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Milligram-scale, temperature-controlled ball
milling to provide an informed basis for scale-up
to reactive extrusion†

Joel Andersen, *a Hunter Starbuck, a,b Tia Current, a,b Scott Martinc and
James Mack b

Over the last several years, chemists and engineers have identified the utility of using twin-screw extruders

for performing large-scale organic chemistry mechanochemically. This equipment is convenient as it is

familiar to several relevant industries for its use in formulation, and it is also well-equipped for temperature

control and intense grinding of materials. However, the research and development scale of mechano-

chemistry is just like that of conventional synthesis: milligrams. These milligram-scale reactions are per-

formed in batch-type reactors, often a ball mill. Commercially available ball mills do not have strict temp-

erature control, limiting the information that can be obtained to inform the scale-up process reliably. This

work uses an in-house modified, temperature-controlled, ball mill to bridge the knowledge gap regarding

predictable, well-informed, economical, and reliable mechanochemical scale-ups. Included in this work

is the first extrusion example of a nucleophilic aromatic substitution.

Introduction

Mechanochemistry—replacing solvents with mechanical forces
to facilitate mixing—has made significant strides in becoming a
more commonplace tool in the toolbox of chemistry. Several
reviews1–3 have highlighted its utility towards organic4–7 and
inorganic8,9 synthesis alike. Part of the impetus behind this pro-
gress comes from two rapidly developing areas of mechano-
chemistry: (1) in situ reaction monitoring by analytical method-
ologies such as PXRD,10,11 Raman,12,13 solid-state NMR,14 and
simultaneous combinations thereof15–18 and (2) temperature-
controlled milling.19–27 These two aspects are vital to the adop-
tion of any new chemical methodology. They help provide some
of the necessary insights sought by chemists or engineers inter-
ested in a third critical aspect: scale-up. Mechanochemical
scale-up has thus far been performed via single-screw,28 or,
more commonly, twin-screw extrusion29–36 (Fig. 1). Twin-screw
extrusion is a continuous process in which materials are fed
into rotating screws that simultaneously grind and convey a
material down a temperature-controlled barrel. However,
without specific knowledge regarding the reaction robustness at

a variety of temperatures at the small scale, it is difficult to get
‘buy-in’ from a process or manufacturing chemist. This is
especially true when a reaction involves high-value, low-volume
chemicals such as an active pharmaceutical ingredient inter-
mediate. Thus, although industry has expressed growing inter-
est in this exciting chemistry, reservations remain.

Part of these reservations can be addressed by accelerating
the interplay between the three areas (in situ monitoring,
temperature control, and scale-up). These areas have devel-
oped so rapidly and recently that connections between them
have been limited. Prior work from a collaboration of Stuart
James’ group and Duncan Browne’s group previously explored
the process of translating milling results to an extrusion
process.33 Their work especially highlights the translation of
LAG from milling to extrusion. The present work seeks to
build upon that paper by begin bridging the gap between two
of the areas mentioned above: temperature-controlled reaction
development in milligram-scale, ball-mill reactions and large-
scale synthesis via twin-screw extrusion. The missing com-
ponent is that temperature-control is a standard feature of
twin-screw extruders, but it is not currently a feature in com-
mercially available ball mills. In this work, we pair our in-
house modified, temperature-controlled ball mill with a twin-
screw extruder to investigate the correlation between the temp-
erature-control capabilities of the two reactors.

One limitation of extruder equipment is their brief resi-
dence times.29–31,36 The residence time is a distribution
describing the amount of time most particles spend in a reac-
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tive zone—in this case, the extruder’s barrel. Unlike solvent-
based, continuous-flow reactors, the reactive zone cannot be
made arbitrarily long. Conventional extrusion processes may
have a residence time between one and three minutes.37

However, residence times in the range of five to fifteen
minutes are (thus far) achievable.38 This means a reaction
must be complete within that time—a challenging requisite
for many reactions. Fortunately, this pairs well with the ubiqui-
tous rate enhancements associated with performing reactions
in the absence of solvent.25 This time constraint sets the stage
for the first step of testing a reaction for scale-up to extrusion:
ball mill reactions should last just five to fifteen minutes. This
mandate forces considerations regarding the time required to
heat the small-scale reaction vessel and the way in which the
proportional-integral-derivative (PID) temperature controller
heats the system, and it is where we began our investigation.

Results and discussion

In our initial experience, PID-controlled heating of a ball-mill
reaction took ten minutes to warm from room temperature to
the target temperature of 100 °C (>8 minutes to be within
5 °C), as seen in Fig. 2. To minimize heating times, two pre-
cautions were taken: (1) equipment was pre-heated prior to
being charged with reactants (CAUTION: the experimenter
should have a good understanding of a reaction’s exothermi-
city well before this, see SI) and (2) the PID controller’s target
temperature was set above the desired reaction temperature by
10 °C and adjusted to the target temperature upon the PID’s
measured temperature getting within one or two degrees of
the target temperature. The first precaution is simply a direct

time save by putting the bulk of the heating prior to any poss-
ible reaction. The second is based on PID mathematics. PID
controller designs/settings often operate in a manner to mini-
mize unintended ‘overshooting’ at the cost of approaching the
target in an asymptotic-like fashion. Although selected some-
what arbitrarily, the 10 °C adjustment was effective in our
experience and would suggest the same adjustment for other
setups where the temperature increase is too slow for the
length of an experiment. An experienced user can alter PID
controller settings by modifying tuning constants used in the
mathematics: Kp (proportional gain), Ki (integral gain), and Kd

(derivative gain). We elected for the simpler approach of pro-
viding a higher target and then adjusting the set target manu-
ally. The revised heating profile can be seen in Fig. 2. This
figure indicates that for reactions lasting five to fifteen

Fig. 1 (A) Aspects of ball milling and extrusion. (B) Comparison of the forces that facilitate mixing. Mixing in a ball mill with a single ball is dominated
by compressive forces, but extruders have a significant additional component of shearing. The reader is cautioned that mechanochemical literature
now largely indicates that although mechanical forces maintain mixing, it is the bulk temperature that provides the energy for overcoming activation
barriers.

Fig. 2 Heating rates of a mechanochemical reactor to be used for a
short reaction time (15 minutes or less).
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minutes, the two precautions can lead to more meaningful
control of temperature.

With a reactor that had more accurate heating, we began
our investigation by targeting the nucleophilic aromatic substi-
tution reaction (SNAr) shown in Fig. 3. A 2016 review of medic-
inal chemistry papers found that SNAr reactions are indispens-
able.39 Unfortunately, they are preferably performed in polar,
aprotic solvents such as dimethylformamide (DMF) due to
mechanistic considerations. Environmental considerations
and potential legislation in Europe restricting these solvents
encouraged our reaction choice.40,41

We started with the SNAr reaction in Fig. 3 as our model
reaction. The conversion to product was measured over time at
40 °C and is presented in Fig. 4. Since we need to achieve com-
plete conversion in 15 minutes, we then performed the reac-
tion at a variety of temperatures in our ball mill for
15 minutes, as seen in Fig. 5. The mixture appears to proceed
through a point at about ∼85–90% conversion where increas-
ing the temperature seems to have limited effect. We attribute
this to mixing challenges as opposed to energetics. One must
keep in mind that, in contrast to a homogeneous solution, a
solvent-free reaction mixture’s physicochemical properties are
constantly evolving. As a reaction proceeds, the distribution of
starting materials, intermediates, and products changes.
Arguing from the standpoint of the Arrhenius Equation, when
molecules at higher temperatures do not achieve higher con-
versions, we must presume that they are not colliding as fre-
quently, all other things being equal. Thus, we conclude that
the mobility of molecules at this point in the reaction may be
the inhibiting factor. Nonetheless, we do see that we can even-

tually achieve full conversion at 110 °C. Interestingly, we deter-
mined the melting point of the purified product be
107.6–108.0 °C. Although mechanochemical reactions do not
require reactants to melt, it is possible that the phase change
in this case is especially helpful by allowing easier mixing.42 In
any event, this informs us that sides reactions do not appear at
increasing temperatures in the relevant range and that we can
expect to identify similar conditions in the extruder that will
provide us with full conversion if we can achieve a residence
time similar to the fifteen minute reaction time used in the
mill.

We can now begin considering the extrusion side of things.
Screw design and its relationship with residence time reactive
extrusion is a rapidly evolving area of interest. Historically,
extruders are designed with short (<5 minutes) residence
times. With the advent of reactive extrusion, however, long
residence times would be highly desirable. The individual
elements making up a screw can have a variety of character-
istics. These elements may efficiently propel material down the
barrel with very limited mixing (“conveying” elements) or do
so in a slower manner with more mixing and an increased resi-
dence time (“forwarding” elements). Alternating 90° elements
maximizes mixing without any forwarding characteristics at
the cost of building up increased back pressure and torque.
Finally, reversing elements can add extra resistance to flow,
causing intense mixing and higher pressures (and torques).
Long residence times must be balanced with the maximum
torque an extruder can achieve, as well as corresponding heat
build-up. For more information, please see the ESI.† To
achieve a long residence time, prior experience in the extrusion
field led to the screw design seen in Fig. 6. With this screw
configuration in place, we began testing the reaction in the
extruder using extrusion parameters portrayed in Fig. 7.

We started by determining the residence time at our lowest
temperature (40 °C). It is a mistake to assume the residence
time is the elapsed time between turning on the feeders and
the first appearance of material at the barrel outlet. During
that time, the extruder is not operating at steady state. Instead,
we used pulse experiments to determine the residence time. In

Fig. 3 Nucleophilic aromatic substitution reaction.

Fig. 4 SNAr reaction conversion over time in the ball mill at 40 °C.

Fig. 5 Conversion at a variety of temperatures in the mill. The reaction
was stopped after fifteen minutes in all cases.
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a pulse experiment, a single spike of a tracer chemical (food
coloring) is delivered directly to the inlet port on the extruder
and a timer is started. The output of the barrel can then be
monitored for the appearance of the tracer. As expected from a
system producing a distribution of residence times, the tracer
does not exit the barrel as the same “spike” that it entered as.
Instead, the intensity of the tracer varies over time as it exits
the barrel as a dispersion rather than as a spike. For best deter-
mination of the residence time range, video was recorded and
reviewed later. Prior to determining the residence time, it is
suggested to monitor the torque to ensure it has leveled off,
which is a good indicator of reaching steady-state conditions
(see SI for further details on residence time determination).
With the screw design described above and parameters as
described in Fig. 7, our residence time range was approxi-
mately 10–16 minutes. Thus, a significant portion of mole-
cules will proceed through the reactor faster than the
15-minute milling reaction time and a small portion will
proceed more slowly. For our purposes, the match was close
enough to continue and obtain conversion data at the
different temperatures explored in the mill.

When taking samples for conversion analysis, we elected to
wait one residence time after changing temperatures, as well
as one residence time between samples. For that purpose, we

approximated the residence time to be 15 minutes. Results of
this approach are provided in Fig. 8. This figure presents
several interesting findings to consider. Firstly, the initial
extrudate (defining time zero) was analyzed, although it
should not be considered meaningful since the extruder is not
operating at steady-state conditions. In comparison, conver-
sions at time points 15, 30, and 45 minutes are in good agree-
ment, and all are within rounding error of 47%. Pleasingly,
stepwise increases in temperature led to stepwise increases in
conversion. Just as we observed in the temperature-controlled
mill, the reaction inevitably marched toward quantitative con-
version (in the extruder, 98%, 97%, and 98% were the three
samples taken at the final temperature). A one-minute sample
(1.323 g) was collected and underwent liquid–liquid extraction
and column chromatography. This sample indicated an iso-
lated yield of 97% (details in SI). To facilitate comparison with
milling, the three data points taken at each temperature were
averaged and plotted in a bar-chart format in Fig. 9. In this
figure there are three striking observations readily made.

First, the triads of data points are consistent within each
temperature, indicative of a steady-state process. Second,
although the extruder initially provides lower conversions than
the mill, it ultimately leads to higher conversions at higher
temperatures. Third, the extruder does not exhibit the inhi-
bition observed in the mill at higher conversions (there was no

Fig. 6 Screw configuration tested for the SNAr reaction between benzylamine and 3-bromo-4-fluoro-nitrobenzene. Naming convention: [letter
(s)][angle] × [number]. The letter describes the type (or arrangement) of element(s): D = discharge; C = conveying; A = alternating; R = reversing, F =
forwarding, H = half. The angle describes the offset (in degrees) from prior element. The number describes the number of 1

4 L : D elements (or 1
2

when half is used). More information on screw design is available in the ESI.†

Fig. 7 Extrusion parameters for the SNAr reaction. The arrow indicates
the direction of flow of material down the extruder barrel.

Fig. 8 Extrusion results for the model SNAr reaction. Data points that
share color are taken at the same temperature.
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need to go beyond 90 °C). The second observation can be
readily explained by considering two different effects that are
taking place. At lower conversions, mixing is not notably inhib-
ited in the mill, and the reaction time in the mill is longer
than the effective reaction time most molecules experience in
the extruder. At higher conversions, the reaction time con-
tinues to be longer in the mill, but the mixing of the mill is
not sufficient to maintain a well-mixed environment. This
limits molecular collisions by inefficiently clearing product
“out of the way”, thus limiting reaction rate as has been
explored by Stuart James.43 This supposition would necessitate
that the mixing in the extruder outperforms that of the mill.
This is reasonable as there are significant shear forces in the
extruder whereas the mill is limited to compressive forces
when a single ball is used, as was the case in our ball milling
experiments. To attempt to improve mixing while limiting fric-
tional heating, we introduced an additional ball and obtained
the results in Fig. 10, which are in good agreement with the

extruder and appear to have somewhat alleviated the mixing
issue. With these explanations of the two observations, the
results are straight-forward and provide powerful testimony to
the usefulness of small-scale research and development work
using temperature-controlled ball-mill reactors for enabling an
informed scale-up process.

With respect to the work-up and its corresponding environ-
mental impact, this reaction can be purified in a couple ways
depending on the needed product purity. If 97% purity is
sufficient, then a water wash of the product will remove salt
byproducts. If higher purity is needed, recrystallization is a
likely route. Regardless of the chosen route, the removal of
water-miscible polar, aprotic reaction solvents simplifies and
improves the work-up as they are often challenging to remove
via distillation and are often diluted into large volumes of
water which must then be disposed of in accordance with
environmental regulations.44 Solvent selection guides strongly
discourage the use of these solvents when possible.45

Knoevenagel reaction

Following the success of the SNAr reaction, we elected to inves-
tigate the Knoevenagel reaction between vanillin and barbitu-
ric acid (outlined in Fig. 11). This reaction has been intensively
studied in small-scale mechanochemical reactors,18,21,46–50

and it was also part of the landmark paper describing reactive
twin-screw extrusion for chemical synthesis purposes.31

Despite this, some details of the reaction remain intriguing.
For example, James et al. observed sigmoidal kinetics when
performing the reaction mechanochemically, as reproduced
here in Fig. 12(A).48 Several reasons for this were explored, but
after experimentally excluding their possibilities, the authors
found experimental evidence indicating that the reaction
mixture progresses and reaches a point whereat it becomes
hard enough to generate heat build-up from the striking ball.
They found this consistent with the observed temperature pro-
gressions noted in Fig. 12(B). Interestingly, when the same
authors performed the reaction in an extruder (without the
additional 10% water), they found that, despite initial appear-
ances of product at 40 °C, full conversion was not achieved
until 160 °C (the melting points of vanillin and barbituric acid
are 83 °C and 245 °C, respectively).

Two follow-up studies by Užarević et al.24 and Halasz
et al.,50 both performed in ball mills, discovered the formation
of a co-crystal that forms rapidly when milling the two starting
materials. Although the co-crystal does have an orientation

Fig. 9 Comparison of extrusion results and ball mill (with one ball)
results at matching temperatures. The reader is encouraged to recall
that the residence time (extruder) and reaction time (mill) do not per-
fectly match.

Fig. 10 Comparison of extrusion results and ball mill (with two balls)
results at matching temperatures. The reader is encouraged to recall
that the residence time (extruder) and reaction time (mill) do not per-
fectly match. Fig. 11 Knoevenagel reaction between vanillin and barbituric acid.
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that could allow for reactivity, it is not necessarily the most
energetically favorable orientation. They found that by incor-
porating small amounts of an appropriate liquid (0–2 μL liquid
per mg reaction mixture)—known as liquid-assisted grinding
(LAG)—co-crystallization could be circumvented, resulting in
reaction rate enhancements. Thus, it may be the case that this
co-crystal restricts the mobility of the reagents to achieve the
lowest energy conformation for reactivity. Although they
explored several liquids, they did not describe results where
water was the LAG agent as was the case in the work by James
et al. (0.5 μL liquid per mg reaction mixture).

Given the number of variables regarding mixing and temp-
erature control, we thought that this reaction would be interest-
ing to use as a second model reaction for scale-up. Presumably,
by understanding better what is happening on a small-scale, we
will be better equipped to scale-up in a timely and economical
manner when using reactants that are more valuable.

Since the first objective was to better understand and
control the reaction better on the small scale, we estimated the
“effective” temperature of the system from James’ work over
time. We have represented this with a dashed red line, super-
imposed over the authors’ original data, in Fig. 12(B). We then
manually adjusted a PID controller in a ball-mill reactor to
determine how well we would reproduce the prior work’s esti-
mated temperature profile. We also obtained the profile of our
system when heated to a constant 60 °C using the same
heating precautions applied earlier. These temperature profiles
are presented in Fig. 13(A). The constant temperature of 60 °C
was chosen as it is roughly the estimated temperature at the
steepest part of the sigmoidal curve. By employing both pro-
files, we were able to test (1) if we could reproduce the sigmoi-
dal kinetics and (2) if we could obtain a kinetic curve more
consistent with the conventional curve in Fig. 12(A). Indeed, as
shown in Fig. 13(B), the results of running these reactions
with the prescribed temperature profiles showed success in
both objectives. Further discussion on sigmoidal curves and
milling without temperature control is provided in the SI. We
additionally performed the reaction for a fixed time (five

Fig. 12 (A) Sigmoidal kinetics observed for the mechanochemical
Knoevenagel reaction in comparison to the conventional solution be-
havior. (B) Temperatures observed during the experiment. The dashed
red line is not in the original figure and is our estimate of an “effective”
representative temperature. Reproduced with permission from ref. 48.

Fig. 13 Kinetic data for the Knoevenagel reaction. (A) Measured temp-
eratures from temperature-controlled reactions at a constant 60 °C and
under our replica system. (B) Reaction conversion when performed
under the two temperature profiles from A.
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minutes) at a variety of temperatures leading up to the pre-
viously tested 60 °C. The results of these tests can be seen in
Fig. 14. Interestingly, this reaction rate seems far more temp-
erature sensitive than the previously explored SNAr reaction.
Armed with an improved understanding, we felt comfortable
and confident in proceeding to the larger-scale extruder work.

Initial attempts to run the Knoevenagel reaction were per-
formed with the same screw configuration used for the SNAr
reaction. However, we observed excessive heat build-up occur-
ring in the barrel, especially in the mixing zones, when using
the same screw configuration that we used for the SNAr reac-
tion. In our experience, this reaction can produce very hard,
tough-to-break-up mixtures. Thus, although we were pleased
with the residence time (nine to 15 minutes), we elected to
modify the screw design. An ideal screw design will provide
the longest possible residence time while minimizing any heat
build-up or torque overages (exceeding the maximum torque
for which the equipment is designed). Since the materials in
this case are cheap, we elected to explore a variety of screw
designs with the idea in mind to develop a library of screw
designs for different mixing challenges. Working through a
variety of screw designs is a time-, material-, and labor-inten-
sive process, so the development of such libraries would prove
very helpful. Future studies that allow the use ball-mill results
to predict an appropriate screw design from the library would
further expedite this process. The results of the various screw
designs are provided in Table 1. Drawing broad conclusions

from these data is challenging. However, it is clear that the
torque is strongly related to temperature rises for the physical
properties of these materials. Based on the results of Table 1,
we elected to proceed with Screw Configuration 3 using the
parameters from Entry 1 of Table 2 as it provided the best
balance of residence time and heat build-up and an opportu-
nity to look at how the comparison holds when the reaction
time is even shorter than the 15 minutes allowed for the SNAr
reaction.

The results of performing the Knoevenagel reaction in the
extruder are provided in Fig. 15, and the milling results have
been included for ease of comparison. Just as with the SNAr
reaction, we found the data encouraging. Given that the resi-
dence time (extruder) and reaction time (mill) is not (and,
essentially, cannot be) a perfect match, there can always be
some difference expected between milling and extrusion, but
the good agreement between methodologies show that there is
great utility in combining temperature-controlled milling and

Fig. 14 Effect of temperature on the milligram-scale ball-milled
Knoevenagel reaction.

Fig. 15 Comparison of ball milling and extruder results for the
Knoevenagel reaction.

Table 2 Feeder and Barrel parameters for knoevenagel extrusion

Entry
Barrel
RPMs

Feeder
(g min−1)

Water feed rate
(mL min−1)

Residence
time (min)

1 50 1.2 0.12 4 : 30–7 : 00
2 50 0.6 0.06 6 : 00–10 : 00
3 25 0.6 0.06 3 : 00–8 : 00

Table 1 Residence time and heat build-up resulting from using a variety of screw configurations

Configuration
ID Mixing section 1 Mixing section 2 Mixing section 3

Residence
time (min)

Temperature
(target = 35 °C)

Torque
(% of maximum)

1 A90 × 8\F60 × 4 HF\HR\R60 × 6 Conveying 9 : 00–15 : 00 49 48
2 R60 × 4 HF\HR\R60 × 4 Conveying 4 : 15–8 : 05 45 35
3 R60 × 4 F30 × 4\R60 × 4 Conveying 4 : 30–7 : 15 36–37 12
4 R60 × 4 F30 × 4\R60 × 4 F30 × 7\R60 × 3 3 : 00–5 : 41 40 35
5 R60 × 4 HF\HR\R60 × 4 F30 × 10 2 : 30–5 : 15 44 37
6 R60 × 4 R60 × 3\A90 × 5 F30 × 10 3 : 00–6 : 30 42 34

Naming convention is identical to Fig. 5. Further discussion is presented in the ESI.†
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reactive extrusion as a powerful duo. Of note from the data is
that full conversion can be achieved at significantly lower
temperatures in comparison to performing the extrusion
without 10% added water (160 °C without vs. 50 °C to 60 °C
with). Given the 1 : 1 stoichiometry and the success of the reac-
tion, the only work-up needed is drying to remove the water
byproduct of the reaction. In previous literature this was done
naturally as the barrel was already at 160 °C, thus forcing the
water to leave as steam. In our case, elevating the temperature
at the end of the barrel will affect the conversion. Instead, a
sample of extrudate (1.211 g) was worked-up, resulting in an
isolated yield of 95% for the 60 °C reaction in the extruder (see
SI), which is consistent with the conversion indicated in the
figure.

When we attempted the extrusion without added water, we
experienced a torque overage (using Screw Configuration ID 1).
Notably, vanillin is insoluble in water, but barbituric acid is
soluble in water.51 Thus, the addition of 10% (w/w) water
(0.05 μL mg−1 reaction mixture, 0.80 equivalents) may mini-
mize the formation of the co-crystal as was observed in the
studies discussed earlier, allowing easier mixing and removing
a barrier to molecular collisions. As discussed earlier, this is
known as liquid-assisted grinding (LAG), and it is a common
mechanochemical approach to altering product selectivity
and/or enhancing reaction kinetic rates. A LAG experiment can
be characterized by its η value, which is defined as the microli-
ters of liquid divided by the total reaction mass. LAG occurs in
the range 0 < η < 2.0. When η exceeds 2.0, the system is more
aptly described as a slurry. Identifying proper liquids for use
in these systems is routine and easily achieved on the milli-
gram scale. In addition to work by Browne et al., these results
provide further indication that a highly effective LAG additive
(water, η = 0.05 μL mg−1) identified on the small scale was also
essential to successful scale-up.33

Conclusions

Reaction reliability and predictability are two essential charac-
teristics required for smooth scale-up in industry. Using SNAr
and Knoevenagel model reactions, we have provided strong evi-
dence in favor of using temperature-controlled milling for
small-scale (milligram) research and development in prepa-
ration for scale-up via twin-screw extrusion. Temperature
control on the small scale enables a more thorough under-
standing of the reaction with respect to rates and
expectations that can be made for extrusion temperatures. We
also propose the development of screw design libraries and
look forward to the eventual development of a method for
selecting a screw design based on ball-mill results (or other
small-scale work).
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