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ARTICLE INFO ABSTRACT

Keywords: Minimizing variability in the feeding process is important for continuous manufacturing since materials are fed
Excipient individually and can impact the final product. This study demonstrates the importance of measuring powder
Powder ﬂl(l)w properties and highlights the need to characterize the feeding performance both offline with multiple refills and
H}{pmme ose . in the intended configuration for the continuous manufacturing equipment. The standard grade hydroxypropyl
Triboelectric charging . . . N . . .

Electrostatics methylcellulose (HPMC) had material buildup on the loss-in-weight feeder barrel from triboelectric charging and
Screw feeder resulted in more mass flow excursions and failed refills which were not observed with the direct compression
Pharmaceutical grades. The location of the electrostatic buildup changed when the feeder was connected to a hopper instead of

feeding offline into a collection bucket. Overall, the direct compression HPMC exhibited better flow which
resulted in more accurate loss-in-weight feeding with less excursions from the target mass flow and all refills
were completed in the first attempt. The improvements with the direct compression HPMC would be beneficial
when running any continuous process (wet granulation, roller compaction, or direct compression) or other

processes where loss-in-weight feeding is utilized, such as melt extrusion or twin screw granulation.

1. Introduction

There has been significant progress made towards implementing
continuous manufacturing for pharmaceutical products in research,
equipment, process understanding and modeling to support its imple-
mentation. Some of the major benefits of continuous manufacturing
include reduced variability, increased monitoring, improved quality,
eliminated process scale-up, reduced risk of human errors, smaller
physical space requirements, reduced operating costs, increased equip-
ment utilization, improved controls, and potential to utilize modeling
for process control or material diversion (lerapetritou et al., 2016;
Schaber et al., 2011). Continuous manufacturing processes have been
applied to new compounds as well as switching over from batch pro-
cesses covering both high and low volume production needs across the
currently approved products of Orkambi, Symdeko, Trikafta, Prezista,
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Verzenio, Daurismo, and Tramacet. Continuous manufacturing equip-
ment has been designed and integrated to support various processes
such as wet granulation, dry granulation, melt extrusion, compression
and encapsulation. Some of these systems have been very complicated in
design such that different processing modules can be inserted depending
on the desired type of manufacturing, while others are designed for a
specific process.

Direct compression is one area that has gained increased attention as
a result of continuous manufacturing. This resurgence in interest can be
attributed to the combination of advantages offered by Continuous
Direct Compression (CDC) processes over batch processes, new excipi-
ents designed specifically for direct compression, and increased focus
within the material science field aimed at API (Active Pharmaceutical
Ingredient) modifications and co-processing to improve the physical
characteristics of the API and make them more amenable to direct

1 Department of Pharmacy, University of Huddersfield, Huddersfield HD1 3DH, UK.

https://doi.org/10.1016/j.ijpharm.2021.120259

Received 16 August 2020; Received in revised form 6 January 2021; Accepted 10 January 2021

Available online 21 January 2021
0378-5173/© 2021 Elsevier B.V. All rights reserved.


mailto:carl.allenspach@bms.com
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2021.120259
https://doi.org/10.1016/j.ijpharm.2021.120259
https://doi.org/10.1016/j.ijpharm.2021.120259
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2021.120259&domain=pdf

C. Allenspach et al.

compression. Historically, direct compression was not seen as being as
robust compared to other granulation processes since it can lack pro-
cessing controls (Leane et al., 2015), has the potential to be more
impacted by variability in excipients and API, and prone to issues with
segregation and poor flow (Qiu et al., 2016).

Batch processes have had limited success in using direct compres-
sion. One of the main challenges is the potential for segregation of the
API with the excipients. Due to particle size, shape, density, and other
particle property differences between the API and excipients there can
be difficulty in achieving a homogeneous mixture with a high propensity
for the materials to segregate when flowing/transferring between
equipment or during storage. This is one of the reasons that agglomer-
ation or granulation processes such as wet granulation or roller
compaction are applied. CDC processes avoid this obstacle by only
processing small amounts of material in the system at any given time
with minimal transfer distance between the feeders, blenders, and tablet
press. CDC processes have even been shown to be viable for low dosage
formulations (Van Snick et al., 2017b).

Additional challenges for direct compression are the poor flow and
compactability of most APIs and some excipients. Both of these issues
can be addressed through particle engineering approaches such as API
and excipient coprocessing and excipient modifications for direct
compression (Nachaegari and Bansal, 2004; Tomar et al., 2017; Wang
etal., 2015). Excipient manufacturers have recognized the necessity and
there are now several excipients designed specifically for direct
compression processes (Gohel and Jogani, 2005; Rojas et al., 2012; Saha
and Shahiwala, 2009).

A key challenge with continuous manufacturing is the need to feed
excipients and API accurately using LIW (loss-in-weight) feeders
(Engisch and Muzzio, 2015b). Feeding powder consistently and
continuously ensures that products are manufactured with reproducible
and acceptable critical quality attributes and product quality (Chatter-
jee, 2012; O’Connor, 2019; Pernenkil and Cooney, 2006; Simonaho
et al., 2016). If the feeding rate of one ingredient varies from the set
point for even a short period of time, or if there is a spike in material due
to accumulation in any part of the system, the resulting variability in
concentration could produce out of specification material downstream
(Weinekotter and Reh, 1995). Blenders are incorporated in the contin-
uous manufacturing line and can offset some degree of feed variability
(Palmer et al., 2020), but when the process shifts from acceptable ranges
it results in material rejection via the control system, impacting the
overall yield or causing the continuous process to stop for correction.
Many studies of LIW feeders have not sufficiently evaluated the impact
of feeder refills to the overall feasibility of feeding. This study outlines
the powder evaluations and feeder studies necessary to understand the
material addition aspect of the continuous process, highlighting the
need to execute multiple refill cycles when performing feeding evalua-
tions since the refill process can be impacted with cohesive materials.

Particle triboelectric charging (electrostatics) is a physical effect
frequently ignored but can occur with pharmaceutical powders and APIs
(Rescaglio et al., 2019; Supuk et al., 2012; Wong et al., 2015). Factors
which influence powder charging can be: type of surface material,
contact area, surface roughness, surface cleanliness, chemical structure,
absorbed moisture, particle size distribution, shape, roughness, crys-
tallinity and surface area. Even environmental conditions such as

Table 1
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contact time, temperature, and relative humidity can influence tribo-
electric charging (Mukherjee et al., 2016; Naik et al., 2016b; Rescaglio
et al,, 2019; Wong et al., 2015). Whenever particles are in contact
amongst themselves or processing equipment, there is potential for
charging to occur. This can happen during many different powder pro-
cessing and handling operations. Specific situations include shipping in
polyethylene bags, weighing with stainless steel or plastic scoops,
screening/sieving, pneumatic conveying, mixing, milling, spray drying,
and any transfer operations where the powder flows through tubes or
out of bins or hoppers (Ceresiat et al., 2019; Ireland, 2010a, b; Kaialy,
2016; Naik et al., 2015; Pingali et al., 2016; Watanabe et al., 2007).
During these processes, triboelectric charging of the particles can take
place when materials contact each other through friction, sliding or
impact and then separate from each other (Bailey, 1984; Matsusaka
et al., 2010). The time for these charges to dissipate, especially at large
scale, has not been well studied and some materials like magnesium
stearate continue to hold the charge even after grounding (Carter et al.,
1998; DesRosiers Lachiver et al., 2006; Peart, 2001).

Triboelectric charging can have positive effects such as enhancing
API blend uniformity via adhesion to larger carrier particles (Maki et al.,
2007; Naik et al., 2016c¢; Staniforth and Rees, 1982; Staniforth and Rees,
1981) but it can also disrupt pharmaceutical processes. It can impact
agglomeration and the potential for jamming and segregation (Andreou
et al., 2009; Beeckmans et al., 1979; Hao et al., 2013; Naik et al., 2015;
Pu et al., 2009), punch sticking on tableting (Samiei et al., 2017), die
filling/ weight uniformity during tableting (Nwose et al., 2012), and
even general powder adhesion onto many surfaces. Adhesion issues due
to electrostatics is often addressed in analytical testing (wet chemistry)
but can also be very problematic for PAT applications relying on sensor
surfaces that can become fouled if particles adhere to the window of the
sensor. The triboelectric charging of some HPMC materials have been
evaluated (Ghori et al., 2015; Ghori et al., 2014) but the DC (Direct
Compression) grades and the impact to LIW feeding have not been
investigated previously.

Powder flow can impact the continuous blending of materials in
various continuous mixing systems (Harwood et al., 1975; Van Snick
et al., 2017a) and the most difficult aspect of continuous mixing is the
feeding of materials (Williams, 1976). This study will evaluate the
impact of powder flow and electrostatic charge on LIW feeding systems
which utilize feedback control by assessing feed rate accuracy and
hopper refills. It will also demonstrate the importance of testing with
multiple refills and awareness of potential differences when incorpo-
rating the feeders into the full continuous manufacturing system.

2. Materials and methods

2.1. Materials

Six different Benecel ™ Hypromellose lots (Ashland Inc. Wilmington,
DE) consisting of three standard CR grades of HPMC K100M, K15M,
K4M and three new DC (Direct Compression) grades of HPMC K100M,
K15M, K4M. Material properties for the six materials are provided in
Table 1. These materials were previously characterized in earlier studies
(Allenspach et al., 2020). The standard grades are referred to as
controlled release (CR) grades by the manufacturer as they were the first

Benecel™ Hypromellose lots and properties used in this study. Data provided by Ashland, Inc.

HPMC Material Grade Abbreviated as

Weight Average Molecular Weight

Nominal Viscosity of 2% solution (mPa*S)

Benecel K100M PH CR K100M CR 1,000,000
Benecel K15M PH CR K15M CR 575,000
Benecel K4M PH CR K4M CR 400,000
Benecel K100M PH DC K100M DC 1,000,000
Benecel K15M PH DC K15M DC 575,000
Benecel K4M PH DC K4M DC 400,000

75,000-140,000
13,500-25,200
2,700-5,040

75,000-140,000
13,500-25,200
2,700-5,040
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improvements to HPMC for use as an excipient. The ‘K’ defines it as a
Hypromellose 2208 type, which indicates a specific range of ratios of
hydroxypropyl and methoxy group substitutions. This ratio determines
the overall performance of the HPMC in hydrophilic matrix systems. K-
chemistry HPMC has the highest ratio of hydroxypropyl to methoxy
substitution allowing for fast gel barrier formation beneficial for
controlled release tablets. The fast rate of hydration followed by quick
gelation is required for the polymer to form a protective gelatinous layer
around the matrix to modulate the release of the drug. This evolving gel
layer develops into the tablet over time to control drug release, pre-
venting the tablet from immediately disintegrating and is especially
critical with water-soluble drugs and water-soluble excipients (The Dow
Chemical Company, 2006; Timmins and Allenspach, 2018; Timmins
et al., 2014). The ‘M’ indicates viscosity x1000 (e.g. K100M = viscosity
of 100,000 mPa*S). These grades represent a range of viscosities
commonly employed for controlled released hydrophilic matrix tablets
and are currently the only grades available as DC types. The DC grades
are co-processed with silica at < 1% w/w to improve flow and com-
pactability, which results in better performance than direct blends of
HPMC with silica (Tewari et al., 2019).

2.2. Powder flow characterization

These materials were previously characterized for many different
particle properties (Allenspach et al., 2020) such as size, morphology
and especially for powder flow, which can be difficult to evaluate as flow
dynamics can change under different conditions (Lumay et al., 2012).
This work utilized different testing methodologies such as static angle of
repose, automated powder flow in a drum across different speeds, and
tapped density measurements after each tap to characterize the powder
flow. The powder electrostatics were also explored for the first time for
the DC HPMC materials which was found to impact the feeder studies.

2.3. Static angle of repose

The angle of repose is a common method to evaluate granular ma-
terials with varying techniques for estimation and measurement (Bea-
kawi Al-Hashemi and Baghabra Al-Amoudi, 2018). The challenge with
cohesive powders is that they form irregular heaps which makes it
particularly difficult to measure the angle of repose accurately
compared to non-cohesive powders that form well defined heaps with
consistent angles on all sides (Boschini et al., 2015). The angle of repose
test can be very sensitive to the method and handling used to create the
heap. For this reason, the GranuHeap instrument (Granutools, Awans,
Belgium) was used to measure the angle of repose of the cohesive HPMC.
The instrument consists of an automated method to create the heap
along with multi-angle image analysis. Calibration consisted of
measuring a 45° calibration piece. Then the initialization tube was filled
with 100 ml of powder and the measurement started. The initialization
tube has an internal diameter equal to the support plate and lifts slowly
at a speed of 5 mm/s. The powder flows from the initialization tube to
form a heap on the cylindrical test plate and the system uses a CCD
camera to capture 16 images during a slow, controlled rotation of the
test plate to view different heap orientations so that any asymmetric
heap shapes are recorded. The test was performed in triplicate for each
material. After each test the equipment was cleaned, and a fresh sample
was used for each test. The software was used to perform image analysis
of the air-powder interface and provided the angle of repose for each
image which is quantified as the angle of an isosceles triangle with the
same surface area of the actual heap. Generally, the lower the angle of
repose the better flowing the materials. The heap height is the height of
the powder heap which is typically higher for more cohesive materials.
The static cohesion index is derived from the difference between the
measured heap interface and an ideal isosceles triangle. Non-cohesive
powders will have a static cohesion index close to zero and as the
heap shape deviates more from an isosceles triangle with cohesive
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powders, the static cohesion index increases (Boschini et al., 2015). All
tests were performed with room conditions between 23.6-25.1 °C and
34.1-47.2% relative humidity. The tests were alternated between sam-
ples of CR and DC to reduce any bias from environmental conditions.

2.4. Flow angle and cohesive index

The GranuDrum (Granutools, Awans, Belgium) was used for powder
flow in a drum in order to determine the dynamic angle of repose for the
materials. The equipment has a transparent 84 mm diameter drum that
is filled with 50-55 ml of powder such that the drum was approximately
half full. The drum was sealed and rotated at different speeds. The
rotating drum was backlit and utilized a CCD camera to capture images
of the powder flowing at speeds of 2-20 rpm (every 2 rpm) and then
20-60 rpm (every 5 rpm). Varying the speed of rotation allowed for
more in-depth evaluation of powder flow to evaluate shear thinning or
shear thickening behavior. The powder was conditioned for 15 s and
then images were taken every second such that 40 images were acquired
at each of the 18 speeds. The software detected the interface of the
powder/air and determined average angle and standard deviations for
each velocity. The flowing angle was determined from the average angle
measured at the center of the powder/air interface. The cohesive index
is related to the powder cohesion and is evaluated from the temporal
fluctuations of the powder/air interface. A non-cohesive, excellent
flowing powder would have very low fluctuations and hence cohesive
index close to zero while a highly cohesive powder would have more
variability of the flow and a higher cohesive index. Each test was
repeated using new samples and alternating between CR and DC mate-
rials to reduce testing bias. All measurements were made between
22.7-25.5 °C and 40-49% RH.

2.5. Tapped density

The automated GranuPack (Granutoools, Awans, Belgium) removes
much of the inaccuracy with traditional tapped density tests where the
measurements are estimated by eye using a graduated cylinder. The
interpretation of the result with traditional testing is especially difficult
for the initial measurement since the powder surface is very erratic after
pouring powder into the graduated cylinder. The GranuPack instrument
also provides more information around the progression of the density
change over time by taking a distance measurement after every tap and
not just the final value. The test method consisted of adding approxi-
mately 11 g of sample into a grounded metallic initialization tube. Then
the initialization tube was lifted at a slow speed of 1 mm/s such that the
powder fell gently into a slightly larger (26 mm diameter) measurement
tube to standardize the sample loading. A lightweight aluminum platen
was then gently placed on the top of the powder with the help of a
placement string. The measurement tube was lifted 1 mm and dropped,
followed by an automatic measurement of the height which was
repeated 1,500 times. Utilizing this methodology the evolution of the
tapped density at each tap could be measured such that materials with
similar bulk and final tap density might show differences in the settling
of particles and the progression of the tapped density. Each measure-
ment was repeated a second time with new material after cleaning the
test cell. All tests were performed with room conditions between
22.9-25.3 °C and 39.3-47.3% relative humidity. The equipment auto-
matically calculated the initial density, final tapped density, number of
taps to get to half the final density (n'2), Hausner ratio (final tapped
density divided by initial density), and the extrapolated maximum
density from tapping (p[eo]).

2.6. Electrostatic charge density / triboelectric charging
Triboelectric charging of the powders was determined using a

GranuCharge Instrument (GranuTools, Awans, Belgium). The equip-
ment consists of a 700 mm long, 47 mm diameter V-shaped tube made of
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316 L stainless steel where the powders acquire a charge when flowing
through the tube. The V-tube geometry combines the different mecha-
nisms leading to tribo-electrification: (i) friction between the grains, (ii)
friction between the grains and the wall, and (iii) impact of the grains on
the wall at the connection between the two tubes where the powder
changes direction (Rescaglio et al., 2019). Approximately 50 ml of the
powder was weighed in a glass beaker and grounded to dissipate any
charge. The powder was then poured directly into the Faraday cup to
determine the initial charge. The Faraday cup was then cleaned and
replaced. A new sample of 50 ml of powder was weighed, grounded and
then fed into the testing tube using a vibratory feeder set at 25% vi-
bration. The feeder and tubes were grounded before the measurement to
replicate the grounding of processing equipment used in pharmaceutical
manufacturing. After flowing through the testing tubes, the powder was
collected into a Faraday cup and the final charge was measured. The
measurements were repeated five times for each material. Charge den-
sity (nC/g) was then calculated by dividing the net charge by the mass of
the material for the initial and final charges and the accumulated charge
was determined as the difference.

All tests were performed between 23-26 °C and 39-47% RH, alter-
nating between CR and DC types to reduce any environmental bias. It
has been demonstrated that powders have a material specific threshold
to relative humidity, above which they show significant changes in the
triboelectric charging (Schella et al., 2017). The GranuCharge equip-
ment has the capability to test different humidification levels with the
additional environmental attachment, but this aspect was not evaluated.

Additional testing was performed with HPMC K100M CR using tubes
with different materials of construction commonly found in pharma-
ceutical manufacturing environments (316L Stainless Steel, Poly-
Ethylene, Poly-Vinyl Chloride, Aluminum, and High Density Poly-
Ethylene) to determine the charging effect with different contact ma-
terials using the same testing method as described. Single measurements
were made for each material.

2.7. Compact feeder equipment

The GEA loss-in-weight compact feeder (GEA, Columbia, Maryland)
was used for this study. This equipment is identical to the GEA Compact
Feeders (CF) utilized in the GEA CDC-50 equipment designed for
continuous direct compression and shown in Fig. 1.

The GEA Compact Feeder uses a twin screw conveying system for
powders with three different gear servos available depending on the
targeted feed rate. There is also a horizontal impeller above the screws to
prevent cohesive materials from bridging in the hopper, ensuring

Refill hopper

Refill bowl

Feeder hopper

Fig. 1. LIW feeder system. Diagram of GEA Compact Feeder module.
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complete filling of the screws. The impeller rotates counterclockwise
making one turn for every 8 turns of the screw. During normal operation,
the feeder uses gravimetric control where the load cell determines the
mass flow, which is compared to the target value. The screw speed is
then adjusted to keep the actual mass flow as close to the target as
possible. When the LIW feeder goes into volumetric mode it is the most
susceptible to feeding errors because there is no feedback loop to keep
the mass flow on target. The feeder will go into volumetric mode during
a refill or when a perturbation occurs, such as scale disturbance, vi-
bration on scales, or when there is feeding difficulty.

During a refill event it is necessary for the feeder to switch from a
gravimetric feed rate (mass per time) to a volumetric (fixed speed based
on feed factor array and the mass of material) because additional mass is
added to the feeders. The refill is triggered when the feeder reaches a
defined minimum mass setpoint (approximately 160 g was used for
HPMC) at which point the feeder switches to volumetric feeding and the
refill hopper rotates 180 degrees to dump additional powder into the
hopper which typically takes 0.6-1.2 s. While the system uses gravity to
empty the hopper there is vibration and the top up system is designed to
come to a sudden stop once turned 180 degrees, causing a knock that
assists in emptying the material. The feeder continues in volumetric
mode to stabilize before switching back to gravimetric mode. In order to
improve the accuracy during volumetric feeding, the system utilizes a
feed factor array based on bins of different powder mass. The feed factor
array is set using a calibration run and updated constantly during the run
based on measured data. This ensures consistent mass flow during a
refill and determines what screw speed should be used when exiting
volumetric mode. The feed factor itself is a measure of the mass per
revolution and is a factor of the total mass or head pressure from the
material in the hopper. The higher the head pressure the more material
is fed by the screws per revolution, and the higher the feed factor.

In order to evaluate the impact of refills for this study, material was
fed such that the hopper was refilled at least three times for each ma-
terial using the 1.2 L refill bowl. The refill bowl is available in 0.4, 0.8,
1.2 or 1.6 L sizes allowing for optimization of the refill. In some cases it is
beneficial to provide for more frequent refills with less material (Ber-
thiaux et al., 2008; Engisch and Muzzio, 2015a). This provides for less
variability in the head pressure and potentially more consistent feeding
but also increases the frequency of refills and overall amount of time
where the system is not running gravimetrically. For materials with poor
flow and a tendency to rathole or bridge in the hopper or refill bowl it
may be beneficial to use larger bowls, as the smaller bowls have smaller
openings which could be more prone to bridging or clogging.

The screw feeder has different sized outlet screens that can be placed
at the end of the screws to facilitate more consistent feeding. The size of
meshes available are either 8 mm (open), 2 mm (coarse) or 1 mm (fine).
Material is pressed between holes in the screen so that cohesive powders
will fall off more reproducibly and it can also help with free-flowing
powders to create some back pressure and moderate the flow. In some
instances, the powders can be dosed with improved accuracy using a
screen, but it is highly material dependent. For the HPMC materials even
the large coarse screen created significant back pressure in the system
which caused the screws to over torque and stop. As a result, no outlet
screen was used in these studies.

The importance of establishing the Residence Time Distribution
(RTD) for continuous systems has been highlighted by many authors
(Bhaskar and Singh, 2019; Escotet Espinoza, 2018; Gao et al., 2011;
Karttunen et al., 2019; Pernenkil and Cooney, 2006; Vanarase et al.,
2013). The RTD of the GEA Compact Feeder has been evaluated and
shown to have good results (short RTD) compared to other loss-in-
weight feeders (Van Snick et al., 2019). This is beneficial as it reduces
the time for an excursion to pass through the system and results in less
rejection of material. Determining the residence time for the materials in
the entire continuous system will support determining an acceptable
level of variation in the feed rate for each of the materials.
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Table 4
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Bulk and tapped density measurements from GranuPack. Mean and (standard deviation) shown.

HPMC Grade Bulk Density (g/ml) Tapped Density (g/ml) n' (taps) Hausner ratio ploo] (g/ml)
K100M CR 0.288 (0.003) 0.411 (0.004) 83 (9) 1.426 (0.001) 0.463 (0.006)
K15M CR 0.312 (0.001) 0.431 (0.002) 82 (9) 1.384 (0.001) 0.482 (0.001)
K4M CR 0.324 (0.001) 0.450 (0.000) 89 (16) 1.387 (0.006) 0.510 (0.006)
K100M DC 0.344 (0.004) 0.477 (0.006) 75 @17) 1.387 (0.037) 0.533 (0.011)
K15M DC 0.324 (0.004) 0.467 (0.004) 117 (16) 1.442 (0.003) 0.533 (0.008)
K4M DC 0.335 (0.000) 0.469 (0.004) 113 (16) 1.401 (0.011) 0.533 (0.001)
P value (CR vs DC)* 0.011 0.002 0.156 0.494 0.003

* Items in bold where P value < 0.05.

angle and the average cohesive index against the drum speed.

The average flow angle shown in Fig. 4 increased for both materials
from a drum speed of 2 rpm and reached a maximum at 8 rpm for DC and
10 rpm for CR and then decreased for both. Overall, the flow angle was
slightly lower for the DC materials at drum rotation speeds > 10 rpm
indicating less cohesive material, but the variability was high with
overlapping standard deviations between the types.

The average cohesive index, which is a measure of the variability of
the flow, increased for both materials when the drum speed increased
from 2 to 20 rpm although the DC type had a lower cohesive index across
these speeds compared to the CR type as shown in Fig. 5. As the rotation
speed increased further, the cohesive index leveled out for the CR type
but the DC materials showed a more regular and then better flow. This
shear thinning behavior could be explained by a powder aeration at
higher speeds. A similar decrease in cohesive index and shear thinning at
increasing speeds was observed for lactose blended with 2% Mesoporous
silica before testing (Lumay et al., 2019).

3.4. Triboelectric charging of HPMC

Very few studies have assessed the importance of electrostatics
during LIW feeding of powders and the potential impact it can have on
the feeding process even when that possibility is acknowledged as a
potential source of feeding error (Engisch and Muzzio, 2012). Tribo-
electric charging can cause the powder to adhere to the LIW feeder
barrel at the output and create electrostatic buildup of the powder. Over
time, as the buildup increases it can become dislodged causing small or
large spikes of powder to be added. When this occurs, it is detected by
the control system since the mass of the equipment including the screw
barrel is being measured to calculate the flow rate when in gravimetric
control mode. However, when the LIW feeder was connected to the full

0.50 -
= 0.40
S
S~
2o
> —K4M DC —K4M CR
2 030
2 — -K15M DC — -K15M CR
[)
o | e K100M DC -+ K100M CR
Ee]
2 0.20 A
Q.
©
- ===
0.10 o T
2 Normalized Tapped Density p-p,
0.00 T T T T T "

0 250 500 750 1000 1250 1500
Number of Taps

Fig. 3. Tapped density profiles from the GranuPack. CR in red and DC in blue.
K4M solid line, K15M dashed line, and K100M dotted line. Curves for tapped
density normalized by subtracting the initial density are at the bottom.

CDC-50 hopper system which feeds into the blender, the buildup no
longer occurred on the LIW feeder. Instead, the material started to build
up on the discharge opening of the hopper. Since the hopper is not
connected to the LIW feeder, any resulting material spikes would be
invisible to the control system and could be problematic to product
quality unless the blender was capable of blending out the unmeasured
spike of material.

Of the materials studied, the CR types all had a small positive initial
charge with significant charge accumulation after testing with 316
Stainless Steel. The accumulation of material on the barrel of the LIW
feeder took on a different aspect depending on the feed rate as shown in

70 q
--CR

65 - --DC

55 4

Flow Angle ( °)

50 4

45

40 T T T T T T
0 10 20 30 40 50 60

Drum Speed (rpm)

Fig. 4. Average flow angle at each drum rotation speed measured on Granu-
Drum. CR in red and DC in blue. Mean =+ standard deviation shown.
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Fig. 5. Average cohesive index at each drum rotation speed measured by
GranuDrum. CR in red and DC in blue. Mean =+ standard deviation shown.
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Fig. 6. Examples of electrostatic powder buildup of HPMC K4M CR at feed rates of a) 1 kg/h b) 7.5 kg/h and ¢) 15 kg/h.

Fig. 6. Only K100M CR had a positive charge after testing with all other
materials having a negative charge and the HPMC CR grades had charge
accumulation such that K100M > K15M > K4M. This did not show the
same trend as seen in another study where the magnitude of charge and
surface adhesion inside a container decreased with increased polymer
chain length such that K4M > K15M > K100M ranging from 12.3 to 3.9
nC/g depending on the HPMC grade and particle size (Ghori et al.,
2014). These opposing results may have come from the alternate test
method of shaking powder in a stainless-steel container or from the
HPMC itself which was from a different supplier and had different
morphology.

The DC types all started with a small negative charge initially and
only had a slight charge accumulation after testing. This correlated with
a comparatively small amount of material accumulation on the LIW
feeder barrel as shown in Fig. 7 and Table 5. The DC grades have been
co-processed using a small amount of silicon dioxide which may provide
both a mitigation against triboelectric charging as well as a flow aid.
Similarly, mesoporous silica was studied in combination with lactose,
starch and microcrystalline cellulose and was shown to decrease the
charging of those materials (Lumay et al., 2019). This is surprising since
colloidal silicon dioxide on its own was shown to have the most negative
chargeability of the materials studied and had the most electrostatic
accumulation (Ramirez-Dorronsoro et al., 2006).

It is important to note that when there is buildup of material on the
LIW feeder barrel there is the potential for some of this material to fall
off in clumps causing spikes. This was observed during the feeder trials

K100M CR

K15M CR K4M CR

and resulted in measureable feeding spikes with the CR grade. An
example of this is shown in Fig. 8a and b and has been seen with some
other materials (Engisch and Muzzio, 2015b).

A majority of LIW feeder studies consist of feeding materials offline
into collection containers, as was performed in this study. However,
when LIW feeders are implemented in a continuous process there are
multiple feeders inserted into a small hopper which feed a continuous
blender. When the hopper was added to the LIW feeder there was no
material accumulation on the feeder barrel, but it did accumulate at the
output of the hopper instead as shown in Fig. 8c and d. This is a critical
finding because if the material were to build up anywhere else in the
equipment other than the feeder barrel it would not be apparent to the
control system during gravimetric feeding and would go unnoticed by
the control system. It is possible that other materials in the formulation
being fed into the same hopper could mitigate this electrostatic nature
depending on their charge and as a result, the entire formulation and
processing system should be considered.

This study also explored the effect of materials of construction
commonly used in pharmaceutical manufacturing using only K100M CR
grade of HPMC. Charge accumulation was in the order of 316L Stainless
Steel > Poly-Ethylene > Poly-Vinyl Chloride > Aluminum > High
Density Poly-Ethylene, with approximately a factor of 2 between the
high and low as shown in Fig. 9. Previous studies have also demon-
strated that the contact material can impact the charge accumulation of
powders for Ibuprofen, theophylline, lactose monohydrate and micro-
crystalline cellulose using a V-Blender constructed of some common

K4aM DC K100M DC K15M DC
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Fig. 7. Initial charge in grey, final charge in blue and charge accumulation (difference of final and initial) in orange measured with GranuCharge. Plotted from
highest to lowest with corresponding pictures of the electrostatic buildup of the powders on the LIW feeder barrels. Means + SD are shown with * indicate a P value

< 0.05 for initial vs final charge.
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Table 5
Triboelectric charging measured by GranuCharge and material accumulation on feeder barrel after runs. Mean and (standard deviation) shown for initial charge, final
charge and charge accumulation.

Material accumulation on feeder barrel (g)

HPMC Grade Initial Charge q0 (nC/g) Final Charge qf (nC/g) Charge Accumulation Aq (nC/g) 1 kg/h 7.5 kg/h 15 kg/h
K100M PH CR 1.32 (0.25) 6.96 (0.22) 5.64 (0.15) 0.81 5.13 6.52
K15M PH CR 0.88 (0.13) —5.84 (0.49) —6.73 (0.43) 0.36

K4M PH CR 0.63 (0.19) —2.60 (1.01) -3.23(1.17) 4.05 * 13.53
K100M PH DC —0.61 (0.05) —1.08 (0.09) —0.47 (0.10) 0.05 0.14 0.21
K15M PH DC —0.76 (0.04) —0.80 (0.02) —0.04 (0.05) 0.28 0.10 0.19
K4M PH DC —0.56 (0.14) —1.44 (0.07) —0.88 (0.12) 0.35 0.31 0.15

P value (CR vs DC) <0.001 <0.001 <0.001 - - -

* Data not collected. Electrostatic differences were not known at the time of performing feeding trials.
™ The absolute value was used for statistical significance, due to positive final charge of K100M CR.

materials (Naik et al., 2016a).
3.5. LIW feeder studies

The data was not evaluated when the feeder was running in volu-
metric mode (during the refill cycle) as the weights are inaccurate when
the refill hopper engages for the refill. A catch scale to weigh the ma-
terial being fed from the LIW feeder is one way to accurately capture the
feed rate during volumetric mode but was not available for these
experiments.

The first 20 s for refill 1 (the start of feeding) was removed for all of
the trials for 7.5 and 15 kg/h and the first 45 s for refill 1 of 1 kg/h trials
to allow for stabilization of the feed rates and feed factors during startup
of the equipment until the Instantaneous Mass Flow RSD dropped below
1%. This initial startup was not representative of the entire run and
continuous processes reject initial materials during startup to allow for

system stabilization.

Other data that was excluded from the comparative analysis was
K4M CR at 15 kg/h for time >386 s which had additional refills to
evaluate a long run. Also, K4M CR at 1 kg/h for time >3,950 s since it
had a significantly longer run than the equivalent DC type with
increasing mass flow variability after that time.

There were three events during the experiments which were
excluded for cause. The first event was for the K100M DC at 7.5 kg/h
when it ran out of powder. When the situation was realized the process
was stopped, more powder was added to the refill hopper and the pro-
cess was run longer to complete additional refills. During this time of
having an empty hopper and being topped up (484.6-706.4 sec) the data
was excluded from the calculations. The second event occurred for
K100M DC at 15 kg/h where the balance was disturbed when the hopper
was accidently touched when checking powder levels from 122.2 to
123.6 s. The third event was for K15M CR at 7.5 kg/h when the door to

c)

T

Fig. 8. Representative images of electrostatic buildup of HPMC CR grades a) material accumulation on feeder barrel b) accumulated material falling off the barrel
and causing a spike in the feed rate and mass flow RSD c¢) material accumulation at output of the hopper d) clean LIW feeder barrel (blue arrow) when placed into a

hopper with material building up at hopper output instead (red arrow).
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Fig. 9. Initial charge in grey, final charge in blue and charge accumulation
(difference of final and initial) in orange for HPMC K100M CR measured with
GranuCharge for common materials of construction using tubes of 316L
Stainless Steel (316 SS), Poly-Ethylene (PE), Poly-Vinyl Chloride (PVC),
Aluminum (ALU), and High Density Poly-Ethylene (HDPE).

the processing room was opened which disturbed the feeder balance
between 288.0 and 290.4 s.

The screw speed required to achieve the target mass flow rate can be
dependent on the particle properties such as the bulk density, particle
size, and shape. While there were slight differences in the bulk density
and tapped density between the CR and DC types, it did not seem to
affect the filling of the screws as the correlation between screw speed
and mass flow were similar as shown in Fig. 10 with a linear increase
across the ranges studied.

The LIW feeders are designed to deliver the target feed rate by using
a feedback loop to automatically adjust the screw speed in response to
the measured mass flow when running in gravimetric mode. The mean
mass flow rates were almost identical and on target for all of the ma-
terials indicating that the LIW feeders are capable of delivering the
target mass flows. The standard deviations of the mass flow rates were
all low with the standard deviation and range being lower for the DC
types as shown in Table 6 indicating better feeding performance.

In order to compare across feed rates, the percent difference of the
measured mass flow from the target rate was calculated at each time
point and demonstrated that most of the mass flow data points were
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Fig. 10. Correlation between the mean screw speed and mean mass flow for
each grade and rate. CR in red X and DC in blue circle.
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within 5% of the target rates as shown in Fig. 11. The materials were
close to target with small standard deviations indicating that overall the
equipment performed well for both types of material. This was expected
since there is a feedback loop when running in gravimetric mode that
adjusts to keep the mass flow close to target. There were occasions
where the mass flows were off target at different times in the feeding
trials. As shown in Fig. 11, the CR types had more excursions which were
outside of 5% of the target mass flow rate compared to the DC types
which were all within the 5% limit. Overall, the DC grade mean mass
flow percent offset was closer to target (DC mean = —0.0006%)
compared to the CR type (CR mean = —0.0013%) and the difference was
statistically significant with a P value < 0.001. In a multiple compari-
sons test for equal variances, the DC materials had lower standard de-
viations compared to their CR counterparts for each of the grades and
the difference was also statistically significant as shown in Fig. 12.

Another measure of the acceptability of the material for use in LIW
feeders is the Instantaneous Mass Flow RSD. This equipment parameter
is the moving relative standard deviation of the mass flow signal using a
variable window size. The window size is equal to 50% of the mass flow
filter length which changed based on the flow rate, decreasing at higher
speed. The Instantaneous Mass Flow RSD was similar across the feed
rates with more excursions for the CR types as shown in Fig. 13. Previous
studies with different feeding equipment showed that the RSD was
higher for the lower feed rates (Blackshields and Crean, 2018; Li, 2015)
which was not observed in this work. The mean of the Instantaneous
Mass Flow RSD for all the grades combined was similar, with the DC
grades being slightly lower overall as shown in Fig. 14. Across all grades
and rates the mean Instantaneous Mass Flow RSD was lower for the DC
materials (DC 0.334 £ 0.246 vs. CR 0.403 + 0.452 based on over 60,000
data points each) and the difference was statistically significant with a P
value < 0.001 indicating the DC materials performed better for LIW
feeding.

Mass flow excursions can be caused by several factors beyond the
normal variability of the process. These excursions can come from
hopper refills, either just before going into a refill or coming out of a
refill, external influences on the sensitive scale, and/or changes in ma-
terial properties or powder flow (Hanson, 2018). Mass flow excursions
can also result from material adhering to screw outlet via electrostatics
as discussed in Section 3.4. As the material adheres to the screw outlet it
can build up on the stainless-steel feeder barrel and occasionally excess
material can fall off in varying amounts. This causes a measurable spike
in the mass flow which induces a response in the feedback control
slowing down the screw speed which drops the mass flow below target
before eventually adjusting back to target. An example of this spike and
response is shown in Fig. 13 at approximately 1250 g for K4M CR at 7.5
kg/h where it was observed that a large amount of buildup fell off as
shown in the pictures of Fig. 8a and 8b. A zoomed in view of the LIW
feeder control system response to this spike is shown in Fig. 15.

Bridging of the powder in the feeder hopper preventing it from
getting into the feeder screws is unlikely to occur in the GEA compact
feeder due to the inclusion of a rotating impeller to agitate the powder.
However, if the material bridges or ratholes in the feed chute leading to
the refill container it can result in a failed refill attempt. There were
some instances of failed refills during these trials for the CR types.
Ratholes in the feed chute were observed for both K15M CR and K100M
CR which prevented the refill from being completed. A similar phe-
nomenon was observed in other feeder studies with different materials
and equipment (Cartwright et al., 2013; Santos et al., 2018).

The number of refill attempts were evaluated to identify any chal-
lenges from the refill hopper. Even if a material has acceptable mass
flow, the process overall is unacceptable if the material is not being
refilled. In some instances when the refill bowl would turn to dump
additional material into the hopper, the powder would not empty from
the bowl or the material had bridged or formed a rathole in the feed
chute preventing it from filling the refill bowl. In these cases, the lack of
additional powder was recognized by the system since no mass was
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Feeder mass flow rate, range of mass flow, and screw speed. Mean and (standard deviation) shown for mass flow and screw speed.

Rate (kg/h) Grade Type Mass flow (g/sec) Range of Mass flow (g/sec) Screw speed (rpm)
1 K100M CR 0.278 (0.003) 0.024 13.4 (0.2)
1 K15M CR 0.278 (0.002) 0.022 12.4 (0.2)
1 K4M CR 0.277 (0.005) 0.050 12.6 (0.2)
1 K100M DC 0.278 (0.002) 0.017 11.0 (0.1)
1 K15M DC 0.278 (0.002) 0.018 12.4 (0.2)
1 K4M DC 0.278 (0.002) 0.019 11.0 (0.1)

7.5 K100M CR 2.082 (0.021) 0.288 91.1 (1.2)
7.5 K15M CR 2.084 (0.014) 0.179 89.7 (1.5)
7.5 K4aM CR 2.079 (0.031) 0.729 87.3 (2.4)
7.5 K100M DC 2.082 (0.011) 0.092 80.5 (0.8)
7.5 K15M DC 2.082 (0.012) 0.099 90.9 (1.0)
7.5 K4M DC 2.082 (0.017) 0.107 80.8 (0.9)
15 K100M CR 4.163 (0.039) 0.541 178.0 (2.0)
15 K15M CR 4.169 (0.047) 1.332 164.5 (1.3)
15 K4M CR 4.162 (0.064) 1.703 158.3 (3.0)
15 K100M DC 4.164 (0.017) 0.123 156.6 (1.5)
15 K15M DC 4.163 (0.023) 0.177 177.2 (1.9)
15 K4M DC 4.163 (0.017) 0.143 158.6 (1.9)

added and it would trigger another refill attempt. After the first failed
refill attempt the equipment was manually tapped to help the powder fill
and empty from the refill bowl. After the second failed attempt the
powder above the refill bowl was stirred manually and the outside was
tapped to ensure powder would be transferred to the hopper. There were
two instances where the standard CR grades required two refill attempts
and three instances where it took three refill attempts. The DC type did
not have any failed refill attempts.

In addition to the number of refill attempts, the amount of time for
the refill to occur was evaluated by determining the total amount of time
spent in volumetric mode during each refill event. When the refill is
occurring the LIW feeder is running in volumetric mode instead of
gravimetric and the feeder mass is not being measured so there is more
potential for inaccurate mass flow. After a refill occurs, the feeder sta-
bilizes before switching back to gravimetric mode. The lowest feed rate
of 1 kg/h resulted in the longest time to refill for all materials while the
7.5 and 15 kg/h took similar times as shown in Fig. 16. The CR type had
multiple occasions where refills took longer at each of the rates resulting
in longer time running in volumetric mode which increases the risk of
inaccurate mass flow. For this reason, the improved flow of the DC
grades is beneficial to prevent refill issues and reduce the amount of time
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Fig. 11. Mass flow percent offset from target mass flow rate. CR in red and DC
in blue. Green band indicates mass flow rate +£5% from target rate.
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that the feeder is running in volumetric mode during refills where the
actual gravimetric feed rate is not measured. The importance of refills
should not be overlooked when conducting LIW feeder studies.

The K4M CR material was used to perform a longer run covering
eleven refills. As can be seen in Fig. 17, the number and degree of mass
flow excursions increased over time except for refills #5 and #8. While
this was observed for the long run, there was no increase in excursions
over time observed during the first three refills when comparing all the
materials.

Some degree of sinusoidal variation to both the Mass Flow and the
Instantaneous Mass Flow RSD was observed over a 3-5 s range for all
feed rates fluctuating about 2% from the mean Mass Flow as shown in
Fig. 18. A similar phenomena was also observed for silicified micro-
crystalline cellulose over a 2 s period when feeding at 12 kg/h and
measured at 0.1 s intervals using a different loss-in-weight feeder
(Engisch and Muzzio, 2015b). The oscillations they observed were an
order of magnitude larger and significantly more periodic. The authors
hypothesized that it was due to free-flowing powder emptying out of
each flight of the screws because when a screw with a smaller free
volume was used the pulsations were reduced in magnitude. This is
unlikely to be the cause for these materials as only the DC had improved
flowability and the fluctuations occurred for both materials to the same

K100 CR H Multiple Comparisons
P value < 0.001
K100 DC H Levene’s Test
P value < 0.001
K15 CR —
K15 DC H
K4 CR P
K4 DC H
0.0050 0.0075 0.0100 0.0125 0.0150 0.0175

Standard Deviation of Mass Flow % Offset from Target

Fig. 12. Test for equal variances CR vs DC: Mass Flow Offset vs Grade Type.
Multiple comparison intervals for the standard deviation, a = 0.05. If intervals
do not overlap, the corresponding standard deviations are significantly
different. CR in red and DC in blue.
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extent.
4. Conclusions

The bulk density and tapped density were higher for the DC HPMC
types. It was expected that this difference in density would affect the
packing of the material in the screw and result in lower screw speeds
required to achieve the target mass flow, but this was not the case. Both
CR and DC had similar screw speeds with a linear increase in the screw
speed / mass flow relationship over the range studied.

It was demonstrated previously via different powder flow testing
methodologies that the directly compressible (DC) HPMC had better
flow properties compared to the standard (CR) HPMC even though they
had similar particle size and morphology (Allenspach et al., 2020). This
work also demonstrated improved flow overall for the DC HPMC with
additional testing methodologies. The angle of repose, heap height, flow
angle and cohesive index all indicated that the DC types had better flow
while the cohesion index from the angle of repose and the Hausner ratio
from bulk and tapped density did not show differences in the materials.

Even though the DC material showed better flow, it was not known if
that would translate into improved LIW feeding since the equipment
utilizes a feedback loop to keep the feed rate at target. While the mass
flow was kept on target for all materials, the DC HPMC had lower mass
flow standard deviations, smaller ranges for the mass flow, less excur-
sions and lower standard deviations of the mass flow offset from target.
These results were observed across all three HPMC grades and all three
feed rates leading to the conclusion that the DC HPMC performed better
for LIW feeding across the ranges studied. Depending on the system and
sensitivity, it is possible that the excursions in the CR HPMC would be
blended out during downstream processing in the continuous
manufacturing train. However, the impact of variability is both process
and formulation dependent, and would require an understanding of
residence time distributions for the entire system to determine how
frequently and to what degree these mass flow deviations would be
acceptable.

Another important aspect to LIW feeding is the refill to the hopper.
Even if the system can handle the larger variability and excursions with
the CR HPMC the materials need to be refilled frequently as the feeder
hopper runs out of material. If the material bridges or creates a rathole it
can be very problematic for a process which is meant to run

11

continuously. The DC HPMC all refilled the LIW feeder hopper on the
first attempt, but the CR HPMC had instances where the hopper refill
failed. On multiple occasions for CR HPMC, the equipment needed to be
stopped after a failed refill to manually intervene. This performance
would be extremely problematic for a continuous manufacturing system
which is designed to be run constantly without interruption and where
accessing the powders would be very challenging because of the sealed
and contained nature of the equipment. It was also detrimental to the
mass flow because the equipment switches to volumetric dosing during a
refill. At this stage the actual mass flow is not being measured since more
powder is being added to the balance. During this time, the system is
prone to feeding inaccuracies which are not being measured. In some
cases, when there was a failed refill, it resulted in volumetric dosing
which lasted four times longer.

The importance of fully characterizing the powders intended to be
used in a LIW feeder was demonstrated by the triboelectric charging of
the materials. DC HPMC had significantly lower triboelectric charging
compared to the CR type. The initial charge, final charge and charge
accumulation were closer to zero for the DC HPMC. The criticality of this
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Fig. 14. Mean instantaneous mass flow RSD by feed rate for all materials per
refill. CR in red and DC in blue.



C. Allenspach et al.

2.5

2.3

a) Mass Flow (g/sec) ° °e .

International Journal of Pharmaceutics 596 (2021) 120259

1.9

eo0eo0o00000

[ X N ]

90

©0o00c0000000000000
°

b) Screw Speed (rpm)

86
82 °

78 T T T

e00o0000® @

124
¢) Instantaneous
Mass Flow RSD (%) 0®%0

0000000000000 00000°

®o0¢ o
000000

L) L) T
656 658 660

Time (sec)

Fig. 15. LIW feeder control system response to electrostatic buildup falling off the feeder barrel. a) Mass flow increase from the material falling off, target mass flow
red dotted line. b) Screw speed responded to mass flow increase. ¢) Instantaneous Mass Flow RSD peaks from the extra material and then from the decreased rate after

the screw speed responded to the extra material.

was observed in the feeding trials where the CR types had high amounts
of electrostatic buildup of material on the feeder barrel and resulted in
increased number of mass flow excursions during the run. Even more
critical was the observation that the location of the electrostatic buildup
of material changed when the feeders were placed into the continuous
system. This effectively ‘blinds’ the control system so that any buildup
and subsequent spikes from material falling off are no longer observed
by the sensors. When the material was tested using offline feeders the
buildup was on the feeder barrel which is connected to the mass sensors.
When the feeders were connected to the hopper the buildup occurred at
the outlet of the hopper instead. In this way, the results from feeding
studies using an offline LIW feeder going into a container may not be
transferrable to a full, contained continuous manufacturing system
when there are electrostatic effects in play as well as other materials
which could either mitigate or increase the effect. Most continuous
manufacturing systems are sealed and contained which could help to
prevent electrostatic material buildup but would also make it extremely
difficult to observe or detect if it did occur elsewhere inside the system.
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Fig. 16. Time for a refill of the hopper to occur. CR red X and DC blue circle.
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The direct compression (DC) grades of HPMC were developed for
better flowability and improved tablet compactability but these im-
provements also apply to LIW feeding providing for tighter control over
the mass flow, reduced triboelectric charging, fewer feed rate excur-
sions, and more consistent refills. Avoiding the complications of
acquiring a rathole in the powder inside the system is a significant
advantage by itself, even if the higher feed variability and excursions
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with CR HPMC were acceptable for the system. All of these improve-
ments observed with DC HPMC would be beneficial when running any
continuous process (wet granulation, roller compaction, or direct
compression) or other processes where LIW feeding could be utilized
such as melt extrusion or twin-screw granulation.
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