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(57) The invention relates to a bead (1) for use in a
milling device (20), the bead (1) having a general shape
of a sphere and comprising a modified spherical surface
structure (10), furthermore the invention relates to meth-

od for co-crystallization, to the method for allotrope con-
version and to the method for particle size reduction,
wherein said methods use said bead (1).
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Description

[0001] The invention relates to a bead for use in a
milling device. Beads of this kind can be used in a variety
of mechanochemical processes.
[0002] Mechanochemistry is vastly applied in scientific
research and industry. Mechanochemical processes are
often conducted in a rotating chamber (of a milling de-
vice), thechamberbeingequippedwithamillingmedium.
To control the mechanochemical processes as precisely
as possible, it is important to understand the impact of the
different process parameters. Process parameters are in
particular running time, atmosphere (composition of gas,
pressure) inside themillingdevice,millingenergy (mainly
determined by the rotational speed of the milling device
and by themilling medium-to-educt weight ratio), materi-
al of the chamber and of the milling medium, and mass
transfer. The mass transfer in a mechanochemical pro-
cess is mainly dependent on the chamber volume, the
filling ratio of educt and milling medium, the size and
weight of the milling medium, the rotational speed of the
chamber.
[0003] Theobject underlying thepresent invention is to
enhance the mass transfer in a mechanochemical pro-
cess which is conducted using a milling medium, in
particular a bead or a plurality of beads.
[0004] Said object is achieved according to the inven-
tion by a bead with the features of claim 1. Specific
embodiments of the invention are specified in the depen-
dent claims.
[0005] Accordingly, the bead is adapted for use in a
milling device and has a general shape of a sphere. The
bead is characterized in that it comprises a modified
spherical surface structure. Compared to a sphere, the
sphere with the modified spherical surface structure has
a greater surface while the general shape of a sphere is
maintained.
[0006] The surface structure may comprise a recess
(groove) and/or a protrusion. In particular, the surface
structuremay be realized by a recess and/or a protrusion
or by a pattern thereof. The recess may be realized as a
groove. The protrusion may be realized as a bulge. The
surface structure (recess and/or protrusion) may have a
thickness (extension along a radial direction of the
sphere) that is about 1 % to 20% of the diameter of the
sphere, preferably about 5% to15%of thediameter of the
sphere,more preferably about 10%of the diameter of the
sphere.
[0007] It can be provided that the surface structure has
an elongated form, extending along an extension direc-
tion. The cross-section of the surface structure (perpen-
dicular to its extension direction) may be arc-shaped, in
particular circular arc-shaped. Alternatively, the cross-
section of the surface structure may be V-shaped.
[0008] In one embodiment, the surface structure com-
prises at least one ring (grooveand/or protrusion). That is
to say, the surface structure forms a pattern with at least
one ring. Theat least one ringmayhaveadiameterwhich

is at least half the diameter of the sphere. For example,
the at least one ring has a diameter which is as large as
the diameter of the sphere.
[0009] In one embodiment, the surface structure has
more than one ring, at least two rings. At least one first
ring may extend in a first plane and at least one second
ringmayextend in a secondplane. The first planemaybe
not parallel to the second plane. For example, the first
planemaybeperpendicular to thesecondplane. It canbe
provided that the surface structure has a plurality of
separate rings that extend in separate planes that are
parallel to one another. It is also conceivable that the
surface structure has a plurality of first rings extending in
first parallel planes and a plurality of second rings ex-
tending in second parallel planes. Here, the first planes
may be not parallel (for example perpendicular) to the
second planes.
[0010] For example, the distance between two parallel
rings may be between 1/5 of the diameter of the sphere
and 2/5 of the diameter of the sphere, preferably about
1/3of thediameter of thesphere. In caseofmore than two
rings that extend in parallel planes, it may be provided
that the distance between two neighboring planes is the
same for each pair of neighboring planes.
[0011] In one embodiment, the surface structure has
three first rings extending in first parallel planes and three
second rings extending in second parallel planes. Here,
the first planes are perpendicular to the second planes.
[0012] Thebeadmay comprise or bemade of tungsten
carbide, ceramic, stainless-steel, steel, carbon steel,
rubber or polyurethane, high-quality plastics, zirconia,
alumina, glass, or any material associated with those
typically used for ball-mill devices.
[0013] The invention additionally relates to a milling
device. The milling device generally comprises a cham-
ber, a drive system for rotating the chamber and at least
one bead according to the invention. The at least one
bead is provided to be put into the chamber.
[0014] The milling device may be a planetary ball-mill.
The planetary ball mill comprises at least one grinding jar
(chamber)which isarrangedeccentrically onasunwheel
(which is part of the drive system). The direction of rota-
tion of the sun wheel is opposite to that of the grinding
jar(s). Grinding balls (beads) are provided in the grinding
jar(s). Coriolis forces act on the grinding balls and lead to
a difference in speed between the grinding balls and
grinding jars. The speed difference produces frictional
and impact forces, leading to high dynamic energies.
[0015] The invention additionally relates to a method
using mechanochemical processes. The mechano-
chemical process may comprise high energy planetary
ball milling (HEPBM). In particular, the method may be a
method for mechanosynthesis of chemical compounds,
for chemical functionalization, for co-crystallization, a
method for allotrope conversion or a method for particle
size reduction. Themethodsare carried out using at least
one bead according to the invention or a milling device
according to the invention.
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[0016] Themethod for co-crystallization of two ormore
compoundsmay comprise the steps of adding the two or
more compounds andat least onebead to a chamber of a
milling device and rotating the chamber over a specific
period of time.
[0017] The method for allotrope conversion of a che-
mical element may comprise the steps of adding the
chemical element and at least one bead to a chamber
of a milling device and rotating the chamber over a
specific period of time.
[0018] Themethod for particle size reduction of at least
one compound may comprise the steps of adding the at
least one compound and at least one bead to a chamber
of a milling device and rotating the chamber over a
specific period of time.
[0019] The invention is explained in more detail below
byway of exemplary embodiments in connectionwith the
drawings, in which:

fig. 1 shows a perspective view of a bead according
to an embodiment of the invention;

fig. 2 shows a front view of the bead of figure 1;

fig. 3 shows a side view of the bead of figure 1;

fig. 4 schematically shows a milling device accord-
ing to an embodiment of the invention;

fig. 5 schematically shows the steps of a mechano-
chemical process;

fig. 6 shows results of a co-crystallization process of
nicotinamide and salicylic acid using beads as
shown in figure 1;

fig. 7 shows results of an allotrope conversion pro-
cess of red phosphorus to black phosphorus
using HEPBM and beads as shown in figure 1;

fig. 8 shows results of a particle size reduction pro-
cess of TiO2 particles using HEPBM and
beads as shown in figure 1;

fig. 9 shows the temperature distribution in a cham-
ber of a milling device comprising beads as
shown in figure 1; and

fig. 10 shows the distribution of contact points of the
bead shown in figure 1 realized by an ink print
of the rolling bead.

[0020] Figure 1 shows a perspective view of a bead 1
according to one embodiment. The bead 1 has a general
shape of a sphere. Its spherical surface is providedwith a
modified surface structure 10. The surface structure 10 is
realized by recesses formed in the surface. The surface
structure 10 comprises three first rings 11 and three

second rings 12 (Figures 2 and 3). The first rings 11
are arranged in separate (first) planes that are parallel
to one another. The second rings 12 are arranged in
separate (second) planes that areparallel to oneanother.
The (first) planes of the first rings 11 and the (second)
planes of the second rings 12 are perpendicular to one
another. The central first ring and the central second ring
each have a diameter that is the same as the diameter of
the sphere. The bead 1 (sphere) has a diameter of 10
mm.Other diameters, such as 5mm, 15mm, 20mm, are
possible. The recesses forming the modified surface
structure 10 have a depth of 1mm. Generally, the depth
(or thickness) of the surface structure may be about 10%
of the diameter of the bead 1 (sphere). Each pair of
neighboring parallel rings has the samedistance, namely
within a range of 20 - 40% of the bead’s diameter. For
example, the distance between two neighboring parallel
rings is 3.11mm, with a bead diameter of 10mm and with
three parallel rings.
[0021] Figure 4 schematically shows a milling device
20 according to one embodiment. The milling device
comprises a chamber 21 and a drive system 22. The
chamber 21 is adapted to receive a plurality of beads 1
and one or more compounds / agents provided to under-
go a mechanochemical process. The chamber 21 is
rotatably mounted and adapted to rotate about a rotation
axis. The drive system 22 is adapted to rotate the cham-
ber 21 about its rotation axis.
[0022] Figure 5 schematically shows the general steps
of a mechanochemical process. The mechanochemical
process includes a first step 100 of adding one or more
compounds / chemical elements and at least one bead 1
to a chamber 21 of a milling device 20 and a second step
200 of rotating the chamber 21 over a specific period of
time.
[0023] For testing purposes, the bead 1 shown in Fig-
ures 1 to 3 (made of stainless-steel) has been used in the
methods that will be described in the following with re-
ference to the figures 6 to 8. In the following the bead 1
shown inFigures1 to3 is also referred to asMBMMbead.
[0024] First, a plurality of beads 1 have been used in a
method for co-crystallization of nicotinamide (first com-
pound) and salicylic acid (second compound) to form the
hydrogen bonded co-crystal NicSal. The reaction equa-
tion is indicated in subfigure a) of Figure 6. Nicotinamide
and salicylic acid were combined in a 1:1 molar ratio (for
example488mgof nicotinamide (≥99,5%SigmaAldrich)
and 552 g of salicylic acid (≥99,0 % Sigma Aldrich)). In
thismethod, six beads1havebeenused to reachaball to
powder ratio of 25:1. Nicotinamide, salicylic acid and
beads1 of the type shown in Figures 1 to 3 were filled
in a stainless-steel chamber 21 of 80 ml, the chamber 21
was sealed and placed in a milling device 20 (HEPBM
device). The chamber 21 was rotated at 600 rpm for
approximately 1 hour. The reaction has been monitored
viaRamanspectroscopy. For this purpose, a samplewas
extracted from the chamber 21 every 10 minutes. For
reference, in subfigure b) of Figure 6 the Raman spectra
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of nicotinamide, salicylic acid and NicSal are indicated in
a range from 30 to 2000 cm‑1. In particular, the range
between 30 and 200 cm‑1 and the peak at about and 770
cm‑1 have beenmonitored tomeasure the turnover of the
mechanochemical process. The spectra with the label
MBMM refer to the process using beads 1 as shown in
Figures 1 to 3 (modified ball-mill medium). The spectra
with the label NBMM are reference spectra and refer to
the sameprocess using beads having a general shape of
a sphere without surface structure (normal ball-mill med-
ium). From these spectra it can be seen that the Raman
bands between 30and 200 cm‑1 representative ofNicSal
appear immediately (10 minutes) and that the peak at
about 770 cm‑1 representative of salicylic acid disap-
pears immediately (10 minutes) using the MBMM beads
1ofFigures1 to3,while theNBMMbeadswithout surface
structure produce such a turnover only after one hour
approximately. A semiquantitative analysis has been
performed to determine the turnover by plotting the in-
tensity ratios of the evolvingRamanband I795 at 795 cm‑1
corresponding to NicSal against the depleting Raman
band I778 at 778 cm‑1 corresponding to salicylic acid
according to following equation

[0025] The turnover is shown in subfigure c) of Figure
6. The values reachedwith theMBMMbeads 1 (squares)
rise immediately and stay at the level reached over time.
The values reached with the NBMM beads (circles) rise
more slowly and more or less linearly.
[0026] Second,aplurality of beads1havebeenused in
a method for allotrope conversion of red phosphorus to
form black phosphorus. The reaction equation is indi-
cated in subfigure a) of Figure 7. Red phosphorus (1g, ≥
97,0 % Merck) was sealed together with a mixture of
MBMM beads 1 (with surface structure) and NBMM
beads (without surface structure) with a ratio 1:4 of
MBMM beads to NBMM beads in a (stainless-steel)
chamber 21 (planetary ball-mill chamber) of 80 ml under
argon (9‑10 mbar, to prevent degradation of black phos-
phorus). The chamber 21 was rotated at 600 rpm for
approximately 4 hours. The ratio of the mixture of beads
to red phosphorus was a 50:1 BPR (ball to powder ratio),
using 12 beads in total. The allotrope conversion process
was monitored by extracting a sample every hour. The
samples were subject to Raman spectroscopy in the
range of 300 to 500 cm‑1 where the spectral profiles of
black phosphorus and red phosphorus are distinctive. In
particular, the B1 peak at approximately 350 cm‑1 of red

phosphorus, the peak at approximately 360 cm‑1 of

black phosphorus, the B2g peak and the peak of
blackphosphorusat435cm‑1and463cm‑1, respectively,
have been monitored. Additionally, visual observation of

the color change of the reaction product from red to black
can give a simple indication on the mechanochemical
transformation turnover (not shown).
[0027] The spectra with the label MBMM (subfigure b)
of Figure 7) refer to the process using the mixture of
beads described above. The spectra with the label
NBMM (subfigure c) of Figure 7) are reference spectra
and refer to the same process using only NBMM beads
having a general shape of a sphere without surface
structure (normal ball-mill medium).
[0028] The Raman spectra, in particular the pro-

nounced B2g peak and the peak of black phos-
phorus at 435 cm‑1 and 463 cm‑1, respectively, indicate
an effective allotrope conversion using the mixture of
beads including the beads 1 of Figures 1 to 3. Also the
broad band between 368 and 425 cm‑1 is efficiently

depleted, while the peak at approximately 360
cm‑1 is clearly pronounced. In comparison, the NBMM
beads without surface structure are not able to convert
the red phosphorus with this efficiency. With NBMM
beadsonly, saidRamanbandsdonot significantly evolve
even after 4 hours.
[0029] Third, a plurality of beads 1 have been used in a
method for particle size reduction of titanium dioxide
(TiO2) particles. Titanium dioxide (1g, 99,0% Riedel-de
Haën) and six beads 1 as shown in Figures 1 to 3 with a
ball to powder ratio of 25:1 have been filled in a stainless-
steel chamber 21 of 80 ml. The chamber 21 was sealed
and placed in a milling device 20 (HEPBM device). The
chamber was rotated at 600 rpm for approximately 15
minutes. The process has been monitored via dynamic
light scattering (DLS). For this purpose, a sample has
been extracted from the chamber 21 every 5 minutes.
[0030] The spectra in Figure 8 with the label MBMM
refer to the process using the beads 1 of Figures 1 to 3.
The spectra in Figure 8 with the label NBMM are refer-
ence spectra and refer to the same process using only
beads having a general shape of a sphere without sur-
face structure (normal ball-mill medium). As can be seen
from thespectra (seesubfigurea)ofFigure8), theMBMM
beads 1 are able to reduce the average particle size of
TiO2 to approximately 660 nm in hydrodynamic diameter
within 5 minutes, whereas the NBMM beads need 15
minutes to achieve this particle size. Additionally, the
monodispersity of the milled particles is improved when
usingMBMMbeads.Subfigureb)ofFigure8showsaplot
of the average particle size over time using the (MBMM)
beads of Figures 1 to 3 (continuous line) or (NBMM)
beads without a surface structure (dashed line).
[0031] The successful co-crystallization of nicotina-
mide and salicylic acid, the successful allotrope conver-
sion of red phosphorus to black phosphorus and the
successful particle size reduction of titanium dioxide
can be attributed to the modified spherical surface struc-
ture 10 which is adapted for mixing particulate matter.
The surface structure 10 allows for effective penetration
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into particulate matter and mixing the particles through-
out its depth, resulting in uniform mixing. This mixing
leads to the breaking up of formed clumps, preventing
caking and resulting in a homogeneous mass transfer of
reactants inside the chamber. The beads 1 with the sur-
face structure 10 thus serve as homogenizing agent.
[0032] On the other hand, beads without this surface
structure have a smooth surface which prevents deep
penetration and slides on the particle surface, leading to
caking and uneven mixing. This causes non-uniform
mass transfer of particles in the chamber.
[0033] A factor contributing to the high turnover in the
methods described above using beads according to Fig-
ures 1 to 3 is the kinetic energy that is generated by the
beads 1 in the rotating chamber 21. The kinetic energy
generated is higher than that generated by beadswithout
this surface structure as the contact frequency with the
inner surface of the chamber 21 is increased due to the
surface structure 10. The distribution of contact points is
shown in Figure 10 where subfigure a) shows the dis-
tribution of contact points of a NBMM bead without sur-
face structure and subfigure b) shows the distribution of
contact points of a MBMM bead 1 with surface structure
10. To visualize the distribution of contact points a bead
has been covered with ink and controllably rolled on a
straight line on a sheet of paper. A greater number of
contact points leads to more shearing and friction inside
the chamber 21 during the milling procedure, which
results in a greater distribution of contact points and
greater amount of kinetic energy output.
[0034] Without the presence of additional materials
(chemical elements / compounds provided to undergo
a mechanochemical process) inside the chamber, the
kinetic energy is dissipated into the chamber in the form
of heat. Figure 9 shows the temperature of the chamber
21 in 10 minute intervals of milling at 600 rpm using 6
beads weighing 25 g altogether. The first row (labeled
with NBMM) shows thermal images of the chamber filled
with spherical beads without surface structure, while the
second row (labeled with MBMM) shows thermal images
of the chamber filled with spherical beads 1 with surface
structure 10 as shown in Figures 1 to 3. The thermal
images were captured using a forward looking infrared
(FLIR) camera. It can be clearly seen from the thermal
images, that the greater kinetic energy produced by the
beads of Figures 1 to 3 leads to a higher average tem-
perature of the chamber 21 as compared to the beads
without surface structure (NBMM). In addition, the spatial
distribution of the kinetic energy generated by the beads
of Figures 1 to 3 is greater. The higher number of contact
points distributes the kinetic energy over a larger area / in
a larger space within the chamber, creating a homoge-
neous environment for chemical conversions resulting in
higher quality products produced more efficiently.
[0035] The methods described above are performed
without solvents or liquids. However, a small amount of
liquid may be added as a dispersing agent. Such a
method is referred to as liquid-assisted grinding.

Experimental details

General

[0036] All methods described above were performed
using "Pulverisette 6" mono mill from FRITSCH GmbH.

Raman spectroscopy

[0037] Raman spectroscopy measurements were
done using a Horiba Xplora spectrometer equipped with
an x/y piezo stage. Laser excitation for all measurements
was set at 532 nm which was delivered through a 100x
objective (Nikon®). To avoid thermal heating and/or de-
gradation of the samples, the laser powerwas filtered to 1
% of the intensity for all measurements. All spectra were
measured with 1 second accumulation time. Samples
were deposited on silicon dioxide/siliconwafers (1 cmx 1
cm).
[0038] Statistical Raman spectroscopy (SRS) was
conducted by measurement of Raman maps over sam-
ple regionsdepositedon theSiorSiO2/Si substrates.The
average spectra were calculated from the maps and the
Si-only spectra were filtered out. Accumulation time for
eachspectrumwasset to1second.Substratemovement
for the mapping was done using the motorized x/y piezo
stage.

Dynamic light scattering

[0039] DLS data were measured using a Malvern Ze-
tasizer Nano device (Brookhaven Instruments Corp.) at
room temperature (25 °C). The TiO2 sample concentra-
tionswere set at 1mgmL‑1 concentration in 1%citric acid
aqueous solutions (w/w). For every sample, three mea-
surement runs were recorded, and the average of the
results was used.

Thermal assessment using FLIR

[0040] NBMM or MBMM (6 units, 25:1 BPR) was
placed in the 80 mL stainless-steel ball-mill chamber
and sealed before transferring it to the ball-mill. The
ball-mill operated at 200‑600 rpm for a duration of 10
to 60 min depending on the intent of the experiment. A
FLIR camera (FLIR, 0‑350 °C, Model EX, FLIR® Sys-
tems) fixed onto a tripod was placed in a set position
pointing towards a designated place for the ball-mill
chamber for consistent capturing of the thermal images.

Claims

1. A bead (1) for use in a milling device (20), the bead
(1) having a general shape of a sphere and compris-
ing a modified spherical surface structure (10).

2. The bead (1) as claimed in claim 1, characterized in
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that the surface structure (10) comprises a recess
and/or a protrusion.

3. The bead (1) as claimed in claim 1 or 2, character-
ized in that surface structure (10) comprises at least
one ring (11, 12).

4. The bead (1) as claimed in claim 3, characterized in
that the at least one ring (11, 12) has a diameter
which is at least half the diameter of the sphere.

5. The bead (1) as claimed in claim 3, characterized in
that the at least one ring (11, 12) has a diameter
which is as large as the diameter of the sphere.

6. The bead (1) as claimed in one of claims 3 to 5,
characterized in that the surface structure (10) has
at least one first ring (11) extending in a first plane
and at least one second ring (12) extending in a
second plane, wherein the first plane is perpendicu-
lar to the second plane.

7. The bead (1) as claimed in one of claims 3 to 5,
characterized in that the surface structure (10) has
a plurality of separate rings (11, 12) that extend in
separate planes that are parallel to one another.

8. The bead (1) as claimed in one of claims 3 to 7,
characterized in that the surface structure (10) has
a plurality of first rings (11) extending in first parallel
planes and a plurality of second rings (12) extending
in secondparallel planes,wherein thefirst planesare
perpendicular to the second planes.

9. The bead (1) as claimed in one of claims 3 to 8,
characterized in that the surface structure (10) has
three first rings (11) extending in first parallel planes
and three second rings (12) extending in second
parallel planes, wherein the first planes are perpen-
dicular to the second planes.

10. Milling device (20) comprising a chamber (21), a
drive system (22) for rotating the chamber (21)
and at least one bead (1) according to one of the
preceding claims, the at least one bead (1) being
provided to be put into the chamber (21).

11. Method for co-crystallization of two or more com-
pounds comprising

- adding the twoormore compoundsandat least
one bead (1) to a chamber (21) of a milling
device (20), and
- rotating the chamber (21) over a specific period
of time

wherein the at least one bead (1) is a bead (1)
according to one of claims 1 to 9 and/or the milling

device (20) is amilling device (20) according to claim
10.

12. Method for allotrope conversion of a chemical ele-
ment comprising

- adding the chemical element and at least one
bead (1) to a chamber (21) of a milling device
(20), and
- rotating the chamber (21) over a specific period
of time

wherein the at least one bead (1) is a bead (1)
according to one of claims 1 to 9 and/or the milling
device (20) is amilling device (20) according to claim
10.

13. Method for particle size reduction of at least one
compound comprising

- adding the at least one compound and at least
one bead (1) to a chamber (21) of a milling
device (20), and
- rotating the chamber (21) over a specific period
of time

wherein the at least one bead (1) is a bead (1)
according to one of claims 1 to 9 and/or the milling
device (20) is amilling device (20) according to claim
10.
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