
40_: Alumina size DEG HepA
E 1.0-20mm —O— --O--
35 15-25mm —A—  --A--
. ] 25-35mm —O0— -0
£ 30 30-40mm —%—  -Y%--
= ]
259 -
S Low flowability
X ]
o 204
N ]
e ]
[ ] . .
3 451 High flowability \ \
= NN Lo
© 1 . . . . AN N %\
a 1| Vertical stirred media mill NS O TN,
1| (v,=2mls, T =30°C, ¢, = 100%) e w
1| Grinding aid: 0.10 wt.-% el
10 T T T T T T UL L L L L
10 20 30 40 50 60

Specific energy E_ [kKWh/t]

Strong dependence of both:
= Powder flowability

» Stressing conditions

A) Low powder flowability

B) High powder flowability

& . &
@ -1
A A A
L ‘
=
A o
® _
E & L ¢ g b
¢

= ,Powder Flow Optimum® for each parameter setting

» Tendency: Better results with higher flowability especially at high fineness

Technische

% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide

'~ Braunschweig
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[31] Values taken from P. Prziwara, et al., Powder Technology, 335 (2018) 114-123.



IPAT -

I nte ri m co n CI us i o n Institut fur Partikeltechnik

= 100 empirical studies are not sufficient for a comprehensive understanding

Diversity of grinding aids » Variety of (partly undefined) chemicals
= Often mixtures / aqueous solution

Diversity of ground products | = Mostly unknown surface properties
» Partly multi-component systems (e.g. cements)

Grinding conditions = Use of different mills and stressing principles

= Varying (unknown) stressing conditions
Test evaluation = Grinding time vs. specific energy consumption
Measurement equipment = Specific surface area vs. particle size distribution

= Dry vs. wet measurement
» Surface measurement critical with grinding aids

Different fineness ranges = Semi-coarse vs. fine vs. ultrafine grinding
» Grinding aid effect depend on fineness range

Grinding aid concentration = Normally: Gravimetric grinding aid addition
» Thus, no information on surface coverage available

1Ly

e

= Universitit
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g‘% ¢ Technische
3 %2 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 33
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IPAT -

Age n da Institut fur Partikeltechnik
1. Understanding the mode of action: The historical evolution

2. Overview on laboratory studies
» Liquid, dissolved and gaseous grinding aids

» The different types of solid grinding aids
3. Impact of the stressing conditions on the grinding aid performance
4. Transfer of laboratory studies to industrial processes
5. Grinding aids in plant operations

6. Summary and Outlook
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L 'y
Transfer to continuous processes IPAT

Institut fur Partikeltechnik

Most studies focus on batch-wise grinding tests

= Comparabel impacts of grinding aids on product behavior between laboratory
tests and industrial applications!>2:54

= But: Significantly higher benefits of grinding aids in industrial plants compared
to laboratory processes

= For instance, different energy savings for cement grinding!®3!
— Laboratory mill: 7-9 %
— Industrial grinding plant: 13-18 %

[53]

Transfer of results to
industrial processes?

e

o

=

L.

-P‘-. .
a

[
i
i
%

Technische

% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 35 [52] W. Scheibe et al., Cement and Concrete Reasearch, 4 (1974) 289-298

Sl f Braunschweig [53] J.J. Assaad, Advances in Materials Science and Engineering, 2015 (2015) 1-12.
ce® [54] W. Scheibe et al., Freiberger Forschungshefte A, 602 (1978) 61-70
[55] Online: http://www.mining-ballmill.com (15th June 18)




Transfer to continuous processes i .'L.
Example: Open-circuit stirred mill IPAT

Institut fur Partikeltechnik

Batch-wise stirred milling Passage-wise stirred milling
40
Batch-wise stirred milling of limestone %9 * Passage-wise stirred milling
35'5 Alumina beads DEG HepAc 25 (limestone, 2.6 mm alumina beads)
g 30 gg 22 :ﬁ: :g’: z 20 : DEG @ HepAc
BT . = 15
S Low flowability 5 *
5 20- o High flowability
N ] ‘wn 10
n ] o u
2 5] High flowability ©
£ A 2N 5 Limestone Durcal 130 m
Df? 1| Vertical stirred media mill AN A o + 0.2 wt.-% Additive
|| (4=2mis, T =30°C, g, = 100%) Ko 5| Tip speed: 2 m/s Low flowability
1| Grinding aid: 0.10 wt.-% % Bead filling: 60 % o
1@10 T T T T T T L L L B AL L BLELALELELEU LN IR LS ML L | I !_
&b 10 20 30 40 50 60 6 9 12 15 18 21 24 27 30
Specific energy E,_ [kWh/] Specific energy E  [KWh/1]
Product
Opposing trends despite comparable » T
stressing conditions A S
ir 0.
— Overlapping impact on transport J e,

Technische

% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 36

o .
& BraunSt'hwe'g [31] Values taken from P. Prziwara, et al., Powder Technology, 335 (2018) 114-123.



Impact of grinding aids on material transport .'L.

IPAT

Example: Open-circuit tumbling ball mill e

Tumbling ball mill (passage mode, 19.5 t/h)

100+ Bl Bo e Do, . _f_ P oy 80
- f * .
c ‘ : :
£ | 4N 5
£ 75- T e B O £ 75 T
S 1 1 1 ‘ :
> 1 - ‘ 5
> ? A
3 s0- 1o/ 70 2
2 &
= | S
o i
o : o
@ 25+ L -65 >
= | 2
S f 7
g ‘
0- T - i - i - T - 60
0 100 200 300 400 [21]

Concentration of TEA [g/t]

= Higher grinding aid concentrations lead to an increased axial transport velocity
— This may lead to low residence times

Technische
% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 37

[21] H. Dombrowe et al., Zement-Kalk-Gips, 11 (1982) 571-580.
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Impact of grinding aids on material transport .'L-

IPAT

Example: Open-circuit tumbling ball mill e etteanmie
Tumbling ball mill (passage mode, 19.5 t/h)
1004 _ 20E45 40— =50 TETD, TOTU T Punl g0
= | £ " 3 u-L
£ | & > | | ./ \_ | £ Bo =
€751 O 1544 m304 N\ A N e e o +75 3% D
S, : S | | : —— - ax
> | o 3 i g
> = = | 1 | | o
= S 5 | ‘ , | | o
8 504 -3 1.0E44 E204 o— XA T 70 &
° b= c 3 i 1 ®
> ) Q i i i i 2
g o 7 | | | ! o
S o c | | | | p
@ 251 & 5.0E3- § 10 - @ oo N s -65 2
5 | 3 @ | - ?
= = | | | =
a | | |
0- 0.0- 0 i - i - T - T - 60
0 100 200 300 400 [21]

Concentration of TEA [g/t]

= Higher grinding aid concentrations lead to an increased axial transport velocity
— This may lead to low residence times

= But also: Increase of undesired diffusive material transport(?1]
— It may counteract a high grinding efficiency

1
o ’;?Q

%1-‘ Technische

W% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 38

- "4‘;? Braunschweig [21] H. Dombrowe et al., Zement-Kalk-Gips, 11 (1982) 571-580.
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IPAT -

Impact of grinding aids on air classification e etteanmie

80 ‘ ‘
= Decrease of by-pass[®4:59] 1 Air classifier performance
_ — 70 4| Spec. material load of classifier [t/(h*m?)]:
= Rather reduction of by-pass than = o5 mo15  m2s
. . (2]
increase of separation sharpness®! o I o 5 T
S 50
j =
= Higher yield of fines[>7-58] S ]
Q40
(O} | =2]
= H
% 30 _ & e
o 20 u N
Agglomeration, S ol =
Dry dispersability _
0 r r r r
0.00 0.01 0.02 0.03 0.04
Grinding aid concentration [wt.-%)] [57]
L . . . .
Classifier, Efficiency of
Dispersing air
intensity classification
c‘«u"%
,e”.}l ‘¢ Technische ————— :
i‘j:i %E Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 39 [gg] \,QVAS(%heibekettali' F(;eibetrgetr- ForSC:léngEheﬂiAA{ szl (1:878%(?11‘;7?99 s
o745 Braunschweig {56} NA. ng::k Zt :L: cﬁﬂiéﬁ&lgﬂ ::d Bﬂhdiﬁg M:tg:::I: 160( (201?3) 564-573
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[57] H. Dombrowe et al., Zement-Kalk-Gips, 11 (1982) 571-580
[58] K. Husemann et al., Aufbereitungstechnik, 35 (1994) 393-403
[59] J. Schrabback, Global Cement Magazine, (2009)



Industrial grinding aid applications

Various studies on closed-circuit grinding processes

using tumbling ball mills

= Significant increase of production rate

IPAT -

Institut fur Partikeltechnik

Increase of

prod. rate

10-30 601
(see table)
25-40 [61]
= Decrease of material recirculation 23.5 [62
21
(factor 5 to 2-3)[?"l 24,0 1551
» Improvement of classifier performance 20.0 159
Only a few (contradictory) works on vertical roller mills 5

= Recchi et al.l*9l; Conventional grinding aid do not work

= Pohl et al.[%3]: 28 % increase of production rate with

glycols

[50]

[60] L. Sottili, D. Padovani, ZKG International, 53 (2000) 568-575.
[61] L. Sottili, D. Padovani, ZKG International, 54 (2001) 146-151.

Technische
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[62] F.C. Lai et al., Australian Journal of Basic and Applied Sciences, 7 (2013) 253-259.
[55] N.A. Toprak et al., Construction and Building Materials, 68 (2014) 199-205.

[59] J. Schrabback, Global Cement Magazine (2009)

[21] H. Dombrowe et al., Zement-Kalk-Gips, 11 (1982) 571-580.

[49] P. Recchi et al., ZKG International, 63 (2010) 53-57

[63] M. Pohl et al., Cement International, 10 (2012) 57-69

[50] online: https://www.gebr-pfeiffer.com (13th June 18)



Industrial grinding aid applications i .'L.
Continuous opposed jet milling IPAT

Institut fur Partikeltechnik

A few studies reveal high potential of grinding aids in jet milling: Ep—
= Energy savingsl® LR
= 83 % (ceramic pigment) —
= 62 % (metal oxide) No information given %
= 56 % (hydraulic bonding agent) L | " - o «,:v"
= Grinding aid type e ey
» [ncrease of production rate = Grinding aid conc.

= 88 % (talc)[®°
= 460 % (ceramic)[®®l

Technische
% Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 41 . . . .
[64] S. Schwarzwalder et al., Chemical Engineering & Technology, 37 (2014) 806-812.
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& Braunschwelg [65] L. Godet-Morand et al., Powder Technology, 128 (2002) 306-313.

[66] S. Miranda, E. Yilmaz, Ceramic Forum International, 91 (2014) 18-24.
[67] Netzsch-Condux Mahltechnik GmbH




Industrial grinding aid applications ) x
grincing ot 2pP iPAT

Continuous opposed jet mi"ing Institut fur Partikeltechnik
Internal study: Ep—
» Grinding aids are very efficient for both minerals and ceramics Flinald

= Lower concentrations are needed compared to media mills

2500

Grinding of limestone X, = 3.7 ym

1 Grinding aid

Bowt-% [ TEA
Il DEG I HepAc

N

o

]

o
|

[67]

1500

-

o

o

o
|

Produt throughput [g/h]
(&)}
3

© 5 QO O 5 O o ® QO O
NEENEEN RN O o o

Grinding aid concentration [wt.-%]

Technische 24th J 2018 | A. Kwade | Grinding Aid R | Slide 42
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IPAT -

ConCIUSion Institut fur Partikeltechnik

v Grinding Aids are a powerful tool to improve dry grinding
processes (also besides the cement sector)

@
= o e =
= > o

Powder flowability index fi_ [-]
Adehsion Force F,. [107 N]

v ,Reduction of adhesive forces" is accepted as main
mechanism

Amount of added hexanoic acid [10° molim’] [22)

v" > 100 studies on grinding aids in literature with various
promising liquid / dissolved / solid chemicals

But: Still no comprehensive understanding available
» Complex interactions of chemicals and particle surface
» Mostly unknown changes of particle / bulk / flow behavior

» Reactions of the material to stressing and transport
conditions are hard to describe

= Many overlapping impacts in industrial plants

= No studies on mechano-chemical effects

Technische
24th June 2018 | A. Kwade | Grinding Aid Review | Slide 44
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Outlook IPAT

Institut fur Partikeltechnik

Development of a comprehensive, but complex understanding needed

Particle and surface level
Interaction chemical/product
= Adsorption strength

= Surface energy

= Steric effects, binding

= Temperature effects

Bulk level )
Resulting influences on
Agglomeration
Dispersability

/ Process level
= Reaction to stressing
= Material transport

= Behavior within air

streams Flow/bulk properties
= Change of product Fluidization
k qualities Compaction behavior/

Universitit 24th June 2018 | A. Kwade | Grinding Aid Review | Slide 45
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Many thanks for your attention!

9th International Symposium on
Fine Grinding and Dispersing

11t and 12t October 2018
Braunschweig/Germany

Grinding and Dispersing
with Stirred Media Mills

Seminar and Workshop

08th — 10th October 2018
Braunschweig/Germany
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Farben der TU BraunSChweig Institut fur Partikeltechnik

R 221

G 221

B 221
R 255 R 255 R 226 R 238 R 244
G 240 G 245 G 246 G 250 G 252
B 178 B 204 B 127 B 178 B 204
R 253 R 254 R 219 R 231
G 211 G 226 G 228 G 237
B 178 B 204 B 178 B 204
R 235 R 243 R 191 R 218
G 191 G 217 G 219 G 234
B 209 B 227 B 213 B 231
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