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In this paper, we introduce a novel planetary ball mill device featuring
an interchangeable speed ratio, allowing users to manually adjust this
parameter to suit the needs of each reaction. The device's modular
design offers unprecedented control over the kinetic energy input,
enabling enhanced reaction efficiency, selectivity, and precision.

Mechanochemistry, which utilizes mechanical forces to drive
chemical reactions, is commonly conducted using various
milling devices such as mixer mills (MM), twin screw extruders
(TSE), and planetary ball mills (PBM). As seen in Table 1, these
devices share several operational parameters that can be
adjusted by users to optimize reaction outcomes." However,
a notable limitation of conventional PBMs is their fixed speed
ratio (—J .ar speed ), set by the manufacturer, which constrains
disk speed

the ability to fine-tune the kinetic energy and shear forces for
individual reactions. Typically, the default value in commercial
PBMs is set at —2. However, these devices have originally been
developed for general purpose grinding and metal alloying
applications, and not mechanochemistry. As such, we believe
that being able to control this parameter is crucial for opti-
mizing mechanochemical reactions, and herein we describe the
development of a new device capable of doing that.

PBMs are a cost-effective way to generate a combination of
impact and shear forces for mechanochemistry. The balls
collide creating a localized point of high pressure and temper-
ature on a microscale and the rubbing between surfaces causes
heat due to friction.” The fundamental layout of the PBM is
shown below (Fig. 1A). The impact energy of a single ball can be
estimated by using the travel distance from the point of
detachment to the point of impact (Fig. 1B). Such a kinematic
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model makes it possible to break down the variables that
influence the PBM's performance (Fig. 1C). The relationship
between these variables can be summarized into three equa-
tions:*>* (1) The kinetic energy of the ball during the impact, (2)
the number of impacts per second, (3) the cumulative energy of
the mill for a specified time. Multiple vials are connected and
balanced to a disc that spins at a set rotational speed (Wp).
These vials have their own gearing to make them rotate relative
to the disc (W,). The behavior of the balls inside these vials are
dependent on this ratio. The performance of a PBM is related to
the impact energy of the balls (Ep) and the number of impacts
over time (v, leading to the cumulative energy during the
reaction (E.ym). This is dependent on many factors that affect

the kinematic properties of the mill including: the diameter of
3
the sun disc (R,) and vial (D,); the mass py, (%) and geometry

of the balls (d},), the rotation speed of the sun disc (W,) and
relative rotation speed of the vials (W,). Using such a kinematic
model it is possible to optimize the performance by identifying
the parameters which ensure the ball has the greatest amount
of travel between detachment and impact for a given sun disc
and the specified rotation speed. This will give the maximum
possible impact energy for the intended drive specification. One
way to achieve this optimal performance is by adjusting the
ratio between the rotation speeds for the sun disc and vials (W,/
Wp,). However, this also results in a non-linear behavior in the
milling power (E.,m) due to the increased travel time negatively
affecting the milling frequency (v). These observations were
supported in previous studies that varied the speed radio and
radii ratio and captured the change in the time between the
ball's point detachment and impact affecting the resulting
milling frequency.®
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Table 1 List of operational parameters seen in common commercial milling devices and their adjustability

Operational parameter

Milling device Adjustable by user?

Milling material

Size, geometry and number of milling balls
Milling volume

Filling degree

Ball-to-mass ratio

Operating frequency

Reaction time

Temperature

Atmosphere

Speed ratio

Miling
Parameters

R o °

Sun Disk
Rotation
Speed (W,)

1.‘ Distance
- between
Rotational
Axes (R,)

Number of
balls (N,)

Powder weight
(

{ Vial Rotation
‘ Speed (W,)

Density (p)

Vial Height (H)

N Ball Diameter | Vial Diameter
(0 ©)

Fig. 1 (A) Layout of conventional PBM. (B) Illustration of the funda-
mental kinematic model of ball travel within the vial. (C) Diagram of all
the variables that influence a PBM's performance. This model is only
applicable while the PBM is in avalanche mode.

Ve = NoK(W), — W) (2)

AEIvt
Ecum = mib‘]t (3)
P

When impact energy (Fig. 2a) and milling power (Fig. 2b) is
plotted against the different speed ratios, this relationship is clear
to observe, that at the point of optimal impact energy there is a dip
in the milling power. Such nonlinear behavior makes the PBM
performance difficult to predict. There is also the fact that this
idealized model does not take the influence of ball-to-ball indirect
impact interactions, and the friction caused by the presence of the
powder. However, mathematical models can classify three distinct
behaviors, that being chaotic, avalanche and rolling. These modes
are approximated using the speed ratio (i) between the sun disc
and vial (W,/W,). When below the limit threshold (ijmi) ball
behavior will be chaotic. When above critical (icriticar) the balls will
roll against the vial wall and little reaction will take place. These
thresholds can be calculated by using the ratio of the sun disc (R},)
and internal vial (R,) radii (eqn (4)). For mechanochemistry most
reactions are performed between these thresholds.?

IR /R
fimit = 1 — Fp =i=1+ R_p = leritical (4)

These unknowns have been assessed using mathematical

models,**® numerical simulations,’*** and experiments."*"”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Impact energy using validated kinematic model® with

different sun disc speeds and the relationship of the speed ratio
between the sun disk and vials. Please note that the rotation of the vials
was counter to the sun disk rotation and thus W, would be negative. (b)
Shows how the milling power would change using the same
parameters.

However, these investigations are difficult to validate due to
how most PBMs have limited variability in speed ratio and sun
disc rotation rates making a proper parametric study on the
general performance of PBMs costly. This, combined with the
difficulties of building reliable monitoring techniques due to
the harsh environment within the vials, means there is limited
data on how the motion of the ball mill affects the mechano-
chemical reaction. One study overcomes the lack of monitoring
by using an exothermic reaction that has a specific ignition
point.” By monitoring the temperature, the performance of the
reaction can be determined by observing the resulting temper-
ature spike. The findings show that the relative change in
performance has a close correlation to the idealized kinematic
model. Milling power is not the only aspect of the PBM when it
comes to mechanochemistry. The intense friction that is
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generated during milling results in a rapid buildup of heat. This
means that some reactions have a limited milling time before
they decompose. Determining this additional parameter makes
the relationship between impact energy and milling frequency
important. Impact energy that is higher than needed for the
chemical activation will generate unnecessary heat. It will also
cause additional wear on the vial walls, introducing more
contaminants. These issues are what makes the PBM's perfor-
mance difficult to predict.

In order to better understand and control the PBM, Pluto
Mills designed a new drive system (Fig. 3) that was more
modular than those in other PBM designs. This allows for
a more feasible means to change milling parameters and assess
the resulting changes in performance, making parametric
analysis for various mechanochemical experiments easier.

The drive system is a planetary belt drive inspired by the
planetary gear box. The design has a two-vial capacity, each with
a 500 mL internal volume, much higher (2x) than any other
commercial PBM. Each vial assembly has a double clamping
system with cams that lock into a slot at the vial's base and
a tampered ring that clamps down onto the vial lid. These are
secured onto a flanged shaft with an integrated platform that
has a 30-degree taper lock acting as a holder. This requires the
tapered indent to be machined into the base of the vials. The
benefit of doing so means that the vials will maintain their
centre at higher speeds. The shafts are connected to a 20 mm
thick plate that acts as an arm. The span between the centre of
the vial shafts (sun disk diameter) is 304 mm. Synchronous belt
pulleys are attached to the shafts. The radius of these pulleys
determines the resulting speed ratio. This does mean that
partial disassembly is needed in order to change the speed ratio.
Thus, taper lock bushings and a modular arm design was used.
Changing the pulleys beneath the vials can be done within 5

Vial

Vial
Holder/Shaft

Vial Pulley ——

Belt Tensioner

Tension Roller

Fixed Pulley Main Shaft

Fig. 3 Exploded isometric diagram of the Pluto Mill's PBM drive
system design.
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minutes. This would be less convenient than directly driving
each vial using an electric motor like the Activator 2S PBM,
which would allow the speed ratio to be changed dynamically.
However, electric motors have a limited speed, meaning its
maximum speed ratio is reduced when the sun disc rotation
speed is higher. For example: when the Activator 2S sun disc
speed is 400 rpm, since the maximum vial rotation speed is
1500 rpm, the maximum speed ratio is approximately 3.75.
However, when the sun disc speed is doubled to 800 rpm, as the
maximum vial speed is constant, the maximum speed ratio is
reduced to 1.875. In contrast, our belt pulley design allows
consistent speed ratios even at higher sun disc speeds. Table 2
lists the pulleys used, the associated speed ratios and the types
of synchronous belts required. The belt surrounds the pulleys
acting as a ring gear. The teeth of the belt are held stationary
using a fixed pulley located at the main shaft. A second arm with
nylon idlers is used to tension the belt. The drive system is
designed to operate up to 1600 rpm. These higher speeds meant
that more robust bearings were required, thus high precision
angular contact bearings were used. However, for the experi-
ments, speeds were limited to 400 rpm for comparison to other
commercially available mills. Speed ratios were selected to be
between 1-3 as most commercial mills fall into this range (see
“Comparison Table” in ESI}). This also allowed us to use
a higher tooth modulus for the belt, reducing the chances of
slipping.

To prove that our PBM works as intended and to validate the
previously published theoretical results, we opted to examine
the effects of the speed ratio on the oxidative degradation of 6,6-
dimethyl-2-methylidenebicyclo[3.1.1]heptane (B-pinene), as
a model reaction. Similar to how mechanochemistry has been
employed for the degradation of active pharmaceutical ingre-
dients (APIs),"" this study explores the relationship between
speed ratio adjustments and the formation of specific degra-
dation products (Scheme 1). B-Pinene, a monoterpene
commonly derived from turpentine or the resin of pine trees,
was chosen due to its high reactivity and propensity to oxidize
under mechanochemical conditions.>® The resulting outcome
was surprising, as although the results have the same charac-
teristics of what would be expected from the theoretical model,
the point of optimum performance is closer to a ratio below 1.5
rather than the expected ratio of 2 (ESI “Theoretical vs.
Experiment”t). Although the milling parameters are different,
the theoretical models® and Discrete Element Models (DEM)**
would predict that a larger vial and sun radius would increase
the optimum impact ratio and thus also the optimum milling
power speed ratio.

Table 2 The pulleys used in the experiment and their resulting speed
ratios

Pitch diameter Belt length
No. teeth (mm) Belt no. teeth (mm) Speed ratio
56 142.60 133 1064 1.066
44 112.05 121 968 1.357
28 71.30 107 856 2.132
22 56.02 102 816 2.713

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 B-Pinene and some of its oxidation products that have
been reported under oxidative (KMnO4 and O,) conditions.??? 6,6-
dimethylbicyclo[3.1.1]lheptan-2-one (nopinone), is a common oxida-
tion product of B-pinene that is formed in the presence of potassium
permanganate (KMnQy).

Iy

B-pinene

The experimental setup (Fig. 4a) was based on the previously
developed protocol developed by Hopfe and co-workers.* In our
case, the procedure was carried out at the gram scale (56.8 g of
material per vial, 2 vials per milling session), as the new PBM is
designed for accommodating large scale reactions. For each
speed ratio the experiment was repeated 3 times in total. After
10 min of milling, the PBM was stopped, the contents of the
milling vials were worked up (details in ESIT) and subjected to
high-performance liquid chromatography (HPLC) analysis. The
outcome of the reaction was evaluated in two ways: the degra-
dation profile of the reaction was determined based on the

a) KMnO,
0O, (air)
Al,O3, H0 (LAG)
400 rpm, 10 min
7§5 _speed ratio (var.) 7@
B-pinene nopinone

b) = 1 DA 1254t

c) 1.6
1.4
1.2

3 0.8
0.6
0.4
0.2

0.5 1 1.5 2 2.5 3
Speed Ratio

Fig. 4 (a) General reaction scheme for the mechanochemical oxida-
tion of B-pinene in the presence of KMnO4 and atmospheric O,.
Neutral alumina (Al,O3) was used as an auxiliary grinding agent. (b)
Representative HPLC chromatogram after 10 min of milling, at a speed
ratio of 2.132 shows a large number of products, including remaining
unreacted B-pinene (t = 4.089 min) and product nopinone (t = 3.362
min). (c) Cumulative graph showing the relative nopinone production
for different speed ratios. Both B-pinene and nopinone HPLC peaks
were identified by using pure commercial samples as references.
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consumption of the starting material, B-pinene at different
speed ratios, and similarly based on the amount of nopinone
that was formed during the milling. This was done for each of
the four speed ratios that were tested. The effect of the speed
ratio on the reaction outcome was profound when compared to
Fig. 2b. It was found that the point of highest recorded perfor-
mance was at a speed ratio of 1.357 instead of being around 2
like the theoretical milling power optimum (Fig. 2b). The
following minimum point also changes to 2.132, instead of
being close to 2.5 shown in Fig. 2b. A similar discrepancy was
observed before, when measuring the ignition time for the
formation of TiB, with a Pulverisette 4 planetary mill at
different speed ratios.” They found that the point of highest
efficiency was closer to 2.5. This was higher than what was ex-
pected in the kinematic model. However, in both cases the same
general trend was observed. Finally, it was concluded that other
factors like the Ball-to-Powder Ratio (BPR) and the independent
vial rotation speed altered the outcome. The fact that, regard-
less of the reaction, the overall outcome remains consistent
could be a way to better understand and optimize mechano-
chemical reactions.

Conclusions

In summary, this study aims to encourage researchers within
the mechanochemical community to take into account all
relevant milling parameters when designing their experiments.
Mechanochemical setups are highly complex, involving many
interdependent factors, and seemingly minor changes can have
a dramatic impact on the outcome of a reaction. A good example
of this comes from the recent work of Frisc¢i¢ et al.,** where in
a copper-catalyzed reaction, switching from stainless steel to
aluminium vials caused mechanoinhibition by preventing
copper(i) chloride (CuCl) oxidation, illustrating the intricate
interplay of these factors. Another recent example by Haag et al.
explored the parameter of mass transfer by introducing
a corrugated ball-mill medium that enhances efficiency in
solvent-free mechanochemical reactions, such as co-
crystallization and allotrope conversion.> In a similar fashion,
in this work we highlight the effect of speed ratio in the
oxidation of B-pinene performed using PBMs. We designed,
built and tested a new PBM that is able to switch between
different speed ratios, thus enabling users to finetune
a parameter that has been previously neglected and can affect
reaction outcomes substantially. The parts list, computer aided
design (CAD) files, and detailed instructions for construction
are all available online.”® The PBM is designed so that it can be
assembled and constructed, including sourcing the parts, by
most university mechanical/electrical workshops at a cost
comparable to or lower than a commercial ball mill, like the
Retsch MM400.

Data availability

Data for this article, including CAD files, parts and diagrams for
the construction of the device are available at https:/
github.com/PlutoMills/OpenMill.
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