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Continuous Direct Compaction (CDC) has emerged as a promising route towards producing solid dosage forms
while reducing material, development time and energy consumption. Understanding the response of powder
processing unit operations, especially blenders, is crucial. There is a substantial body of work around how

;Z’b'lr:::at“’n lubrication via batch blender operation affects tablet critical quality attributes such as hardness and tensile
Models strength. But, aside from being batch operations, the design of these blenders is such that they operate with low-
Predictions shear, low-intensity mixing at Froude number values significantly below 0.4 (Froude number Fr being the

Tensile strength dimensionless ratio of inertial to gravitational forces). The present work explores the performance of a mini-

MMIC blender which has a fundamentally different mode of operation (static vessel with rotating blades around a
mixing shaft as opposed to rotating vessel with no mixing shaft). This difference allows a substantially wider
operating range in terms of speed and shear (and Fr values). The present work evaluates how its performance
compares to other blenders studied in the literature. Tablet compaction data from blends produced at various
intensities and regimes of mixing in the mini-blender follow a common trajectory. Model equations from liter-
ature are suitably modified by inclusion of the Froude number Fr, but only for situations where the Froude
number was sufficiently high (1 < Fr). The results suggest that although a similar lubrication extent plateau is
eventually reached it is the intensity of mixing (i.e. captured using the Froude number as a surrogate) which is
important for the lubrication dynamics in the mini-blender, next to the number of revolutions. The degree of fill
or headspace, on the other hand, is only crucial to the performance of common batch blenders. Testing using
alternative formulations shows the same common trend across mixing intensities, suggesting the validity of the
approach to capture lubrication dynamics for this system.

operation, increased efficiency, and improved quality and safety (Dal-
linger and Kappe, 2017; Gutmann and Kappe, 2015; Plumb, 2005;

1. Introduction

Faced with high R&D costs and an environment where efficiency in
terms of both development time and material is increasingly critical, the
pharmaceutical industry is exploring novel approaches to
manufacturing and research (DiMasi et al., 2016). One paradigm shift
that is gaining traction is continuous manufacturing of pharmaceuticals
(Lee et al., 2015). Long the norm in other industries such as Oil & Gas,
the potential benefits of continuous manufacturing are more economical
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Schaber et al., 2011; Yoshida et al., 2011).

Continuous Direct Compaction (CDC) of solid dosage forms is
receiving significant attention both in research and industrial produc-
tion, with one of the key benefits being the simplicity of manufacturing
route and reduction in scale up; a variety of manufacturers have intro-
duced continuous systems for drug product production in recent years
(Fette, n.d.; GEA, 2016; Gericke, 2023; Glatt, 2023; Hosokawa Micron,
n.d.; Lodige, 2023). Blending of the powder becomes key, both at the
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Nomenclature

Symbol  Definition and units

H Headspace fraction (-)
Fr Froude number (-)

Frapler Tablet breaking force (hardness) (N)
Gravitational constant (mes 2)
Process-dependent variable in Eq. (1) (dm)
Bonding capacity (-)

Mixing length scale (dm)

Exponent in Egs. (12) and (13) (-)
Number of revolutions (-)

Mixing (blade tip) radius (m)

YW R NF RN

Time (s)

Volume (L)

Parameter in Eq. (4) (-)

Lubrication extent sensitivity to mixing parameter (dm 1)
Porosity (-)

Rotation rate (RPM)

Tensile strength (MPa)

00 Tensile strength at zero porosity (MPa)

OSF—x Tensile strength at solid fraction X (MPa)

osr—xmax Maximum tensile strength at solid fraction X (MPa)
Osr—xmin Minimum tensile strength at solid fraction X (MPa)
® Angular frequency (rades™1)

QA " &R ™ <

macromixing and micromixing scales (Garcia-Munoz et al., 2018;
Karttunen et al., 2020; Moghtadernejad et al., 2018). The latter in
particular benefits from rapid, high-shear mixing (Palmer et al., 2020).
In a continuous blender, however, there can be a trade-off: increased
RPMs may promote better micromixing, but at the cost of reduced
residence time which may lead to incomplete mixing and poor content
uniformity (Galbraith et al., 2020). This has led to interest in semi-
continuous mini-blend systems which allow decoupling of RTD and
shear input but requires an appropriately designed downstream line
(Jaspers et al., 2023). Furthermore, in early stages of pharmaceutical
development there may not be enough material to adequately charac-
terise continuous blenders which typically have large mass holdup ca-
pacities, leading to difficulties in completely characterising CDC process
lines. The use of smaller, semi-continuous repeat mini-blender systems
as a modular stand-in for fully-continuous devices can potentially fill the
gap during early stages of process development while providing ap-
proximations of the integrated CDC process benefits (Janssen et al.,
2023).

Suitable mixing of powder is relevant not just for content uniformity
of the Active Pharmaceutical Ingredient (API), but also for other Critical
Quality Attributes (CQA) of the final product i.e. the solid tablet. Lu-
bricants, such as magnesium stearate (MgSt), are added to formulations
to aid the compaction process. After compression in dies, tablets must be
ejected. However, without sufficient lubrication, significant force may
be required to do so, and material can also stick to die walls and punch
faces, leading to tablet defects and poor tablet appearance. However,
excessive lubrication can negatively impact tablet hardness (Kushner
and Moore, 2010), and tablets must be hard enough to survive transport,
packaging and handling (but not so durable as to negatively impact
disintegration and dissolution). Understanding how blenders affect the
lubrication extent via mixing intensity and duration is an ongoing field
of study.

In the literature, there have been various works exploring models for
the scale-up of batch blending operations and the impact that lubrica-
tion extent has on tablet tensile strength (Kushner, 2012; Kushner and
Moore, 2010; Kushner and Schlack, 2014). Applicable to Turbula, V-
blenders, and bin blenders, the following equation was developed for
tablet tensile strength at 0.85 solid fraction:

/K
O5F—0.85 = OSF=0.85,min T (USF:O.ss,max - 6sp:0.ss,min)e 4 (@]

where osr—0.85,min is lowest possible tensile strength that can be achieved
through blending, osr—0.85,max is the theoretical tensile strength of an
unblended mixture, y is a rate constant, and K is a measure of lubrication
extent. The first three are formulation-dependant fitting parameters, and
K is a process-dependent variable that has been expressed in the liter-
ature as follows:

K =LHR (2)

where L is the mixing characteristic length scale, H is headspace fraction
(inverse of degree of fill; bulk density is assumed), and R is the number of
revolutions of the batch blender experienced by the material. The var-
iable L depends on what type of batch blender is being used, and for bin,
V and Turbula blenders is a function of volume V (V'/2 for bin and V-
blenders, 1.5 V3 for Turbula blenders due to dual axis of rotation)
(Kushner and Schlack, 2014). The number of revolutions R is calculated
form blending time t (s) and rotation rate v (RPM):

tv

The following expression can also be used instead of Eq. (1):

—7K

Osr—0.85 = Osp—o.85.max (1 — B+ e ™) (C))

= OSF=0.85max — OSF=0.85min )
OSF=0.85,max

The approach outlined in Egs. (1)-(5) have been shown valid for low-
shear batch blenders from the lab scale (Kushner, 2012; Kushner and
Moore, 2010) to commercial scale (Kushner and Schlack, 2014). The
approach is also applicable up to the 0.4 Froude number (Fr) range,
where Fr is defined as the ratio of centrifugal forces to the downward
acceleration from gravity:

Fr = w—zr (6)

8

where o is angular frequency, r is the radius of the mixer, and g is the
gravitational constant. Powder mixing inside a closed vessel is said to
have the following flow regimes: tumbling (Fr < 0.4, also referred to as
simple stirring), transitional or partial inertial (0.4 < Fr < 2) or cen-
trifugal (2 < Fr) (Brone et al., 1998).

As rotation rate (and angular frequency) increases, the centrifugal
forces begin to dominate. For batch blenders that operate by moving the
entire vessel (bin blenders, V-blenders, Turbula blenders) this inhibits
mixing as material is forced to the vessel walls and can no longer move
freely; the variable H in Eq. (2) has a similar function - if a blender is
completely full (ie. H = 0) then the powder can no longer move and
mixing cannot occur. Typical operating conditions for batch blenders
have Fr significantly below 0.4 (Brone et al., 1998).

A mini blender is less restricted than the Fr < 0.4 regime, as it
operates by rotating blades about a mixing shaft, and powder will still
move when higher centrifugal forces are present (Fr > 1; Fig. 1, Fig. 2).
With a mini-blender, even with Fr > 1 there is a substantial amount of
material as a tumbling powder bed in the lower part of blender (likely as
the blades cannot act on every part of the mixture at once), and it is only
at extremely high RPM (and Fr) that material moves in a near continuous
annulus near the vessel walls. It has been reported in the literature that
three mixing regimes can be defined for the mini-blender: push mixing
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Fig. 1. Detail of the Gericke GBM 10P Mini Blender, with a spray-dried lactose product (Fast Flo® 316) at 50 % fill level. Images extracted from high-speed video.

(Fr < 2.5), spin mixing (2.5 < Fr < 11), and centrifugal mixing (11 < Fr)
(Jaspers et al., 2023).

As stated previously, the semi continuous mini-blend allows decou-
pling of shear rate and residence time and allows access to a variety of
flow regimes leading to the potential for a wide range of mixing in-
tensities and hence lubrication extents to be generated. The objective of
the present work is to explore how operating conditions impact the
lubrication extent of a mini-blend system and to see how applicable the
approach of Eq. (1) (developed on blenders that are rotating vessels with

no blades and low Fr values) scales to the mini-blender (static vessel
with rotating blades at operable at both low and high RPM equating to
low and high Fr) and if it needs to be modified in any way. If applicable,
the objective is to then assess how the resulting approach could be scaled
or otherwise translated to allow observed behaviour in a mini blender to
be scaled to predict performance in a tumble batch blender (or vice
versa). This would inform scaling of lubrication extent between typical
batch tumble blend processes and tested mini-blend process.
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Avicel® PH-101 Ceolus KG-1000 10% pAPAP, 30% SuperTab® 11SD,
60% Pharmacel® 102

50 RPM (Fr = 0.33) . 50 RPM (Fr = 0.33) R 50 RPM (Fr = 0.33)

g P

B 100 RPM (Fr = 1.33) ! 100 RPM (Fr = 1.33)

\ N
Ml 200 RPM (Fr = 5.32) ’ 200 RPM (Fr = 5.32) 200 RPM (Fr = 5.32)

l

& 300 RPM (Fr = 11.97) - 300 RPM (Fr = 11.97) g 300 RPM (Fr = 11.97)

Fig. 2. Detail of the Gericke GBM 10P Mini Blender at 50 % fill and various RPMs. Contents are Avicel® PH-101, Ceolus KG-1000 and a formulation of 10 %
powdered paracetamol (Mallinckrodt), 30 % SuperTab® 11SD, 60 % Pharmacel® 102. Images extracted from high-speed video.
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2. Materials and methods
2.1. Design of experiments

The intent of the present work is to build on and expand prior efforts
by various research groups (Kushner, 2012; Kushner and Moore, 2010;
Kushner and Schlack, 2014). An initial set of scoping runs (Table 2, runs
6-10; runs have been re-numbered to make tables easier to follow)
explored a range of blending speeds (100, 200, 300 RPM) and blending
times (55s,10s,30s,60s,120s, 600 s, 1200 s) to cover a comparable x-
axis range (7-2605 dm) as the prior work (approx. 0-4000 dm).

During analysis, it was found that adjusting the literature approach
by modifying the x-axis by inclusion of the Froude number may be
beneficial in identifying one overall trend for all blender speeds and fill
levels. When data are plotted in this manner, there are some gaps along
the new x-axis that subsequent runs have been chosen to fill, and these
include those at a lower speed of 50 RPM (Table 2, runs 1-5), and
alternative degrees of fill (Table 2, runs 25-30), and additional blending
times to expand the initial scoping datasets of 100, 200, and 300 RPM
(Table 2, remaining runs up to 24).

Additionally, the approach was tested using an alternative formu-
lation, and select run conditions at the standard 3 kg fill level (Table 2,
runs 25-38).

2.2. Materials and equipment

To visualise flow regimes at different blender speeds (Fig. 1, Fig. 2);
Fast Flo® 316 (Kerry), Ceolus KG-1000 (Asahi Kasei); Avicel® PH-101
(Dupont); and a blend of powdered paracetamol (Mallinckrodt),
SuperTab® 11SD (DFE) and Pharmacel® 102 (DFE) have been used. For
blending experiments, the materials used were selected based on pre-
vious work in the literature to allow a comparison of trends (Kushner
and Moore, 2010). The formulation composition is based on a 2:1 ratio
of microcrystalline cellulose (MCC; Pharmacel® 102, DFE) to lactose
monohydrate (SuperTab® 11SD, DFE) adding up to 99 % of the blend
and 1 wt% of magnesium stearate (Ligamed® MF-2 V, Peter Greven).
The composition is fixed to allow exploration of the effect of blending
conditions. In latter experiments, the MCC-lactose ratio has been flipped
to test whether the observed forms of relationship hold across different
blend properties. The material bulk and tapped density measurements
have been carried out following the British Pharmacopeia guidelines
2023 (Appendix XVII S. Bulk Density and Tapped Density of Powders).
The tapped density has been measured using a tapped density analyser
(Autotap, Quantachrome, Anton Paar GmbH, Graz, Austria). True den-
sity analysis has been measured using a gas Pycnometer (MicroUltrapyc
1200e, Quantachrome, Anton Par GmbH, Graz, Austria) connected to a
water bath at 25 °C. The sample weight was measured using a laboratory
balance (BP211D Analytical model, Sartorious, Surrey, United
Kingdom) repeated three times and averaged.

Particle size distributions (included for information only) were
measured in triplicate using a Mastersizer® 3000 (Malvern Panalytical,
Worcestershire, United Kingdom) fitted with a dry dispersion cell and
varying the pressure between 1 and 3 to maintain a constant flow. The
hopper was set at 3.0 mm height and between 500 mg and 1000 mg of

Table 1
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sample was used. The limits for particle size analysis were chosen per
ISO 3310:2016. Analysis results are given in Table 1.

The blenders used are a GBM 10P Mini Blender (Fig. 3, a horizontal
single shaft mixer of 10 L from Gericke AG Switzerland; measured vol-
ume 11.59 L, blade radius 0.119 m) and a 5 L Pharmatech bin blender
(with an effective mixing radius — the distance from axis of rotation to
furthest point in the bin — of 0.158 m). Tablets were compacted in a
KORSCH XP 1 single-punch tablet press.

2.3. Mini-blender operation

Blending speed and time were varied to explore a range of degrees of
mixing (time from 5-3000 s, blending speed from 50 to 300 RPM)
covering all potential regimes of mixing (Jaspers et al., 2023). The
blender typically held 3 kg of material, with select runs at 2.25 kg and
3.75 kg to explore the effect of fill level on lubrication extent.

For all experiments, a fixed routine of blend material addition was
adopted with Pharmacel® 102 added first followed by SuperTab® 11SD,
and pre-blended at 100 RPM for 60 s for all runs, with relative quantities
as per Table 2; during blender filling (material addition), speed was set
to 10 RPM for 1 s. For the lubricant addition step lubricant quantity and
type, blending time and speed were varied as described in Table 2.
Material was added manually. Blender discharge was set to 10 RPM for
1200 s to allow for complete discharge (200 revolutions, however the
vast majority of material discharges within the first few revolutions).
Discharged blend masses were recorded to allow calculation of blender
heel amount. Blends were collected from the blender and stored until
compaction experiments in sealed plastic bags with limited headspace to
avoid any post-blending effects. These blends were then used for
compaction, where a required amount of each blend was loaded into the
tablet press hopper.

Each blender run is completely discharged as taking smaller, inter-
mitted samples during one run is not practical, entailing stopping the
experiment multiple times (alongside the required speeding up and
slowing down of the blades) and the degree of fill would be affected.
Furthermore, to fill the tablet press simulator, larger quantities of ma-
terial were needed than that needed for the specific tablets used during
analysis for each run.

2.4. Bin blender (BB) operation

All blends were prepared with a Pharmatech bin blender with a 5 L
IBC vessel without the inner agitator at a target blend mass of 1.5 kg. A
fixed pre-blend time of 10 min at 20 rpm was used for the main excip-
ients. The same sequence of material addition was maintained with MCC
(Pharmacel® 102) added first, followed by lactose (SuperTab® 11SD).
For the lubricant (Ligamed® MF-2 V) addition step, a fixed speed of 20
rpm was used and blending time was varied as described in Table 3.
Blends were collected from the blender and stored until compaction
experiments in sealed plastic bags with limited headspace to avoid any
post-blending effects. These blends were then used for compaction,
where a required amount of each blend was loaded into the tablet press
hopper.

List of materials, physical properties and formulation compositions used in blending experiments. Particle size and tapped density are included for information

purposes only. a: estimated.

Material Grade / supplier Role in blend Weight % in formulation Density (g/cms) Particle size (pm)

Bulk Tapped True dqio dso dgo
Lactose monohydrate SuperTab® 11SD / DFE Filler 33 or 66 0.61 0.71 1.54 39.65 111.50 246.25
Microcrystalline cellulose Pharmacel® 102 / DFE Compression aid 66 or 33 0.36 0.49 1.54 25.90 85.90 198.00
Magnesium stearate Ligamed® MF-2 V / Peter Greven Lubricant 1 0.28 0.43 1.11 1.23 5.11 22.88
66 % cellulose 33 % lactose blend 0.42 0.56 1.54 - - -
33 % cellulose 66 % lactose blend 0.50° - 1.54 - - -
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Mini blender run conditions. a: standard formulation (66 % Pharmacel® 102, 33 % SuperTab® 11SD, 1 % Ligamed® MF-2 V) and fill conditions. b: changing fill
conditions with standard formulation. c: flipped formulation (33 % Pharmacel® 102, 66 % SuperTab® 11SD, 1 % Ligamed® MF-2 V).

Run Blending speed (RPM) Blending time (s) Revolutions R

Blend mass (kg)

Blend bulk density (g/cm3) Headspace fraction H Froude number Fr

1 50 659 549 3
22 50 1198 998 3
3 50 1797 1498 3
4 50 2396 1997 3
52 50 2995 2496 3
6 100 5 8 3
7° 100 10 17 3
8 100 30 50 3
9? 100 60 100 3
10° 100 120 200 3
11° 100 600 1000 3
12° 100 1200 2000 3
13° 200 41 137 3
14° 200 60 200 3
15° 200 75 250 3
16° 200 112 374 3
16R* 200 112 374 3
172 200 187 624 3
18° 200 600 2000 3
19° 300 18 92 3
20° 300 33 166 3
212 300 50 250 3
222 300 60 300 3
23° 300 83 416 3
242 300 600 3000 3
25° 100 30 50 2.25
26° 100 30 50 3.75
27° 100 120 200 2.25
28> 100 120 200 3.75
29° 200 60 200 2.25
30P 200 60 200 3.75
31¢ 100 30 50 3
32¢ 100 165 275 3
33¢ 200 41 137 3
34¢ 300 18 90 3
35¢ 100 300 500 3
36° 300 33 165 3
37¢ 100 1200 2000 3
38° 300 133 665 3

0.42 0.38 0.33
0.42 0.38 0.33
0.42 0.38 0.33
0.42 0.38 0.33
0.42 0.38 0.33
0.42 0.38 1.33
0.42 0.38 1.33
0.42 0.38 1.33
0.42 0.38 1.33
0.42 0.38 1.33
0.42 0.38 1.33
0.42 0.38 1.33
0.42 0.38 5.32
0.42 0.38 5.32
0.42 0.38 5.32
0.42 0.38 5.32
0.42 0.38 5.32
0.42 0.38 5.32
0.42 0.38 5.32
0.42 0.38 11.97
0.42 0.38 11.97
0.42 0.38 11.97
0.42 0.38 11.97
0.42 0.38 11.97
0.42 0.38 11.97
0.42 0.54 1.33
0.42 0.23 1.33
0.42 0.54 1.33
0.42 0.23 1.33
0.42 0.54 5.32
0.42 0.23 5.32
0.38 0.32 1.33
0.38 0.32 1.33
0.38 0.32 5.32
0.38 0.32 11.97
0.38 0.32 1.33
0.38 0.32 11.97
0.38 0.32 1.33
0.38 0.32 11.97

2.5. Tableting protocol

Tableting was performed with a single station KORSCH XP1 tablet
press equipped with 9 mm round flat faced punches operating at a fre-
quency of 20 S per minute. The fill depth (lower punch position) was
adjusted to ensure a tablet target weight of 200 mg for each blend. For
the compression profile determination, tablets were compressed at 8
upper main compression force (UMCF) points from 1 to 36 kN.
Compaction data such as upper and lower mean compression forces, as
well as upper and lower punch displacement and ejection force were
collected. A total of 100 tablets were prepared for each compression
point. From these 10 were used for hardness/ tensile strength determi-
nation, the remaining ones were retained for further analysis. Data
acquisition from the KORSCH software interface (EDA) was carried out
by taking individual values for each tablet whose weight, height and
hardness were analytically measured.

Tablet weight was measured with a 5DP analytical balance. Tablet
height and hardness were measured using a calibrated hardness tester
(Kraemer Elektronik, Germany) with 2 different load cells: 0-50 N or
50-500 N crushing force according to the expected tablet hardness.

2.6. Compaction analysis

Data for tablet tensile and porosity have been used to regress pa-
rameters of the Ryshkewitch-Duckworth equation (Duckworth, 1953;
Ryshkewitch, 1953):

o = gpe ke ()

where o is tensile strength, oy is tensile strength at zero porosity (a fitting
parameter), kp is the bonding capacity (a fitting parameter), and ¢ is
porosity. The regression has been done in Matlab R2022a.

2F tablet

_ )
1,000, 0007d,gbeMuabier

o

where Fygpiee is the measured breaking force, diqpe is the diameter of the
tablet (set by the die), and hyple: is the tablet height (or thickness;
measured).

Tablet porosities are calculated from experimental data of tablet
mass, thickness, and true density:

e=1— Prablet 9)
Prrue
Mygpler
= 10
Prabiec Vtablet ( )
uaier | *
Vtablet = 7[< t2 e[) hmblet (1 1)

where peqapier is the density of the compacted tablet (calculated), pin, true
density of the formulation (measured), mgper is the tablet mass
(measured), Vigpier is the volume of the tablet (calculated).

Tablets typically have a porosity of 0.15-0.25 i.e. a solid fraction of
0.85-0.75 (Nassar et al., 2021). For further analysis purposes, values of
tensile strength at 0.85, 0.80 and 0.75 solid fraction have been used (i.e.
regressed curve values at 0.15, 0.20 and 0.25 porosity, Fig. 4).
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Table 3
Bin blender runs (66 % Pharmacel® 102, 33 % SuperTab® 11SD, 1 % Ligamed®
MF-2 V).

Run Blending time Blending speed Blend mass
(s) (RPM) (kg)
BB-1 180 20 1.5
BB-2 300 20 1.5
BB-3 1800 20 1.5
BB-4 3600 20 1.5
BB-5 8400 20 1.5
BB-6 26,400 20 1.5

Experimental tensile strength values (in MPa) are calculated from tablet hard-
ness (breaking force, in N) and thickness:

3. Results and discussion

Experiments and analysis have been conducted in stages, exploring
various directions:

1. Whether, for a given formulation, tensile strength data can be plotted
against a horizontal axis such that there is one overall trend, and
whether there is a way to scale or translate predictions from such a
‘collapsed’ curve to performance in a bin blender.

2. The impact of fill level on tensile strength and collapsed curves

Compaction data for the base formulation at various blending con-
ditions (blending time, RPM) values show that data points appear to be
separate according to RPM and Fr, with the various sets of datapoints
following what appears to be an exponential trend (Fig. 5); for a given
blender design, Fr and RPM are correlated. Blender dimensions and RPM
are the two variables that determine Fr. For a given x-axis value, tensile

International Journal of Pharmaceutics 659 (2024) 124232
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Fig. 4. Compaction data (tensile strength v porosity) for 3 kg of base formu-
lation blended at 100 RPM for 30 s, showing interpolation to determine tensile
strength at solid fraction of 0.85 (porosity of 0.15).

Fr=0.33
Fr=1.33
Fr=5.32
Fr=11.97
H=054
H=0.38

o H=023
—Fr=0.33 (fit)
—Fr=1.33 (fit)
—Fr =5.32 (fit)
—Fr=11.98 (fit)

x Fr=0.07 bin blend

o > e e o o

Osg=0.35 (MPa)

X

Tensile strength at 0.85 solid fraction

2000 3000 4000

VIBHR

0 1000 5000

Fig. 5. Compaction data for the base formulation (Table 2, runs 1-30) plotted
against the Kushner-Moore axis (Eqs. (1) and (2)). Froude numbers of 0.33,
1.33, 5.32, 11.97 correspond to 50, 100, 200 and 300 RPM, respectively.
Equivalent data from material blended in a bin blender at 20 RPM (corre-
sponding to Froude number of 0.07) is also overlaid (Table 3, runs BB-1 to BB-
6). Mini blender data has contents of 2.25, 3 or 3.75 kg (H = 0.54, 0.38, 0.23,
respectively) while the bin blender held 1.5 kg (H = 0.28).

strengths are lower for material blended at higher speeds. A common
tensile strength plateau is reached, and in general at higher RPM, this
floor is reached sooner; said otherwise, there is a lower limit to the
tensile strength that can be reached for this formulation with the dif-
ference from different blender speeds being how much blending time is
needed to reach a given tensile strength. This general exponential
decline to a plateau behaviour is expected, and in quality is seen in other
small and large tumble blenders (Kushner, 2012; Kushner and Moore,
2010; Lou et al., 2020), also evidenced by the overlaid bin blender data
(Fig. 5).

With the assumption that all sets of data would share a common
starting point (the formulation and blender contents mass is the same for
all datapoints in Fig. 5) and that the minimum tensile strength that can
be reached is also the same for the mini blender datapoints, model pa-
rameters can be regressed: osp—0.85max and osp—o.85,min are 4.903 and
1.294 MPa, respectively (8 of 0.74); and y ranges by approximately a
factor of 6 from 0.00215 to 0.01266 for mixing conducted at the various
RPM values (Table 4). The parameter y is defined and expected to be a
function only of formulation components and not of process, this wide
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Table 4

Regressed parameters of Eqgs. (1) and (4), regressed under assumption that
datasets share a common maximum and minimum (6sp—0.85 max and 6sF—0.85,min,
respectively).

v Fr 6SF—0.85,max GSF=0.85,min B b4

(RPM)  (-) (MPa) (MPa) (=) (dm™)

50 0.33 4.903 + 1.294 + 0.74 0.00215 +
0.332 0.176 0.00059

100 1.33 4.903 + 1.294 + 0.74 0.00324 +
0.332 0.176 0.00119

200 5.32 4.903 + 1.294 + 0.74 0.00550 +
0.332 0.176 0.00122

300 11.97 4,903 + 1.294 + 0.74 0.01266 +
0.332 0.176 0.00364

range suggests that mini-blend process dynamics are not adequately
captured using original Kushner Moore approach leading to high vari-
ability in predicted y value. Aside from data runs conducted at different
RPM values taking different trajectories (demonstrated in the different
fitted values of y), the bin blender appears to perform slightly differ-
ently, especially when the standard K axis of Eq. (2) is used. That the
parameter y has different values based on RPM suggests that the
approach of Egs. (1) and (2) is not sufficient for the mini-blender.

3.1. Collapsing lubrication extent curves

Observing the tensile strength data (Fig. 5) and visual observations
(Fig. 1 and Fig. 2), it is clear that the Fr number captures the transition
between flow regimes across materials and it is hypothesized Fr can thus
act as a surrogate for intensity of mixing and hence lubrication extent
whilst maintaining a consistent lubrication extent axis units with pre-
vious work. The only two ways to affect Fr are speed (rotation rate) and
the rotational radius (with is straightforward a concept for most batch
blenders). In the present work the focus is to extend mixing via the time
dimension rather than size — there is access to one equipment scale for
each mode of mixing (GBM 10P Mini Blender for fixed vessels with
rotating blades and Pharmatech 5 L bin blender for rotating vessels with
no internal blades). This implies that, for the mini-blender system in
isolation, an approach that results in a uniform trend for all data points
could potentially be achieved by including again the RPM in the right
hand side of Eq. (2) (again as it is already used to calculate the number of
rotations in R).

An iterative approach suggested that the modification of Egs. (1) and
(2) to include a Fr term with an exponent could be promising towards
collapsing the various trends into one:

—yVY/3HR(Fr)"
OSF—0.85 = OSF=0.85,min 1 (USF:O,ss,max - GSF:OvSS.min)e 4 ) 12)

Optimising for n in alongside the parameters of Eq. (12) returns a value
of 1/2.2 for n, suggesting that the square root of Fr as a useful term to use
to collapse the data (Table 5). However, as noted in the literature, there
are certain mixing regimes corresponding to certain Froude numbers.
The hypothesis tested is that for low Froude numbers below 1 the typical
Kushner-Moore equation can be used (i.e. Eq. (12) with n = 0), but if

Table 5
Regressed parameters for data plotted for various values of n (Eq. (12), Eq. (13)).
Eq. n OSF=0.85,max OSF=0.85,min b4 RMSE
(MPa) (MPa) (dm™)
12 1 5.233 +£1.115 1.777 £ 0.275 0.00559 + 0.00331 1.361
12 1 4.874 + 0.428 1.369 + 0.220 0.00313 £ 0.00084 0.703
2
12 i 4.895 + 0.428 1.387 + 0.216 0.00329 + 0.00086 0.696
2.2
12 1 4.953 + 0.507 1.393 £+ 0.230 0.00374 + 0.00113 0.786
3
13 1 4.761 + 0.395 1.369 + 0.209 0.00272 + 0.00071 0.685
2
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Froude number is above 1 and the material is sufficiently agitated
(Fig. 1, Fig. 2), then it is not only the number of revolutions experienced
that matters, but also the intensity at which they were experienced (i.e.
Eq. (12) with n = '); this is summarised in Eq. (13):

—yVY/3HR(Fr)"
OsF=0.85 = OSF=0.85min T (Gsrzo.ss,max - GSF:O.BS‘min)e 4 " n

0 if Fr<1
:{uzﬁ Fr>1 as)
Plotting the data in this manner results in Fig. 6. The datapoints for both
the mini-blender and the bin blender now all follow a similar trajectory.
The fitted parameters for the collapsed data are osp—o.85,max = 4.761
MPa, 0sp—0.85,min = 1.369 MPa, and y = 0.00272 (Table 5, regressed to
mini-blender data but not bin blender data), and are an improved fit
over Eq. (12). It appears that Eq. (13) may be sufficient for the approach
to be transferable between a mini-blender and other batch blenders
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Fig. 6. Collapsed compaction data for the base formulation (Table 2, runs
1-30) plotted against the modified Kushner-Moore axis (Eq. (13)). A: Froude
numbers of 0.33, 1.33, 5.32, 11.97 correspond to 50, 100, 200 and 300 RPM,
respectively. Equivalent data from material blended in a bin blender at 20 RPM
(Fr = 0.07, black X) also overlaid but has not been used in fitting (Table 3, runs
BB-1 to BB-6). Mini blender data has contents of 2.25, 3 or 3.75 kg (H = 0.54,
0.38, 0.23, respectively) while the bin blender held 1.5 kg (H = 0.29). Curve
regressed to collapsed data in magenta (with prediction intervals). B: collapsed
data (red datapoints) with regressed fitted curve with prediction intervals
(magenta), overlaid with literature data (Kushner and Moore, 2010). C: solely
plotting bin blender and literature data. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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(Kushner, 2012; Kushner and Moore, 2010; Kushner and Schlack, 2014),
although there appears to be a slight offset between literature batch
blender data and bin blender data used in the present work (Fig. 6B,
Fig. 6C).

The approach appears to also hold (i.e. the datasets collapse onto
one) for other solid fractions within a the common solid fraction target
range of 0.75-0.85 with tensile strength of 1.5-2.5 MPa (Nassar et al.,
2021); collapsed curves at all three solid fractions are shown in Fig. 7.
When data and regressed fits within this range are focused on, the ma-
jority of datapoints fall within the criteria, and those that fall outside the
criteria mostly have error bars that overlap with the accuracy thresholds
(Fig. 8).

3.2. The impact of fill level on tensile strength and collapsed curves

Headspace fraction H is used in tumble blend literature account for
the effect that powders in tumble blending mixing more in avalanching
surface layer whose length is a function of head space. (Kushner and
Moore, 2010), and so far have been retained in the present work (Eq.
(13)) to more easily allow comparisons between the mini-blender and
the bin blender (Fig. 6). Analysis of the data suggests however that, at
least for the mini-blender, headspace fraction may not be relevant as
could be expected from operating principles — repeating the analysis
with H omitted from Eq. (13) (i.e. H =1 for all datapoints, Fig. 9) results
in very little difference to the regressed parameters or goodness of fit
(Table 6).

Whilst it is beyond the scope of the present work to extensively
explore the impact headspace fraction (degree of fill) has on lubrication
extent, it could be that while mixing length scale and number of revo-
lutions are important for both mini-blender and batch blenders such as
the bin blender, for the former it is the intensity of mixing that matters
(inclusion of Fr”* in the model equation, assuming sufficient intensity of
1 < Fr) whilst for the latter it is the headspace fraction that matters
(aside from the fact that mixing won’t occur when Fr is too high), there
may be some constant value for H that applies for any condition in the
mini-blender (some value is needed for transferability with bin blender
or other batch blenders).

3.3. Alternative formulation

To further test whether this approach (Eq. (13)) holds when the
formulation is changed, select test conditions were conducted at flipped
MCC-lactose ratios (33 % Pharmacel® 102, 66 % SuperTab® 11SD;
Table 2, runs 31-38). Plotting these runs alongside the base formulation
(66 % Pharmacel® 102) shows that the flipped formulation (66 %
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SuperTab® 11SD) shows similar behaviour — with a collapsing of the
curves possible — albeit at lower tensile strengths (Fig. 10). The
maximum tensile strength drops from 4.761 to 3.016 MPa, while the
minimum attainable tensile strength drops from 1.387 to 0.911 MPa
(drops of 37 % and 33 %, respectively), and the rate constant changes
from 0.00272 to 0.00324, a 20 % increase (Table 7).

That tensile strength changes as a result of change in formulation is
of course to be expected - different pure components compact differ-
ently, and understanding this process (and how respective material
properties affect this) is key (Martin et al., 2021; Wiinsch et al., 2019).
Three phenomena commonly associated with and used to describe tablet
compaction are elastic (reversible), plastic (irreversible) and brittle
(irreversible) deformation (Dwivedi et al., 1992; Giannis et al., 2021;
Vachon and Chulia, 1999); in the first, particles change shape but largely
rebound after force is removed, in the second particles do not rebound,
and in the third particles break into smaller particles as a result of the
compressive force.

Pharmacel® 102 is microcrystalline cellulose (MCC), a material
known to be plastic which leads to significant surface area available for
compaction and the formation of bonds, leading to its good performance
in terms of compressibility and compactability (i.e. good tensile
strength) (Pitt et al., 2015; Zhang et al., 2017). In contrast, SuperTab
11SD is a lactose product, and these are often known to be brittle with
higher Heckel yield pressures than MCC products (and resulting in easier
breakage, i.e. lower tensile strength) (Busignies et al., 2012, 2006; Ili¢
et al., 2009; Zhang et al., 2017). Whilst the tensile strength of binary
tablets does not always follow a linear mixing rule (Jolliffe et al., 2019),
that the MCC-heavy formulation has higher tensile strength than the
lactose-heavy formulation is consistent with the known properties of
those substances (Table 7).

4. Conclusions

The present work has explored modifications to established equa-
tions for how batch blender operation affects lubrication extent in tab-
lets produced by direct compaction using a semi-continuous mini blend
approach to account for the broader range of mixing intensities that can
be generated in the agitated mini blend technology. Whilst the mini-
blender used in the present work has a fundamentally different mode
of operation than common batch blenders (bin blender, V-blender,
Turbula blender), being a static cylinder with rotating blades about a
shaft, results indicate that lubrication process follows similar predict-
able trajectory but with different process dynamics.

Tablet compaction data from blends produced at various intensities
and regimes of mixing in the mini-blender follow a common trajectory

8000

T SF=085

i sF=0.80]| |

1 sF=075] |
RMSE SF=0.85 0.685
RMSE SF=0.80  0.488
RMSE SF=0.75  0.372

0 500 1000 1500

VB HRF"

2000 2500

Fig. 7. Red: collapsed compaction data for the base formulation (Table 2, runs 1-30) plotted against the modified Kushner-Moore axis (Eq. (13)); plot is same data as
Fig. 6A minus the bin blender data. Also shown are data and Eq. (13) fits at solid fraction of 0.80 (green) and 0.75 (blue), with 95% prediction intervals (dashed
lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tion 0.75.

when the Froude number Fr is incorporated into the model equation, but
only for situations where the Froude number was sufficiently high (1 <
Fr). This is key as the mini-blender allows mixing at significantly higher
speeds (and Fr values) than common batch blenders that are restricted to
low speeds (Fr < 0.4) due to centrifugal forces preventing mixing (Brone
et al., 1998). The results suggest that, aside from the number of revo-
lutions experienced and mixing length scales which are important for
both the mini-blender and common batch blenders, for the former it is
the intensity of mixing captured by the Froude number as a surrogate
which is important instead of the degree of fill or headspace (which is
important for the latter). Although the present work chiefly explored
blending time and contents mass as key dimensions and not blending
length scales (which require similarly designed but smaller and / or
larger systems), testing using alternative formulations showed the same

10

common trend across mixing intensities when the modified equation
incorporating Froude number was used, supporting the validity of the
approach.

Results suggest that processing time in the mini-blender device can
be reduced relative to tumble blending without affecting delivery of the
desired lubrication extent and tensile strength of tablets made from the
blended mixture, and that data from a few experiments at certain mixing
intensities can be used to gain insight into the performance at other
mixing intensities. The mini-blend technology allows easy access to a
wide variety of lubrication extents depending on needs of process and
the ability to drive process intensification in terms of lubrication cycle
time when targeting a desired lubrication extent. The transferability of
the present work has been tested with a bin blender, and literature has
shown that bin blenders have mixing behaviour in common with other
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Fig. 9. Data and collapsed curves for the standard MCC (Pharmacel® 102)-
heavy formulation using A: modified Kushner-Moore axis (Eq. (13)) and B:
modified Kushner-Moore axis (Eq. (13)) with headspace fraction H omitted (i.e.

H = 1). Most data points are with 3 kg of material (i.e. same H value) and their
relative positions do not change when H = 1 (B).

Table 6

Regressed parameters for collapsed curves for 0.85, 0.80 and 0.75 solid fraction
using the modified Kushner-Moore equation (Eq. (13)) with and without the use
of headspace fraction H.

Solid Eq. GSF,max GSF,min y (dm™1) RMSE
fraction SF (MPa) (MPa)
0.85 13 4.761 + 1.369 + 0.00272 + 0.685
0.395 0.209 0.00071
13 with 4.845 + 1.366 + 0.00106 + 0.675
H=1 0.406 0.204 0.00027
0.80 13 3.134 + 0.828 + 0.00262 + 0.488
0.254 0.149 0.00070
13 with 3.183 + 0.826 + 0.00102 + 0.475
H=1 0.256 0.143 0.00026
0.75 13 2.036 + 0.494 + 0.00248 + 0.372
0.178 0.108 0.00070
13 with 2.068 0.494 + 0.00097 + 0.362
H=1 0.178 0.104 0.00026

batch blenders (Kushner and Moore, 2010). Results suggest that the
proposed approach allows translation of lubrication extent between the
different blending technologies such that experiments in batch blenders
could be used to predict performance in the mini-blender, and vice
versa, showing promise towards aiding process transfer between tech-
nologies and reducing the number of required experiments by using a
common lubrication extent axis, improving material and time efficiency.
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Ligamed® MF-2 V for both formulations.
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