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Fernando J. Muzzio and Benjamin J. Glasser

Continuous manufacturing for pharmaceutical solid dosage forms has reached a significant
milestone over the past decade due to efforts from academia, industry, and regulatory
agencies. Advancement in the development of equipment design, process analytical
technology, control systems, and modeling tools has facilitated the growing interest in
implementation of continuous manufacturing methods in major pharmaceutical companies
around the world. The US Food and Drug Administration has also provided regulatory
support for the implementation of continuous manufacturing using science- and risk-based
approaches. As the pharmaceutical industry modernizes its manufacturing practices and
implements more efficient and precise approaches, a more comprehensive evaluation of

the process, including unit operations, is needed.

Loss-in-weight feeders, as the first unit operations in a continuous manufacturing design,
are responsible for dispensing a given weight of material per unit of time to downstream
unit operations accurately and constantly. Disturbances on a given feeder may travel
downstream through the process and consequently impact critical quality attributes of the
final products, such as potency and content uniformity. Therefore, it is essential to

understand the potential aspects that could impact the feeder’s performance and how



feeders and downstream unit operations would react in response to the different levels of

disturbances and perturbations.

In this work, the effect on feeder performance in a direct compaction (DC) continuous
manufacturing line was studied. Studies included the performance of feeders operating in
normal gravimetric mode and the effects of feeder refills. Feeder tooling and material
properties were both considered to determine their effect on feeder performance. Principal
component analysis, a multivariate statistical analysis method, was utilized in order to build
up a material library with 30 material flow properties. Partial least squares regression is
used to correlate process performance to material flow properties. Multiple near infrared
spectroscopy methods were applied to monitor the content uniformity exiting blend

uniformity or content uniformity in the final product.

The results obtained from these studies were used to determine the design space for a
commercially available loss-in-weight K-Tron KT20 feeder and its dependency on the
conditioned bulk density of the powder. Additionally, a methodology was developed to
correlate feed rate deviation caused by hopper refill to material flow properties and to create

a predictive model.

To understand variations in drug concentration in a continuous direct compaction line,
experiments were conducted on how perturbations on the mass flow rate from the feeders
transfer down the continuous line, and how much dampening the downstream unit
operations can provide to the variability in the mass flow rate. Controlled step changes in
concentration and hopper refill operations were performed over short intervals with

different blender speeds and total throughputs and the drug concentration in the blend and



the tablets was characterized to determine residence time distribution and deviation in

concentration.

The results from this work can be applied to the design of a continuous line, the
development of a manufacturing plant, and the evaluation of process risks associated with
the continuous manufacturing of solid dosage forms. Using the predictive methods enabled
by the results discussed here, operators will be able to identify potential failure modes of

the feeding operations and facilitate risk assessment for regulatory reporting.
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Chapter 1. Introduction

1.1. Background

Continuous manufacturing of pharmaceutical solid dosage forms has received a significant
amount of interest over the past decade due to efforts from academia, industry and
regulatory agencies [1-4]. Major pharmaceutical and equipment companies around the
world are quickly embracing this novel manufacturing method by adding it to their
technology portfolios for both legacy and new drug products [5]. Continuous
manufacturing offers a number of economic and quality advantages over batch processing
[6-9] including higher production capacity, smaller equipment, and the capability of
implementing process analytical technology (PAT) and control systems to monitor the
critical quality attributes (CAQs) and critical process parameters (CPPs) in real time [10,
11]. Advancement in the development of equipment design, process analytical technology,
control systems, and modeling tools has facilitated the growing interest in implementation
of continuous manufacturing methods in major pharmaceutical companies around the

world.

Regulatory perspectives on pharmaceutical manufacturing have evolved significantly in
the last two decades as well. A draft guidance for industry has been provided by FDA on
the quality considerations for continuous manufacturing in 2019 [12], and there are several
FDA-and EMA-approved products on the market which are being produced using
continuous manufacturing. As the pharmaceutical industry modernizes its manufacturing
practices and implements more efficient and precise approaches, a more comprehensive

evaluation of the process, including unit operations, is needed [13-19].



In continuous manufacturing, loss-in-weight feeders play a vital role to introduce
accurately controlled amount of powder per unit of time. Compared to volumetric feeders,
loss-in-weight feeders have improved the ability to control feed rate and minimize flow
variability caused by density changes associated with the emptying of the feeder hoppers.
They are as the key unit operation in continuous manufacturing required to maintain the
target concentration of the Active Pharmaceutical Ingredient (API) within acceptable
variability. However, the intrinsic nature of powder flow and the operational conditions
used to make pharmaceutical products, which use cohesive ingredients and low mas flow
rates, make the delivery of a consistent flow rate of all ingredients a challenge; therefore,
loss-in-weight feeders are also at a high potential risk to be the first unit operation to
introduce variability into the line, which will impact the content uniformity of final
products. Consequently, a comprehensive knowledge on loss-in-weight feeders and the
downstream effect on feeding variabilities are essential to achieve good continuous

manufacturing practice.

1.2. Motivation

Loss-in-weight feeders work on the principle of monitoring weight changes in a hopper as
powder is dispensed by a connected conveying system. There are several factors that affect
a feeder’s performance, including material flow properties, feeder hopper design, feeding
operating condition, feeder refill strategy, and feeder control algorithm. For example,
cohesive materials that tend to agglomerate, or to entrap air within the powder bed, will
have lower ranges in feed rate than easy flowing, well-packing material for a given
equipment set up. Irregularity in bed density, due to entrapped air, can result in unstable

flow rate and variability. Another issue with powders is electrostatic effects, such as



charge buildup, which can lead to material sticking to the exit of feeders or to any exposed
surface. Feeder tooling selection plays a major role in feeder characterization. Concave
screws are considered as self-cleaning screws, which are designed for adhesive materials
that will attach to the screw surface, and auger screws are normally used for free flowing
or compacting powders. Periodic hopper refill of the feeders can also lead to inconsistent
and poor feeding performance[20]. These effects cause variation in feed rates that can then
be transferred down to succeeding unit operations and affect the quality of the final

products.

For loss-in-weight feeders, existing knowledge includes 1) a method for loss-in-weight
feeder’s feeding and refilling characterization [20-22], 2) the effect of powder properties
on tooling selection and flow rate intermittence [23, 24], 3) the effect of feeder design and
operation on discharged powder properties (which resides with the equipment
manufacturer)[25, 26], 4) the evaluation of the baseline performance that could be expected
from loss-in-weight feeders when operated without any significant external disturbance, 5)
flow sheet models of gravimetric and volumetric feeding, 6) residence time distribution

studies on a loss-in-weight feeder with a horizontal flow aid system [27-29].

The work presented in this dissertation is motivated by the fact that loss-in-weight feeder
characterization has normally been performed using a trial by error approach, which
requires large amounts of materials, labor, and time. Therefore, a method on how to
identify the optimal tooling selection and the ideal design space of a loss-in-weight feeder
for a target material, based on material flow properties, is needed. Specifically, raw
material flow properties characterization and how to use it to predict feeder’s feeding

capacity and the ideal design space of a target material are discussed in specific Aim 1.



In Specific Aim Il, a multivariate analysis method is introduced and applied to the
correlation between material flow properties and feeder’s performance during hopper refill.
As powder flow behavior is typically complex and there is no unifying index to describe
powder’s flowability, the multivariate analysis is established based on 30 material flow
properties. Results are used to establish a material library and to identify the similarities
and differences between materials with respect to their performance in a gravimetric feeder.
As a result, a correlation between feeder’s performance during hopper refill and material

properties was established using a regression model.

Specific Aim 111 addresses the lack of knowledge on how a feeder’s feed rate deviation
would transfer in the downstream unit operations, specifically in a continuous blender and
feed frame in the tablet press where feeders are integrated into continuous manufacturing
platform and where the API concentration in final products would be affected by the
inevitable feed rate variation. The Aim also examines the effect of the back-mixing zones
existing in the continuous line. This aim involves two different formulations where high
and low dosage of API are used. An inline NIR model is set up for each formulation to
monitor the API concentration after the blender in real time. An offline NIR model is set
up to measure the API concentration in the produced tablet samples and to compare it with

the variation in feed rates.

1.3. Scope of this dissertation

Given the preceding discussion, this dissertation focuses on three specific aims, which are

summarized as follows:

e Specific Aim I: Developing an ideal design space for loss-in-weight feeders



e Specific Aim II: Predicting feed rate deviation caused by hopper refill as a function
of powder material flow properties

e Specific Aim Ill: Dampening effect on feed rate variation by downstream units in
pharmaceutical continuous manufacturing as a function of line back-mixing

capacity.

This dissertation is divided into 5 chapters. The effort started with the discussion on
material flow properties and feeder characterization (Chapter 2) and then moved forward
to a method for developing an ideal design space for loss-in-weight feeders based on
material properties and feeder performance (Chapter 3). The developed predictive model
could help save a great amount of time and labor from preliminary loss-in-weight feeder
characterization and tooling selection. Then, the effort moved on to using statistical
analysis to correlate the feed rate deviation during hopper refill to the material flow
properties, which could be applied to the design of the refill strategy for different levels of
specifications feeding variation during hopper refill (Chapter 4). Chapter 5 focuses on the
impact on variation in feed rate in a continuous manufacturing design of direct compaction.
Different levels and durations of designated disturbances on feed rates and hopper refilling
operations of APl and major excipient are performed on feeders during continuous
production. Impact from different blender speed and total throughputs of production are
also discussed in this chapter. Content uniformity of the blend is monitored inline (after
the blender) and offline (after the press) by scanning collected tablets. The dampening

effect by back-mixing in downstream unit operations on feeding variation is characterized.

The work presented in this dissertation can be applied to the design, development and

evaluation of continuous manufacturing of solid dosage forms and can also be used to



identify potential failure modes of the feeding process and facilitate risk assessment for

regulatory purposes.



Chapter 2. Overview of Powder Flow Properties, Powder
Feeding Characterization and Multivariate Analysis

2.1. Introduction

Powders and granular materials are encountered frequently during processing in many
powder-based industries[30, 31]. They exhibit a variety of flow patterns, and behavior
differs with application[32, 33]. Due to the lack of fundamental understanding of powder
behavior, multiple problems are encountered during manufacturing, such as jamming of
hoppers, sub-standard blending performance, and weight variability of final products due
to segregation and/or agglomeration[34-39]. Scale-up of processes is also a challenge since
there is a lack of constitutive equations for granular materials, limiting the development of
scaling theories (e.qg., the use of dimensionless numbers to describe powder processes)[40,

41].

Powder characterization can be used as a distinguishing method for choosing the best-fit
material, as well as a predictive tool to analyze process performance[42-44]. As a result,
powder characterization has a central role in both product and process development. There
are numerous methods to characterize the flow properties of granular materials:
avalanching testers, fluidizers, shear cells, “indicizers”, density methods, angle of repose
testers, etc[45-52]. However, most of these methods were designed for a specific
application; therefore, it is not clear how various methods correlate with each other or with
process performance[53, 54]. In the pharmaceutical industry, the processing of powder and
granular materials, like many other processes, is done through a series of unit operations.
Some examples are feeding, mixing, granulation, drying and compaction. Since the

application of the methods outside of their intended use frequently results in process



failures, relating powder characterization measurements to fundamental material properties

is critical.

In the pharmaceutical industry, during the early stages of development, only a relatively
small amount of the Active Pharmaceutical Ingredient is typically available, so companies
would like to measure powder material properties and their effects on process performance
using laboratory scale tests, to predict behavior in production-scale processing and develop

the manufacturing plan based on the prediction results[34, 35, 55].

There are several characterization techniques available with each one measuring powder
flow behavior from a slightly different aspect. These tests also test powder under different
states: from fully aerated to varying degrees of consolidation, from confined to unconfined,
from incipient flow to steady state flow. The tests can be classified as the measurement of
one of more of the following properties: compressibility, permeability, bulk density,
cohesion, etc. In addition, other testing methods focus on hydrophobicity, electrostatics,
friability, which are related to flow properties and which incorporate also the effects of
particle size and particle shape[56-60]. These properties are not independent from each
other; they are typically partially correlated. For example, as the particle size increases,
there is an accompanying decrease in cohesion due to the VVan der Waals forces[61]. The
mechanism of particle shape affecting the flowability of a material is through the
mechanical interlocking between particles. Several studies have been conducted to
investigate the correlation between raw material properties as well as how material flow
properties affect process performance. Studies include how to improve the powder
flowability [62-66] and the impact of powder properties on process performance [23, 56,

67-75].



Loss-in-weight feeders have been designed to achieve accurate and consistent delivery of
materials to ensure overall process stability. They control material dispensing by weight at
a precise rate and minimize the mass flow rate variability caused by the change of hopper
level and material bulk density[76]. Research has found that material flow properties have
major impact on loss-in-weight feeders’ performance [23, 26, 77-79]. Moreover, periodic
hopper refill of the feeders, which is needed for continuous operation, can lead to
inconsistent and poor feeding performance[20, 80]. Difference in performance are easily

detected among materials with different flow properties.

This chapter describes the methods that are used in this dissertation to characterize (i)
material flow properties, (ii) feeder performance under gravimetric feeding and (iii) feeder
performance during hopper refill. In addition, a multivariate analysis method which can
identify the relationship between raw material properties and process performance is

introduced.

2.2. Powder flow property characterization

As mentioned above, there is no unifying framework to describe powder flow behavior;
therefore, materials were characterized by multiple flow property measurements so that
each reflects a different aspect of flow behavior. Multiple material characterizations were
used to test powder’s flow behavior in terms of different material properties from different
aspects.

2.2.1. Compressibility

The compressibility test is part of the Freeman Technology Powder Rheometer suite
(Freeman Technology Inc., Worcestershire, UK). It is a measure of how density changes

as a function of applied normal stress[81]. The powder is first conditioned by a helical
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blade moving downwards and moving upwards three times with a tip speed of 60 mm/s in
order to create a uniform and reproducible packing state without changing particle
properties[82]. A normal force is then slowly applied to the powder using a vented piston,
ranging from 0.5 kPa to 15 kPa and is applied over 10 intervals, holding each load for 60
seconds. The change in volume due to compression is measured and the compressibility is

calculated as the percent change in volume after compression.

Ve—Vp

CPS% = 100 = Equation 2-1

c

where V. is bulk volume after the conditioning step and V, is powder volume after

compression. The schematic of the test is shown in Figure 2-1.

2.2.2. Permeability

The permeability test, which is also achieved by the FT4 Powder Rheometer, is a measure
of how easily a material can transmit a fluid (in this case - air) through its bulk[83]. For
powders, it is influenced by many physical properties such as particle size distribution,
cohesion, particle shape, surface texture, and bulk density. After a similar conditioning step
as described in the compressibility test, an upward air with a velocity of 2 mm/s is
introduced from the bottom of the powder bed. At the same time, a normal stress is applied
by the vented piston over a range of 0.5 to 15 kPa. The pressure drop of the air is measured
and recorded under each normal stress. The schematic of the test is shown in Figure 2-2.
2.2.3. Dynamic flow test

The dynamic flow test measures the flow energy E of the powder bulk, which is defined as

the energy required to move a helical blade through a bulk of powder. The FT4 dynamic
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flow test measures this energy as a function of time and shear rate[84]. A similar
conditioning process as in the previous two tests is first performed on the bulk of powder
in the vessel. Then, the blade moves downward and upward, to test the energy consumed
to induce the powder to flow, followed by a testing cycle which is repeated seven times
with measured flow energy E1 — E7. The flow energy required on the seventh downward
blade passing is recorded as the basic flow energy (BFE). The energy consumed during the
seventh upward passing is recorded as specific energy (SE). The stability index (SI)

reflects the change in flow energy over time:

si=%Z Equation 2-2

Ey

where E; is the flow energy required on the first downward blade pass, and Ez is the energy
required on the seventh downward blade pass. An Sl value of 1 indicates that the material
is stable and non-friable. If Sl is larger than 1, it indicates that the material being tested
requires more energy to flow over time, possibly due to de-aeration, agglomeration,
moisture uptake, or electrostatic charges. If Sl is smaller than 1, it indicates that the material

may have de-agglomerated during the tests.

Four additional repetitions are performed using different shear rates, with a tip speed
ranging from 10 to 100 mm/s. The flow rate index (FRI) represents the ratio between the

required flow energy at 100 mm/s and 10 mm/s.

FRI =21 Equation 2-3

8

where E11 is the basic flow energy at a blade tip speed of 100 mm/s, and Es is the basic

flow energy at 10 mm/s. If a material is sensitive to changes in shear rate, such as a cohesive
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material with high porosity, the FRI value are typically higher than a compacting or good

flowing material[85].

2.2.4. Shear cell test

The shear cell test is also performed with FT4 Powder Rheometer. The original shear cell
test measures how easily a consolidated powder previously at rest will begin to flow[86-
90]. Modern systems such as the FT4 Freemen flow rheometer measure the force required
to maintain flow once it reaches steady state. This characterization technique has become
prevalent and international standards detailing the procedure have been defined [86]. Some
studies have been conducted to compare the measurements of a particular shear cell
parameter between different types of shear testers as well as the correlation between the

resulting properties within one tester [91, 92].

The standard shear cell test involves three steps: pre-conditioning of the powder bed, pre-
shearing of the powder at a given consolidation stress bed until steady state flow is achieved,
and subsequent shearing (typically at a lower normal load) until the powder yields. The
pre-shearing process is repeated 4-5 times using normal stresses at 20 — 80% of the
consolidation stress, which results in a series of measurements of corresponding normal
and shear stresses, the so called the ‘yield locus’. The yield locus is fit with a straight line

that is extrapolated to y-axis, which is defined as the cohesion of the powder.

In addition, Mohr circle analysis is performed on the yield locus, which is a geometric
representation of a coordinate transformation to identify the principal stresses. Two circles
are used, where the first one goes through the origin and is tangent to the best-fit line

through the yield locus, which represents the conditions presented at the free surface of an
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arch. The second circle is tangent to the yield locus and passes through the pre-shear point,
which represents the conditions for the critical state. The principal stresses extracted from
these analyses is called the unconfined yield stress and the major principal stress. The yield
locus is measured at several consolidation stresses, and the unconfined yield stress and
compacting stress are extracted from each yield locus. The unconfined yield stress — major
principal stress pairs are plotted from each yield locus to give the ‘flow function’. The flow
function coefficient (ffc), which is often correlated to the arching phenomenon in hoppers,
is defined as the ratio between the major principal stress (c1) and the unconfined yield

strength (oc):
ffc = %1/, Equation 2-3

The slope of the flow function indicates how well a powder flows; the steeper the slope,

the worse the powder flows. A schematic of shear cell test is shown in Figure 2-3.

2.3. Feeder characterization

Loss-in-weight feeders are one of the most commonly observed unit operations in
continuous powder-based manufacturing process. Compared to volumetric feeders, loss-
in-weight feeders can control the angular speed of screws by monitoring the rate of weight
loss from the system, which enables loss-in-weight feeder to perform good flow rate
accuracy by maintain a tight control over the screw speed. However, besides the feeder
control system, a loss-in-weigh feeder’s performance is highly dependent on material flow
properties[23, 77, 93-95]. A poorly flowing powder can create jamming in the hopper can

does not flow out of the feeder and adhesive powders can attach to the pitches of the feeding
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screws which causes changes in screw feeding volume thus create inconsistency of mass

flow rate[96-98].

In Chapter 3 and Chapter 4 of this dissertation, a commercially available twin screw loss-
in-weight feeder, the feeding performance of the K-Tron KT20’s (Coperion K-Tron Pitman,
INC. Sewell, NJ, USA) will be discussed. A KT20 loss-in-weight feeder consists of a
volumetric feeder, a weighing platform, and a gravimetric controller. The weighing
platform measures the material’s mass in the feeder hopper, and the controller adjusts the
screw speed based on the calculation of weight loss over time to ensure that the feeder is
feeding at the target feed rate. The offline setup of the KT20 feeder is shown in Figure 2-
4. The feeder is placed on a plane lab bench. A gain-in-weight catch scale (OHAUS
adventurer, OHAUS Corporation, Parsippany, NJ, USA) is used to record the weight of
powder dispensed by the feeder every 1 second. A bucket is placed on the scale to collect
the sample. The feeder is connected to an external laptop, which allows the experimental
operator to record several process parameters during feeding, such as feed factor, net

weight, mass flow, setpoint, screw speed, perturbation value, drive command, etc.

To characterize a loss-in-weight feeder performance, volumetric studies need to be
performed first to determine feeder capability, followed by gravimetric studies to evaluate
overall performance. The feeder is first tared with all the feeder parts assembled, and then
the feeder is first filled up to 80% (weight percent) of the hopper capacity with the material
to be tested. A feed rate calibration is then performed to obtain the initial feed factor, which
is also considered as the feeder’s maximum feed rate with the tested powder and tooling

used. Subsequently, a target setpoint is input and then the feeder starts to run.
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Loss-in-weight feeders need to be refilled in order to maintain an efficient feeding
performance. Since the hopper size of the loss-in-weight feeders are often constrained by
the weight capacity of the load cell, a refill system was set up independently to the load
cell and will dispense a given mass of material to the feeder hopper. Based on the
experimental design, a hopper refill operation is needed when the hopper level reaches a
designated refill minimum level, which can be set in the control system. During hopper
refill, the feeder runs in volumetric mode with a constant screw speed. After refill is
completed, and a brief delay, which can be set normally at 5 or 10 second, the feeder will
switch back to gravimetric mode. The feeder’s gravimetric feeding performance analysis
is based on the recorded mass from the catch scale. The analysis of the feeder’s
performance during hopper refill is based on the contribution from both the catch scale and
the process parameters recorded by the feeder’s control box. William et al has compared
the difference in feeder performance caused by hopper due to different refill levels [20].
However, there is a lack of study on how material properties would impact hopper refill
performance. In Chapter 4 of this dissertation, a predictive model will be introduced to
correlated feeder refill performance to material flow properties based on a KT20 loss-in-

weight feeder.

2.4. Multivariate analysis

Multivariate data analysis is a set of statistical models that examine patterns in
multidimensional data by considering, at once, multiple data variables. It is an expansion
of bivariate data analysis, which considers only two variables in its models. Typically,
multivariate analysis is used to address the situations where multiple measurements are

made on each experimental unit and the relations among these measurements and their
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structures are important [99, 100]. The aim of using multivariate analysis in the work of
this dissertation is to find the hidden structure and correlation between variables, in this
case, feeder performance and material flow properties.

2.4.1 Principal component analysis (PCA)

Principle component analysis is a clustering technique which transforms several possibly
correlated variables into a smaller number of orthogonal (i.e., linearly independent)
variables that are defined as principal components. It uses vector space transformation to
reduce the dimensions of a large data set. Principle component analysis followed by
similarity scoring (PCA-SS) is a method to calculate the similarity between different
objects, in this case, materials. In the PCA-SS approach, a PCA model was used to
represent the material property data set (X) in a reduced dimension (principal component
space) such that the major axes of variability are identified. The data set X can be
decomposed, based on the equation below, into a set of scores (T) and loadings (P), while

the remaining variability is modeled as random error (g):
X =TPT +¢ Equation 2-4

The columns T represent principal component (PC) scores of each material in the projected
space. Loading P represent the significance of each material property in each principal
component. Both T and P are obtained from eigenvectors and eigenvalues of the covariance
matrix of X. The number of components should be chosen based on the type of analysis
required for each case study. In some cases, the small number of principal components are
able to capture most of the variability while in other cases, more than 10 principal

components have to be used to fully explain the data set.
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A Bartlett’s test of sphericity needs to be done prior to PCA for factor analysis, to verify
that a data reduction technique can actually compress the data in a meaningful way. It is
used to test the hypothesis that the correlation matrix is an identity matrix, which would
indicate that the variables are unrelated and therefore unsuitable for structure detection,
which is to make sure that the correlation matrix of the variables in the dataset diverges
significantly from the identity matrix, so a reduction technique is suitable to use. A small
values P-value of significance level (less than 0.05) indicates the statistical significance of

each principal component [101-104].

2.4.2 Partial least squares regression

Partial least squares regression is also known as projection to latent structure regression,
which is used to reduce the predictors to a smaller set of uncorrelated components and
performs least squares regression on these components instead of on the original data. It
correlates a number of independent variables X with response variables Y by finding the
latent variables in the data set. The calculation of latent variables in the PLSR method takes
the response variables into account so that the linear combinations have maximum
covariance. PLSR is especially useful when predictors are highly collinear or there are
more predictors than observations and ordinary least-squares regression either produces

coefficients with high standard errors or fails completely.

In the Chapter 4 of this dissertation, the collected material properties data was firstly

preprocessed using Z-score normalization. The z scores were calculated as follows:

zZ= — Equation 2-5
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where p is the average of each property and o is the standard deviation from the average.
The data after z-score normalization are centered around O with a standard deviation of 1,
which is a common requirement for most machine learning estimators, especially for
clustering analysis, such as PCA, when comparing similarities between samples is needed

based on certain distance measures.

Then, principal component analysis was first used to project materials into reduced
dimensions. Predictive capability was implemented by calculating similarity scores to find
materials with similar flow behavior. Alternatively, Partial Least Squares Regression
(PLSR) was used to predict feeder performance directly during hopper refill, as quantified
by maximum deviation, deviation time, and total deviation% based on material property
inputs. The method was demonstrated by using a commercially available feeder, K-Tron
KT20 loss-in-weight feeder, with a type C gear box for seven powder materials that have
been characterized by four flow testing techniques, represented by 30 flow indices and one

process variable.



19

2.5. Figures for Chapter 2
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Figure 2. 1: Schematic of compressibility test (up) and comparison of compressibility
between cohesive and non-cohesive powders (down). Image source from Freeman

Technology [84].
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Figure 2. 2: Schematic of permeability test by Freeman Technology FT4 Powder
Rheometer. Image source from Freeman Technology [84].



20

Figure 2.3: Schematic of shear cell test by Freeman Technology FT4 Powder
Rheometer.
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Figure 2.4: Experimental setup of twin screw loss-in-weight feeder Coperion KT20.
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3.1. Introduction

Loss-in-weight (LIW) feeders are vital components in powder-based manufacturing in
general, and continuous pharmaceutical solid dose manufacturing in particular.
Gravimetric feeders are used to accurately meter a given weight of material per unit of time.
The range in operation of loss-in-weight feeders depends on the feeder size, feeder tooling,
and the properties of the material. Per a given set-up, cohesive materials, which tend to
agglomerate or entrap air within the powder bed, will have narrower feed rate ranges than
well flowing material. Irregularity in bed density can result in unstable flow ratel?*
1051 - Another issue with powder flow is electrostatic effects, which can lead to material
sticking to the exit of the feeders or to any exposed surface in the line. The variability
introduced by these types of erratic flow behaviors can be transferred down to successive
unit operations downstream of the feedersl’% 107 where inaccurate dosing of

pharmaceutical constituents can lead to sub-potent or super-potent product.



22

Pharmaceutical manufacturing has long been performed in batch production mode [ 108
1101 While many other manufacturing industries have shifted from batch to continuous
processing decades ago, the pharmaceutical industry lagged behind, staying within the
confines of familiar and approved methods. The FDA has indicated that modernizing and
improving pharmaceutical manufacturing technology would be desirable, launching a
regulatory modernization initiative meant to encourage companies to adopt newer methods,
such as continuous manufacturing™Y. Guidance documents have also been published to
promote the modernization of pharmaceutical manufacturing. A framework for process
analytical technologies (PAT)*?was published in 2004 to monitor in-line powder content
uniformity and to determine if the final product within specified potency. Next, guidance
dpcuments were issued on the use of quality by design (QbD) approaches for product and
process design[113, 114]. Companies such as Vertex and Janssen have led the charge and
gained approval from the FDA for manufacturing drugs continuously[9, 115, 116]. The
Product Quality Lifecycle Implementation, which has been in creation by the International
Society of Pharmaceutical Engineering, launched a CM initiative that set out best practices
and expectations when developing and manufacturing products via CM. The cumulative
result of these efforts places an increasing emphasis on accuracy of dispensing materials in

manufacturing[117].

Loss-in-weight feeders work on the principle of monitoring weight changes in a hopper
equipped with a powder conveying system. The hopper designs come in various shapes
and sizes and can be extended to increase capacity within the limit of the weighing platform.
For typical screw-conveying systems, motors are used to control an agitation, or

distribution, unit (also called “bridge breaking” device) along with the feeding screws. The
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screws come in various shapes and sizes, normally selected for a given situation based on
previous knowledge in mind or via a trial and error approach. The motor speed, adjusted
by a feedback control loop, is used to control the mass feed rate and to minimize flow rate
variability[105, 118-120]. By monitoring the mass change, an instantaneous feed rate can
be calculated and compared with the setpoint. If the feed rate differs from the setpoint, the

controller adjusts the speed of the motor in order to match the mass flow with the setpoint.

Recent work has shown ways of optimizing feeders by understanding how uniformly
material flows out of a feeder, dependent on a feeder size and screw type[21, 121]. This
technique requires a full hopper of material to be dispensed. As the density of the material
can change based on the degree of compression of powder in the hopper, as the powder
level drops, so too can the bulk density. Engisch et al. [21] proposed a method for
evaluating the steady state performance of loss-in-weight powder feeding equipment and
demonstrated the use of the method in evaluating the performance of a K-Tron KT-35. The
authors compared the performance of various tooling to optimize feeder performance
through analysis of variance (ANOVA). In other studies, methods for measuring the
feeding performance during hopper refill have been proposed[20]. Kehlenbeck et al. [120]
showed improved feeder dosing consistency by using a single proportioning device at the
discharge. Tardos et al. used a vibratory agitator on the hopper to improve overall flow and
feeding precision[121]. However, once the ideal screw and feeder type have been

determined, significant feeder experiments would still need to be carried out.

A method to select a suitable screw a priori would save companies significant amounts of
material, effort, and developmental time. Wang et al. [83] proposed the methodology to

correlate feeder performance with the material bulk and flow properties by using principal
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component analysis (PCA) coupled with a statistical model to quantitatively predict a
feeder’s feeding consistency and accuracy. To fully understand how the feeder and
material behave, an ideal range of operation needed to be selected, which would help in

determining the design space of the feeder.

In this work, the mass flow rate of multiple pharmaceutical powders using various screws
was characterized in a K-Tron KT-20 C-gearbox pharma loss-in-weight feeder. Four
screws were used in this analysis: coarse auger, fine auger, coarse concave, and fine
concave, and six feed rates were studied for 14 materials, which result with 336
experiments. The results show an effective range in motor operation, to be between 20 and
90% of the drive command, which is represented by the motor speed in a percentage scale
from zero to 100%. Another substantial discovery from this study was that a correlation
exists between material packing (conditioned bulk density) and the feed factor. The feed
factor is the maximum mass flow rate of a given material, feeder, and screw type
combination, i.e. when the screws are spinning at maximum screw speed (i.e., at 100%
drive command). By obtaining the conditioned bulk density for a given material, the
maximum flow of a material can be calculated for each screw type, and with an effective
range in drive command identified to be between 20 and 90%, the effective range on mass
flow rates can be quickly calculated. This correlation can be used to select a feeder and a
screw type based only on material characterization without needing to run the feeder,

except for case validation.
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3.2. Materials and Methods

3.2.1. Materials

To obtain a broad understanding of feeder behavior, the material chosen for this work had
a wide range in particle sizes and densities. Multiple PH grades of Avicel (FMC
Corporation) were used, including 101, 102, 105, 301, and 200. Additional excipients
include Foremost(R) lactose 310 monohydrate (Kerry Inc.), croscarmellose sodium (FMC
Corporation), magnesium stearate (FMC Corporation), Prosolv HD 90, HD200, and 50
(JRS Pharma), Ceolus KG-802 (Asahi Kasei Corporation). Two APIs are used in this
study; first was a powder grade acetaminophen/paracetamol (Powder Grade APAP,
Mallinckrodt Pharmaceuticals) and the second was a granulated APl (Janssen Ortho LLC-
Gurabo). Additionally, non-pharmaceutical materials typically used in ceramic
applications, coarse grade alumina (Albermarle, Netherlands), and molybdenum oxide
(Albermarle, Netherlands), were chosen to add to the study because both had significantly
higher densities than common pharmaceutical powders. Particle sizes for all components
were obtained by a Beckman-Coulter LS 13-320 laser diffraction particle size analyzer

with a tornado dry powder attachment, Table 3-1.

3.2.2. Material Characterization

All materials were characterized in terms of particle size, packing, and flow
properties. The Freeman FT4 powder rheometer (Freeman Technology Ltd.,
Worcestershire, UK) was used in this work to obtain powder properties under static and
flowing regimes[81-83]. Conditioned bulk density (cBD) is a good indicator of packing

behavior and is easily obtained and was therefore used for all the powders considered here.
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The FT4 compressibility test was used to measure the change of powder bulk density
versus increasing normal consolidation stress. To perform the test, the powders were added
to a standard Freeman Technology vessel with a 25mm diameter cylindrical vessel that has
a testing volume of 10 mL. A helical blade was used to condition the powder by removing
any effect that may have developed by pouring the material into the vessel. The blade
moved downward at a constant rate with a constant tip speed to remove any voids or
lumps. The vessel was then split, and the remaining mass of material, occupying 10 mL
volume, was recorded. After the device calculates the bulk density, a porous piston was
used to compress the powder bed to a pre-set normal force. The device measures the bed
height at each normal force and calculates the changes in density[122]. The test measured
the change in volume of the powder as the normal stress was applied to a known powder
bed, of recorded mass and a fixed 10mL volume. The percent change in volume and the

resultant density was recorded up to 15kPa normal stress.

The second test performed on the material was to use a cylindrical shear cell, which also
used the 25 mm, 10mL vessel, to characterize powder flow when the powder was in a
confined, static state. After the material was loaded into the vessel, a helical blade and a
piston was used to condition and then compress the powder to a predetermined normal
stress, with which the user can choose one of the four the pre-shear stress to be 3, 6, 9, or
15 kPa. Each stress point represents a completely different test; therefore, the user can
distinguish how the properties change with increasing normal stresses. After the material
was compressed to the specified normal stress, the vessel was split, with the remaining
material occupying a 10mL volume. The shear cell then compresses the powder bed to the

specified normal stress and rotates at a constant rate, inducing a shear stress until a shear
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plane was established. Once the bed shears, the shear stress required to maintain motion
at constant speed was recorded (yield point). Five yield points are obtained at five
decreasing levels of normal stress, for each pre-shear test. The yield locus plot is then
obtained by plotting the yield points versus the normal stresses from which they were
obtained. With this graph, a number of parameters were determined including unconfined
yield strength (UYS), major principal stress (MPS), minor consolidation stress (MCS),
cohesion (tc), angle of internal friction (AIF), and flow function coefficients (FFc and
Rel(p))[86, 92, 123-128]. A representative yield loci plot and the resultant data obtained
from the plot appear in Figure 3-1. The flow function coefficients are calculated based on
Equations 1 and 2. FFc, a ratio of the major principal stress to unconfined yield strength,
has commonly been used to rate powder flow from a confined static state to a confined
moving state. The Jenike flow function, Rel(p), has been defined as the difference between

MPS and MCS divided by the UYS[126].

FFc= MPS/ Equation 3-1.
Rel(p) = % Equation 3-2.

Materials that have a high cohesion tend to have lower values for the flow functions (FFc
and Rel(p)). These values can be obtained at each of the four chosen pre-shear values. For

this research, shear cell tests were performed at pre-shear tests of 3 and 6 kPa.

Tapped density measurement was also performed on the materials using a Quantachrome
Dual Autotapper. The tapped density was followed according to the US Pharmacopeia
<616> standardized procedure. A 250mL graduated cylinder was filled approximately to

75% of capacity, the weight of the powder recorded, and the initial density was calculated
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as the aerated bulk density. The powder was repeatedly tapped until a change in volume
of less than 2mL was observed, normally between 1250 and 1500 taps. The final density
was recorded as the tapped density. The ratio between the tapped density and the initial

(aerated) density was referred to as the Hausner Ratio.

3.2.3. K-Tron KT-20 Pharma Loss-in-Weight Feeder Characterization

3.2.3.1. Experimental Setup
A K-Tron KT20 twin screw loss-in-weight feeder with a type C gearbox (with a gear

reduction ratio of 12.9:1) was tested in this study. The K-Tron KT20 loss-in-weight
feeder’s design consists of three parts: volumetric feeder, weighing platform (load cell),
and gravimetric controller (Figure 3-2). The volumetric feeder was mounted on top of the
weighing platform with a 10-liter hopper containing a horizontal agitator which helps break
powder bridges and arches in order to allow the powder to flow to the flight of the feeder
screws. The agitation speed was set to 17% of the screw speed; therefore, the speed of the
agitator changes with the changes in screw speed. The KT20 with a type C gearbox used
in this study has a maximum processing screw speed of 154 RPM and a maximum motor
speed of 2000 RPM. (170 RPM @ 110% was also achievable by over-speeding). Four
commonly used 20 mm diameter screws, shown in, Figure 3-3, were tested in this study:
coarse auger screws (CAS), fine auger screws (FAS), coarse concave screws (CCS), fine
concave screws (FCS). The feeder delivers powder materials in gravimetric mode, by using
a gravimetric controller that acquires signals from the weighing platform as a function of
time and screw speed. By calculating the weight loss reported by the weighing platform,

the controller can determine the instantaneous feed rate, compare the calculated results to



29

the target setpoint, and then adjust the speed of the screw that dispenses the powder from

the feeder to make the mass flow achieve the target setpoint.

The feeder control box was connected to a laptop, which was used to record multiple
feeding performance parameters. Values recorded include time, setpoint, mass flow (the
instantaneous feed rate calculated by the feeder’s controlling system), initial feed factor
(kg/h), average feed factor (kg/h), screw speed, drive command (the percentage of
instantaneous screw speed compared to the maximum screw speed), net weight, and
perturbation value. In addition to recording the feeder parameters from the loss-in-weight
control box of the KT20 feeder, a gain-in-weight catch scale was also used to monitor the
discharge performance. A collection bucket was placed on an Ohaus laboratory scale,
underneath the outlet of the feeder, to collect the material as it was discharged. The mass
was recorded every 1 second by the catch scale and recorded by the same laptop that was

recording the feeder parameters.

3.2.3.2. Methods and analysis

The general procedure for the feeder characterization experiments was as follows:

1. Calibrate the feeder’s scale platform and the catch scale by using standard weights.
2. Fill the feeder (100% hopper level).

3. Perform the feeder and material calibration 3 times and get the average of the initial
feed factor, which was considered as the maximum feed rate with the combination of

certain material and type of screws.

4. Calculate 10%, 30%, 50%, 70%, 90%, and 110% of the initial feed factor and make

these results the target set points.
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5. Run the feeder under Gravimetric mode for 20 minutes at all the target set points
separately with the same initial fill level of 80 % of the hopper by refilling after each

setpoint.

The maximum controllable feed rate was achieved by initial feeder calibration rather than
running volumetric capacity tests. This approach returns the value of the initial feed factor
with a unit of kilogram per hour, which was the estimated feed rate at 100% of the screw
speed. From the initial feed factor, the desired feed rates to target 10%, 30%, 50%, 70%,
90%, and 110% of the drive command. As the purpose of this work was to figure out the
feeding range of materials with different flow properties under the gravimetric mode (most
commonly used across the industry for research and development of powder-based
manufacturing methods), it should be noted that the actual recorded drive command would
not be a one-one-one match with the experimental design. Specifically, while the designed
experiments are to be performed at drive command values of 10%, 30%, 50%, 70%, 90%,
and 110%, the feed factor changes slightly for different flow rates. At high screw speeds,
screw filling may be less than 100%, resulting in a lower calculated feed factor, and
therefore a higher drive command. Taking this into consideration, the real time screw speed
would not stay constant, causing fluctuations of the average feed factor, which was the
maximum feed rate being calculated every 0.1 second during the running process. In this
case, the average of the real drive command would be used as the tested range instead of

the designed ones.

For each material with each type of screws, each setpoint was run from an initial fill level
of 80%, the ending hopper level differs with different setpoint from approximately 40% to

70%. Each experiment was run for 20 min to obtain enough data points for data analysis.
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Defining the target mass feed rate as rh, the actual mass feed rate, m,, at the ith time point

can be calculated by:

m, = = Equation 3-3.

Since the set point for each material may not be the same, the relative standard deviation
(RSD) and relative deviation between the set point and the mean (RDM) were used as

criteria for feeder performance:

o= | —— Equation 3-4.
RSD = % Equation 3-5.
RDM = = Equation 3-6.

3.3. Results and Discussion

The initial point of this study was to characterize the properties of the various materials to
understand the effects of bulk density and flow properties on performance. Next, the
various materials were fed from the feeder at multiple flow rates to understand the
operational ranges for each material. Finally, a correlation between material properties,

and screw type, on the operational flow rate range was determined.

3.3.1. Material Properties

The first test run on the material was the FT4 compressibility test, detailed in Section 2.2.
As the piston compressed the material, changes in density were recorded. Additionally,
the tapped density test was performed on the material. The conditioned bulk density,

compressed density at 15kPa normal stress, compressibility at 15kPa normal stress, aerated
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bulk density, tapped density, and Hausner Ratio obtained for the different materials are
shown in Table 3-2. From this data, molybdenum powder had the highest density and
magnesium stearate (MgSt) had the lowest density. The densities of the granular materials
change very little with the increasing normal stress, while the fine powders (powder
acetaminophen, Avicel 105, MgSt) show a significant change in density. In most cases,
the tapped density test resulted in an improved packing and higher densities than the
density obtained at a normal stress of 15kPa. The only cases where this was not true were
for MgSt and Avicel 105. These powders had the smallest particle sizes of all the materials
tested; therefore, the resultant weight of the individual particles is much lower and do not
apply enough force to change the structure of the bed as efficiently as the piston from the

FT4 compressibility test.

The results for the shear cell results appear in Tables 3-3 (3 kPa) and Table 3-4 (6 kPa).
The results show that, as expected, the materials that have the highest values of cohesion,
Avicel 105 and powder APAP, also had the lowest values for flow functions. Avicel 200
and Prosolv HD90 had the lowest values for cohesion. MgSt had the most significant
change in flow properties between the two tests. From the 3 kPa results, MgSt would be
considered a cohesive material that does not flow well; however, the results at 6 kPa shows
that MgSt was a freely flowing material. This significant change in flow was due to the
material, as the same flow changes did not occur for other cohesive materials, i.e. Avicel
105 or Ceolus KG-802. MgSt has been known to be a soft material that deforms easily
due to shear stresses. In general the higher the normal stress, the higher the shear stress
required to maintain a given powder flow. For consolidation stresses up to 3 kPa, the shear

stress was not sufficient to deform the material; however, the higher shear stresses observed
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for the consolidation stress of 6 kPa were likely high enough to affect the particle structure.

Shear cell results were performed at a preconditioning normal stresses of 3kPa and 6kPa.

3.3.2. Characterizing the Operational Range of a Loss-in-Weight Feeder

3.3.2.1. Determination of volumetric capacity

The first step, when characterizing a feeder, was to determine the feed factor, defined as
the flow rate at 100% drive command. The feeder control has a program that will run the
feeder for 30 seconds at 50% drive command, and then calculates the feed factor based on
the mass change for the 30 seconds. This process was conducted 3 times for each screw
and material combination. The initial feed factor was defined as the average of the 3 feed

factors calculated by this process.

3.3.2.2. Operational range of gravimetric feeding

To determine the operational range of gravimetric feeding, each combination of material
and tooling was fed by multiple set-points, selected as 10%, 30%, 50%, 70%, 90% and
110% of the initial feed factor. The feeder could reach a screw speed with a drive command
of 110% due to the design of K-Tron KT20. The feeder was filled to 80% of the feeder
hopper capacity and was run for 20 minutes. The catch scale’s data was recorded to
calculate the relative standard deviation (RSD) and the deviation from mean of the actual
feeding (RDM). The results are plotted in Figure 3-4 as a function of the percent drive
command of the motor for Prosolv HD 90, Avicel 101, Avicel 102, Avicel 105, Avicel 200,
Avicel 301, powder APAP, magnesium stearate and lactose monohydrate 310
appear. These results show that the RSD was the highest at low drive command levels, <

20% drive command. From 40% drive command up to 90% drive command, the RSD was
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very similar for all materials and screw types. High RSD at drive command greater than

90% may be caused by reduced screw fill efficiency.

Between 20% and 40% drive command, we see the same general results in RSD for three
of the four screws. Within the range of 20% and 40% drive command, the fine concave,
coarse concave, and coarse auger screws all have RSD values similar to RSD values found
in the 40% to 90% drive command range. The fine auger screw had higher RSD values

between 20% and 40% than the other three screws, resulting in a smaller operational region.

A similar trend was found for the RDM. High deviation was observed below 10% and
above 100% drive command. The largest deviation from the mean occurs at the highest
drive command, for the same reason as for the RSD. The maximum limit in the acceptable
variation of the feed rate (RSD) was dependent on the different standard required. For this
work, the target was to have an RSD value below 5%. The maximum limit of RDM

depends on the design of the manufacturing line and was not covered further in this work.

The next step was to combine all the data into a single plot. When examining all the RSD
data in a single plot, shown in Figure 3-5, a similar trend was identified across all materials
and screws. The RSD was high for low screw speeds, then at higher values of the drive
command, the RSD plateaus at a consistent value. When looking at all the RDM data in a
single plot, Figure 3-5, again a similar trend was observed for all materials and screws. At
low drive command, the RDM was low, meaning the feeder was achieving the target set
point; however, at high drive command, the feeder can no longer reach the desired set point,
reaching a steady flow rate below the desired set point. Using the information from these

two figures, a suitable range in operation of the K-Tron KT20 C-gearbox feeder was
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between 40% and 90% of the drive command for all tested screws. This range was not an
absolute range of operation because it was possible to obtain low RSD and low RDM below
40%, down to 20% drive command, using fine concave, coarse concave, and coarse auger

SCrews.

3.3.2.3. Ideal design space of gravimetric feeding based on material properties

An ideal design space for a gravimetric feeder would be defined by the range of feed rates
in which the feeder will perform accurate gravimetric feeding at the required target mass
flow rate with acceptable relative standard deviation (RSD) and acceptable relative
deviation between the mean and the setpoint (RDM). In principle, the design space
boundaries will depend on the tooling selection for a given material. On the other hand, a
good gravimetric feeding performance will not be guaranteed if a loss-in-weight feeder
was not operated within the ideal design space (between 40% and 90%). If the selction to
the best performing screw could be correlated to specific material properties, it would save
a large amount of materials and effort. This would save material and time because a blind,
wide ranging, experimental list, varying all screw types and multiple feed rates can be

avoided and replaced with a targeted experimental list focused on a single screw.

In order to identify a correlation between one of the material properties and the feed factor,
values of the feed factor obtained from all the materials were analyzed and correlated to
values of the material properties introduced in Section 3.1. Most of the properties, such as
particle size, flow function coefficient, and cohesion, did not result in any identifiable trend.
Statistically significant correlation was observed between the feed factor and the density
of the materials. The conditioned bulk density (cBD), when plotted versus the feed factor,

resulted in the lowestR-squared values; however, similar trendlines were observed for
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aerated bulk density and tapped density. The R-squared values for cBD were above 0.9,
for all screw types with P-values much less than 0.05, while the R-squared values for
aerated bulk density and tapped density were between 0.9 and 0.75. Figure 3-6 shows a
linear relationship between feed factor and the conditioned bulk density, obtained from the
FT4, of the material for all four screw times. Coarse auger screws had the largest slope,
representing the largest throughput, followed by coarse concave screws. Fine auger and
fine concave screws have similar feed factors for low density materials; however, as the
density of the material increases, the fine auger screw has a slightly higher throughput
value than the fine concave screws. While cBD showed a linear relationship to feed factor,
it should be noted that none of the other density properties, particle size, cohesion, nor the
compressed densities from 1kPa to 15kPa, showed the same correlation, with R-squared
values above 0.9. Therefore, by analyzing 10mL of material, the necessary amount to
obtain cBD, the maximum flow rate of a particular material and screw combination can be

approximated.

Based on the results from feeder’s operational range, which identified a drive command
between 40 — 90% for Fine Auger Screws and 20 — 90% for the other three types of
screws,and the feed factor correlation to cBD, an effective design space for the four
different screw types can be determined (Figure 3-7). The graphs in Figure 3-7 show the
linear equation relating cBD to the feed factor for each of the four screws. Additionally,
the equation to calculate feed rate at 90% screw speed (the upper desired limit for each of
the screws, as shown in Figure 3-5) has been shown on all four graphs. The lower
acceptable limit was also determined and plotted for each of the four graphs. For the coarse

auger, coarse concave, and the fine concave screws, the lower line represents the



37

throughput at 20% of the screw speed, and for the fine auger screws, the lower line
represents the throughput at 40% screw speed. Using the subsequent equations, derived in
Figure 3-7, when a new material was identified, the cBD value of that material can be input
into the equations to identify the effective range of operation for each of the four screws.

It should be noted that this was specific for the K-Tron KT-20 C-gearbox feeder.

By knowing the target throughput and cBD of a material, a proper screw and feeder type
can be identified. If it was determined that the desired throughput was too low or too high
for the four identified screws, the recommendation would be to switch feeder types from a
KT-20 C-gearbox, studied here, to a higher gearbox, which has a higher maximum screw

speed for larger throughputs, or a smaller feeder with lower feeding capacity.

Feeder characterization has been performed for over a decade by research groups in
academia and in industry, and over time, streamlined characterization procedures have
been established that save significant amounts of time and materials. Early on,
characterization was performed by trial and error. For this example, the formulation had
five components (API, two excipients, disintegrant, and lubricant) and two doses of interest.
To characterize the feeders, a range in throughputs were tested: a high, low, and the target
throughput. Given that the formulation had two doses of interest, five throughputs were
tested for the API since the two target conditions were far enough apart that a midpoint
was required. For the APl and the two excipients, all four screws were tested, while only
the two fine screws were used for the lubricant and disintegrant, as both were low weight
percentages in the formulation. An example of the effort required for a trial by error

approach to characterize feeders for this product is presented in Table 3-4. The
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characterization required over 30 hours and 255 kg of material to determine the optimal
screw type for each material. The same feeder characterization, based on the method
described in this manuscript, would only require 2 screw types for the API (one for each
dose) and 1 screw type for the remaining materials. If three set points for each screw type
were kept for validation, the characterization would result in a total 9 hours of work and
70 kg of material, Table 3-4. Both calculations did not include the time required for set up
and cleaning, both of which would be significantly longer for the trial by error approach.
By using the design space and correlated feed factor to bulk density method proposed in
this manuscript, the characterization time would have been decreased by 70%, and

requiring 75% less material.

3.4. Conclusions

Feeder characterization has been performed in the past using a trial and error approach to
determine optimal feeder and screw selection for a given material and formulation. The
trial and error approach commonly resulted in delays in product and process development.
In this work, a QbD approach has been identified that identifies a maximum powder and
screw throughput (feed factor) from conditioned bulk density. Coupling the correlation to
feed factor with the identified ideal design space for a K-Tron feeder, the operational
throughput for a given material and screw can be determined by obtaining the conditioned
bulk density. In order to identify the ranges of operation, 10 materials with a wide range of
particle sizes, densities, and flow properties were tested to understand and develop the
design space of a K-Tron KT20 loss-in-weight feeder, with a C-gear box. By feeding all of
these materials at six different levels of drive commands, the effective range of operation

was located by calculating the relative standard deviation and the relative deviation from
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the mean and identifying a region of minimum values in both calculations. Values of 20%
and 90% were determined as the lower and upper limit of drive command for suitable
operational range for fine concave, coarse concave, and coarse auger screws with KT20 C-
gear box, while the acceptable range for fine auger screws was between 40% and 90%
drive command. These observations were confirmed for several types of materials ranging
from freely flowing to cohesive. In addition to the operational range for the feeder, a linear
correlation between the conditioned bulk density and the feed factor was identified. With
these two design criteria, the K-Tron KT-20 C-gearbox feeding capacity can be predicted
for each of the different types of screws by the conditioned bulk density of the material.
Specifically, this means that by characterizing on a small amount of material, i.e.,10 mL,
enough information would be obtained to determine the feeder’s feed factor, and with the
suitable feeding range established in this work, for each screw, a feeder’s design space can
be determined. While this method quickly identifies the optimal screw required for a target
throughput, it should be noted that the material and screw combination should be validated
experimentally. The validation process would confirm that the RSD was at a low
acceptable value (i.e., below 5%), and also identify any electrostatic issues that the material
may experience while feeding. Using the feeder design space method, a large amount of

time, effort, and material can be saved during the process development stage.



3.5. Tables for Chapter 3

Table 3. 1: Particle sizes of pharmaceutical material

Material

API Granules

Avicel 101

Avicel 102

Avicel 105

Avicel 200

Avicel 301

Avicel 302

Ceolus KG 802

Coarse Alumina
Croscarmellose Sodium
Lactose Monohydrate
310

Magnesium Stearate
Molybdenum Oxide
Powder APAP

Prosolv HD 50

Prosolv HD 90

Prosolv HD 200

d10

(microns)

96.6
24.1
37.8
6.6
45.3
17.6
32.9
215
11.2
18.9
18.6

4.5
0.8
9.9
20.1
26.7
61.2

d(3,2)
(microns)
143.7

48.9
74.6
12.8
74.0
36.5
64.1
44.1
32.0
32.6
34.9

8.8
2.0
23.5
28.3
56.9

103.8

d50

(microns)

215.7
73.5
124.7
18.6
143.7
61.9
105.3
66.4
59.4
45.1
82.7

12.1
3.7
57.4
60.4
127.0
176.7

d9o
(microns)

405.7
167.3
245.3

36.4
195.1
133.0
170.8
140.7
122.2
118.7
176.3

23.5
10.3
166.0
118.0
241.0
243.0

Span

1.4
1.9
1.7
1.6
1.0
1.9
1.3
1.8
1.9
2.2
1.9

1.6
2.6
2.7
1.6
1.7
1.0

40
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Table 3. 2: Density Results from the FT4 Compressibility and Tapped Density Tests

Material Conditioned Compressib Bulk Aerated  Tapped Haus

Bulk ility @ Density Bulk Density  ner
Density 15.0kPa @ Density (g/cc)  Ratio
(g/cc) (%) 15.0kPa (g/cc)
(g/cc)
API 0.340 7.07 0.368 0.350 0.460 1.30
Granules
Auvicel 0.340 16.92 0.420 0.320 0.460 1.40
101
Avicel 0.340 15.18 0.400 0.320 0.440 1.38
102
Avicel 0.375 28.23 0.521 0.354 0.545 1.54
105
Avicel 0.361 10.03 0.401 0.331 0.417 1.26
200
Avicel 0.451 15.59 0.534 0.429 0.573 1.34
301
Auvicel 0.461 11.44 0.521 0.463 0.596 1.29
302
Ceolus 0.250 22.82 0.320 0.260 0.360 1.37
KG 802
Coarse 0.965 3.90 1.003 0.850 1.056 1.24
Alumina
Croscarm 0.490 12.67 0.570 0.520 0.680 1.30
ellose
Sodium
Lactose 0.691 19.61 0.859 0.685 0.885 1.29
Monohyd

rate 310



Magnesiu
m
Stearate
Molybden
um Oxide
Powder
APAP
Prosolv
50
Prosolv
HD 90
Prosolv
HD200

0.195

1.395

0.280

0.337

0.480

0.507

45.70

25.00

50.63

11.40

7.38

5.10

0.359

1.743

0.560

0.381

0.520

0.534

0.160

1.200

0.350

0.340

0.460

0.461

0.230

1.906

0.580

0.443

0.560

0.560

42

1.44

0.59

1.67

1.30

1.22

1.22
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Table 3. 3: Shear Cell resulted obtained using the 3 kPa test with the Freeman FT4

Material

API Granules
Avicel 101
Avicel 102
Avicel 105
Avicel 200
Avicel 301
Avicel 302
Ceolus KG 802
Coarse Alumina
Croscarmellose
Sodium
Lactose
Monohydrate 310
Magnesium
Stearate
Molybdenum
Oxide

Powder APAP
Prosolv 50
Prosolv HD 90
Prosolv HD200

Cohesion,

kPa
0.110
0.289
0.163
0.707
0.077
0.203
0.137
0.328
0.120
0.176

0.220

0.363

1.020

0.670

0.989

0.096
0.542

uYs,

kPa
0.49
1.14
0.63
2.69
0.27
0.80
0.48
1.34
0.42
0.87

0.82

1.21

4.27

2.57

3.34

0.32
1.85

MCS,

kPa
1.22
1.27
1.30
1.02
151
1.24
1.41
1.27
1.58
1.17

1.31

1.49

0.79

1.11

2.74

1.60
297

MPS,

kPa
6.14
6.12
5.46
6.35
4.93
5.63
491
6.67
4.70
7.99

5.33

5.35

7.23

6.64

11.16

4.69
10.53

FFc

12.67
5.37
10.28
2.36
26.27
7.02
10.32
5.03
11.29
9.26

6.60

4.43

1.69

2.59

3.34

14.84
5.68

Rel

(p)
10.15

4.25
7.79
1.99
18.23
5.48
7.36
4.07
9.59
7.90

4.98

3.19

1.78

2.16

2.52

9.76
4.08

AlF,

0

40.17
36.32
35.16
34.46
30.73
36.33
31.19
38.04
30.39
45.85

33.33

28.04

38.89

34.94

28.73

27.61
29.36
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Table 3. 4: Shear Cell resulted obtained using the 6 kPa test with the Freeman FT4

Material Cohesion,
kPa
API Granules 0.11
Avicel 101 0.47
Avicel 102 0.22
Avicel 105 1.08
Avicel 200 0.04
Avicel 301 0.32
Avicel 302 0.15
Ceolus KG 802 0.56
Coarse Alumina 0.07
Croscarmellose 0.37
Sodium
Lactose 0.39
Monohydrate 310
Magnesium 0.2
Stearate
Molybdenum Oxide 1.48
Powder APAP 1.11
Prosolv 50 0.99
Prosolv HD 90 0.07
Prosolv HD200 0.54

UYS,

kPa
0.47
1.84
0.78
4.23
0.15
1.26
0.57
2.38
0.26
1.84

1.44

0.62

6.30
4.16
3.34
0.24
1.85

MCS,

kPa
2.52
2.58
2.73
2.14
2.95
2.63
2.61
2.49
3.02
2.44

2.63

3.63

1.95
2.30
2.74
2.96
2.97

MPS,
kPa
11.72
11.83
9.93
12.38
9.44
11.32
10.18
13.60
9.23
16.92

10.41

9.09

13.57
12.28
11.16

9.32
10.53

FFc

25.00
6.71
13.03
2.93
61.81
8.99
17.92
5.74
35.85
9.44

7.20

15.04

2.16
2.95
3.34
38.37
5.68

Rel

(P
19.65

5.24
9.46
2.42
42.52
6.90
13.32
4.69
39.43
8.08

5.39

9.03

2.25
2.40
2.52
26.17
4.08

AlF,°

39.35
36.13
32.70
35.75
31.22
35.86
34.95
39.52
32.51
46.16

33.15

23.60

39.58
33.91
28.73
30.52
29.36



45

3.6. Figures for Chapter 3
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Figure 3. 1: Yield locus plot with the specific data obtained from the plot. tcis the
cohesion, AlF is the angle of internal friction, UYS is the unconfined yield stress, MCS
is the minor consolidation stress, and MPS is the major principal stress [84].
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LIW Feeder Controller
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Figure 3. 2: A schematic illustration of a loss-in-weight feeder. (W. Engisch, F.
Mugzzio[11])
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Figure 3. 3: K-Tron KT20 feeder tooling. From left to right: fine concave screws
(FCS), coarse concave screws (CCS), fine auger screws (FAS), coarse auger screws
(CA9)[21]
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(b) Prosolv HD90
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(e) Avicel 105
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(g) Avicel 301
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(j) API Granules
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Figure 3. 4: The relative standard deviation and relative deviation from mean versus
drive command (%), and screw type, for Lactose Monohydrate 310 (a), Prosolv HD90
(b), Avicel 101 (c), Avicel 102 (d), Avicel 105 (e), Avicel 200 (f), Avicel 301 (g), powder
grade APAP (h), MgsSt (i), and Lactose Granules (j).



Material: Avicel 101, Avicel 102, Avicel 105, Avicel 200, Avicel 301, Lactose
Monohydrate 301, Prosolv HDS0, Prosolv HD20, Prosolv HD200, Mgst, API
Granules and Powder Grade AFAP
Screw type: Coarse Auger, Coarse Concave, Fine Auger, Fine Concave
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Figure 3. 5: Combined RSD (top) and RDM (bottom) vs Drive command (%) of Avicel
101, Avicel 102, Avicel 105, Avicel 200, Avicel 301, Lactose Monohydrate 310, Prosolv
HD50, Prosolv HD90, Prosolv HD200, Magnesium Stearate, APl Granules, and
Powder grade APAP.
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Figure 3. 6: The relationship between feed factor and material conditioned bulk
density, for the various material listed, over a wide bulk density range, and for the
four screw types.
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SCrews.
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Chapter 4. Predicting Feed Rate Deviation Caused by Hopper
Refill Based on Material Flow Properties

4.1. Introduction

The pharmaceutical industry is steadily moving away from traditional batch manufacturing
towards the implementation of continuous manufacturing, which aims to optimize supply
chain logistics. This has increased the need for in-depth knowledge of the relevant material
properties in terms of manufacturability and process understanding. The US Food and Drug
Administration has also provided regulatory support for the implementation of continuous
manufacturing using science and risk-based approaches[129]. In addition, continuous
manufacturing has been widely adopted across many industries, such as bulk chemical
production, driven by the advantages of its smaller scale equipment, higher flexibility,

enhanced controllability and reduced labor requirements.

Loss-in-weight feeders, as the first unit operation and the primary control tool for content
uniformity in a continuous manufacturing system, are responsible to dispense a given mass
of material per unit of time into the downstream unit operations. Inconsistency in mass
flow on a given feeder will travel downstream through the process and can consequently
impact the quality attributes of the final products, such as potency (assay) and content
uniformity. To establish a continuous and uninterrupted process, periodic refill of the
feeder hopper is required due to the limitation on a loss-in-weight feeder’s hopper capacity.
Because gravimetric control is based on a differential weight measurement, loss-in-weight
feeders have to be operated in volumetric mode during the refill process as the load cell
cannot calculate the loss in mass with the positive influx of material. Therefore, during

hopper refill process and a short post refill delay (typically about 10 -15 seconds), the screw
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speed remains constant (or follows a pre-defined algorithm) and the controller does not
monitor the feed rate[24, 130]. If the density of the material at the entrance of the screws
(bottom of the feeder hopper) or the screw filling fraction changes during the refill process,
the feed rate can deviate from the setpoint as the incoming material compresses the powder
bed in the hopper, and pushes powder into the screw channel more efficiently, both effects
causing an increase in density of the powder at the feeder screws, which results in over-
feeding[131]. Additionally, the powder can become aerated by the refill process, which

will lead to an uncontrollable flow[132].

Feeder refill has been a popular study topic among feeder manufacturers and researchers
for years. In US Patent 4535886[133], values stored during powder dispensing of the feeder
hopper were used to select the screw speed during refill[131], and this is the method that
most manufacturers, including Coperion K-Tron used to build the refilling algorithm of
loss-in-weight feeders. In US Patent 4579252[134], Wilson and Bullivant have also
discussed and implemented a method which uses a second feeder to feed the feeder that
needs to be refilled. By using this method, a better feeding performance with lower feed
rate during the refill process were achieved; however, this approach may double the
expense in terms of feeders and require additional space for the equipment setup. Engisch
et al. 2015 had defined 3 types of quantitative deviations (maximum deviation, deviation
time, and total deviation) during hopper refill and has also compared the difference in
deviations between refilling at three refill points in terms of percentage of feeder hopper
volume [20]. Wang et al. 2017 had built up a predictive correlation between material bulk
properties and both the feed rate variation and deviation under gravimetric control [23].

Other researchers have also proved that loss-in-weight feeders’ feeding performance is
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highly dependent on material properties[72, 77, 79, 80, 135, 136]; however, there was a
lack of work on demonstrating how materials with varied flow properties impact the
performance of loss-in-weight feeders when running in volumetric mode without control,
let alone a predictive model that identifies the major material properties that contribute to

the refill performance.

The work discussed in this chapter focuses on a way to identify similarity between
materials using principal component analysis followed by similarity scores (PCA-SS) and
then moves on to correlating the three types of feed rate deviations with material flow
properties using partial least squares regression (PLSR). A benefit of using PLSR is that
it allows the identification of the relative contribution of each of the different material
properties on each type of deviation. After the model was built using the initial material,
feeder refill experiments were performed to validate the model and prediction results,
which proved that the developed model could successfully predict the feed rate deviation

caused by hopper refill.

With this developed frame work, once a material is characterized, the bulk properties could
be used to predict the potential disturbance to the mass flow of the feeder caused by hopper
refill operations. By having the potential deviations predicted beforehand, massive
materials and effort can be saved. In addition, this work can be applied to the development
of a more efficient control and alert system that can be developed based the formulation in
process. Moreover, a more efficient refilling strategy can be derived based on specific
criteria of the whole integrated continuous process, all with an acceptable disturbance and

fewer total number of refills to be performed.
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4.2. Materials and Methods

4.2.1. Materials

The materials that were studied in this work include: Fine alumina (Albermarle Inc.,
Amsterdam, the Netherlands), Fine zeolite (Albermarle Inc., Amsterdam, the Netherlands),
Molybdenum dioxide (fine, sublimed type, Albemarle Inc., Amsterdam, the Netherlands),
Satintone (calcined kaolin SP-33, BASF Corporation, NJ, USA), Lactose monohydrate
(Foremost Farms, WI, USA) and Zeolite (Y-type CBV100, BASF Corporation, NJ, USA).
In addition, calcined zeolite (Albermarle Inc., Amsterdam, the Netherlands) was named as
‘Material A’ in the material library to validate the predictive model. ‘Material A’ was
chosen due to its relevant poor flow properties, including a high cohesion value that could

potentially lead to failure in processing

4.2.2. Material properties measurements

The following tests were performed: permeability, compressibility, dynamic flow, and
shear cell (Testing methods see Chapter 2). Particle size distribution in terms of dio, dso
and dgo, for all components, were obtained by a Beckman-Coulter LS 13-320 laser
diffraction particle size analyzer. All the material properties obtained and applied to the

predictive model are shown in Table 4-1.

4.2.3. Loss-in-weight feeder setup and refill characterization

A K-Tron KT20 twin screw loss-in-weight feeder with a type C gearbox (with a gear
reduction ratio of 12.9:1) was tested in this study. K-Tron KT20 loss-in-weight feeder’s
design consists of three parts: volumetric feeder, weighing platform (load cell), and
gravimetric controller. The volumetric feeder is mounted on top of the weighing platform

with a 10-liter hopper containing a horizontal agitator which helps break powder bridges
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and arches in order to allow the powder to flow into the channel of the feeder screws. The
agitation speed is set to 17% of the screw speed; therefore, the speed of the agitator changes
with the changes in screw speed. The KT20 with a type C gearbox used in this study has a
maximum processing screw speed of 154 RPM and a maximum motor speed of 2000 RPM
(170 RPM @ 110% is also achievable by over-speeding). As the feeder delivers powder
materials, the gravimetric controller acquires signals from the weighing platform as a
function of time. By calculating the weight loss reported by the weighing platform, the
controller can determine the instantaneous feed rate, compare the calculated results to the
target setpoint, and then adjust the speed of the screw that dispenses the powder from the
feeder to make the mass flow achieve the target setpoint. Coarse concave screws with 20
mm diameter were used in this study. The schematic of the KT20 feeder with a pre-refill
hopper is shown in Figure 4-1. The feeder control box was connected to a laptop, which
was used to record multiple feeding performance parameters. Values recorded include
time, setpoint, mass flow (the instantaneous feed rate calculated by the feeder’s controlling
system), initial feed factor (kg/h), average feed factor (kg/h), screw speed, drive command
(the percentage of instantaneous screw speed compared to the maximum screw speed), net

weight, and perturbation value.

The feeder was first tared and filled up to 100% hopper level. The net weight of 100%
hopper level was recorded. Then, the weights of 80% and 40% were calculated based on
the weight achieved from 100% hopper level. Feeder calibration was then performed under
volumetric throughput with 50% drive command, operated for 30 seconds, to obtain the
initial feed factor. The mass fill of the feeder was then increased or decreased until the

mass fill reached 80%, the starting fill level for all experiments. A feeder refill would occur



63

when the mass fill reached 40%, and powder would be added to the hopper until it was

refilled up to 80% mass fill.

Each refill experiment first started from an 80% mass fill with a setpoint of 8 kg/h under
gravimetric mode until the net weight reached refill min. The setpoint and screw was
selected based on the previous experimental work which identified the optimal
performance of the feeder[21, 135]. When the feeder reached a 40% mass fill, the control
platform then switched the feeder from gravimetric to volumetric mode. A hopper refill
was then performed to make the hopper level reach and get a bit over the refill max and
after a few seconds of refill delay, the feeder changed back to gravimetric mode
automatically. Each refill was performed twice to get an average result. A plot of feeder’s

operating principles in terms of ‘net weight vs. time’ is shown in Figure 4-2.

In addition to recording the feeder parameters from the loss-in-weight control box of KT20,
a gain-in-weight catch scale was also used to monitor the discharge performance. A
collection vessel was placed on an Ohaus laboratory scale, underneath the outlet of the
feeder, to collect the material as it was discharged. The mass was recorded every 1 second
by the catch scale and recorded by the same laptop that was recording the feeder parameters.
The data recorded from the catch scale is used to determine the refill performance of the

feeder.

Maximum deviation is the deviation between the maximum feed rate achieved during
hopper refill and the target setpoint. Deviation time is the time gap between the change of
feeder between volumetric and gravimetric mode, when the feeding process is out of

specification. Percentage of total deviation (%Total) represents the total mass of powder
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that fed in excess divided by the target feeding mass. An example plot to introduce the

three quantified deviations is shown in Figure 4-3.

4.2.4. Multivariate analysis

In this work, multivariate analysis was conducted using The Unscrambler X 10.2 software
(Camo, Oslo, Norway) and JMP Pro 15 (SAS Institute, NC, USA). Principle component
analysis followed by the similarity scoring method was used to identify similarity between
different materials, and then, the partial least squares regression method was used to build
up a regression model between quantified deviation in mass flow caused by hopper refill

and the correlation to material properties.

Principal component analysis followed by similarity scoring (PCA-SS) is a method to
calculate the similarity between different objects, in this case, materials. In the PCA-SS
approach, a PCA model was used to represent the material property data set (X) in a
reduced dimension (Principal component space) such that the major axes of variability are
identified. The data set X can be decomposed, based on the equation below, into a set of

scores (T) and loadings (P), while the remaining variability is modeled as random error (g):
X =TPT +¢ Equation 4-1

The columns T represent principal component (PC) scores of each material in the projected
space. Loading P represent the significance of each material property in each principal
component. Both T and P are obtained from eigenvectors and eigenvalues of the covariance
matrix of X. A good indication of similarity between two materials is a measure of the
Euclidean distance between them. Principal components are orthogonal to each other, and

each is associated with the value that explains the proportion of variability in the data
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set[137, 138]. Usually, only a few PCs are retained based on their statistical significance.
The similarity scores between Material A and Material B can thus be calculated based on

weighted Euclidean distance dw:

dw(ap) = V2 wi(a; — b)? Equation 4-2

Where n is the total number of principal components selected in the model, a; is the score
of Material A in the i principal component, bi is the score of material B in the i principal
component, w;j is the weight of the i principal component, namely the relative variability

explained by the it principal component:
Oo<w; <1 Equation 4-3

The similarity score is based on the concept of distance between objects, which quantifies
the similarity, or dissimilarity, between observations in the data set. A relatively small

value of dw indicates similarity between materials.

Since there are limitations for predicting process performance by using PCA-SS, namely
the undefined sufficient size of material library, a regression model is needed by setting
the process performance as the response variable into the predictive model. Partial least
squares regression, also known as projection to latent structure regression, was used also
to correlate a number of predictor variables X with response variables Y by finding the
latent variables in the data set. The calculation of latent variables in the PLSR approach
takes into account the response variables so that the linear combinations have maximal

covariance[139].
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Since the experiment was designed to maintain the same feed rate, 8 kg/h, for each of the
different powders, the screw speeds will be different for each material due to the
differences in material properties. To take this variable into consideration, drive command
(percentage screw speed of the maximum screw speed) of each material was added into the
material properties library. Hence, the PLSR model was built up from 30 material flow

properties and one process parameter, drive command.

4.3. Results and discussion

Based on the material characterization results in Table 4-1, the material properties of
calcined zeolite (Material A) were found to be in-between the maximum values and the
minimum values of the other six test materials, which indicates that calcined zeolite’s flow
behavior is contained within the behavior studied and the model would not be used to
extrapolate to an under represented area. A Bartlett’s test of sphercity was first performed
to test the feasibility of applying principal component analysis to the material properties
dataset generated in this work. The P-value for the first four principal components are
smaller than 0.001, which means a principal component analysis can be used for the

reduction of this dataset.

To further illustrate the correlation and difference between materials and material
properties, principle component analysis was then performed on all seven materials. Figure
4-4a shows a 2D scores plot with the first principal component (PC-1) versus the second
principal component (PC-2), obtained from the principle component analysis. PC-1 and
PC-2 each capture 54% and 26% of the variance in material flow properties. Figure 4-4b
displays a 3D scores plot to visualize how different materials are distributed in projected

spaces, which adds PC-3 to the plot in Figure 4a.
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Refill experiments on all the materials were done first to obtain the results of three types
of deviations. Figure 4-5 shows the refill performance of each material in terms of ‘feed
rate vs time’, from which differences in all three types of deviations among seven materials
can be obtained and Figure 4-6 shows the quantified deviations of a) maximum deviation,

b) deviation time and c¢) % total deviation.

4.3.1. PCA followed by similarity scores (PCA-SS)

To identify the similarity/difference in material properties and potential refill performance
between different materials in the library, the weighted Euclidean distances between
materials in the scores plot of the PCA analysis were calculated based on the coordinates
on the first four generated principal components together with their weights. As shown in
Figure 4-7, taking Material A as the target material, the weighted Euclidean distance
between the target and the six other materials were calculated and sorted from the smallest

to biggest. Fine zeolite was found to be the closest material in distance to Material A.

To validate the results from PCA-SS, feeder refill experiments on fine zeolite and Material
A were then performed using the set up described in section 2.3. Figure 4-8 shows the
comparison of refill performance between Material A and Fine Zeolite, including all the
three types of deviations. Results show that Material A and Fine Zeolite have relatively
similar deviations which indicates that they have similar refill performance and it proves

the PCA-SS prediction.

4.3.2. Partial Least Squares Regression (PLSR)

To further evaluate the correlation between materials’ refill performance and material flow
properties, another multivariate analysis method, partial least squares regression, was used.

By setting material properties as ‘X’ variables and each quantified deviation as a ‘Y’
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variable, three PLS regression models were developed based on the six calibration
materials (excluding Material A). Then, Material A’s material properties were input into
the model and the three types of quantified deviation were predicted. Figure 4-9 shows the
comparison between the experimental values and PLSR-predicted values. Only minor
differences were seen between the measured and predicted values, for all the three types of
deviations, indicating that the predictive models had successfully built up the correlation

between material properties and the performance of the feeder during a refill process.

To further validate the model, each of the six calibration materials were selected to be the
new ‘Material A’, and the remaining six materials were used as the new calibration
materials to build up new PLSR models. After all materials were modeled, a full
comparison plot between measured values and predicted values was developed for all the
seven materials involved in this work, Figure 4-10. The slope of the ‘measured vs
predicted’ plots for maximum deviation was 0.9122, for deviation time it was 1.0242, and
for the percentage of total deviation it was 1.0415. The slopes were all close to one with R
squares higher than 0.9 and P-values much less than 0.05, which means that the predicted
values are in good agreement with the measured values and this model is good to be used
for prediction. This again proves that deviations in mass flow caused by hopper refill are
highly correlated to the material flow properties and that it is possible to predict these

behaviors.

Moreover, based on the PLSR model, the regression coefficient of each material property
can be obtained. Figure 4-11 shows the regression coefficient of each material property
for a) maximum deviation, b) deviation time, and c) total deviation. Material properties

with positive values indicate that they are positively related to the deviation, and vice versa.
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The regression coefficient plots acquired from the model point out that permeability,
conditioned bulk density, and shear cell properties were significantly correlated to
maximum deviation and deviation time; however, permeability, shear cell properties, and
particle size are the crucial properties to %total deviation. More materials and feeder
conditions will require investigation on feeder mass flow performance during a refill event
to further develop this regression model. A model with a more comprehensive material

database will be more accurate for prediction.

4.4. Conclusion

Two methodologies, PCA and PLSR, were utilized to develop predictive correlations
between material flow properties and the perturbations to mass flow experienced in loss-
in-weight feeders due to hopper refill. The method includes characterization of material
flow properties, characterization of feeder performance during hopper refill, and predictive
multivariate analysis. Six calibration materials, with varying flow properties, were first
characterized in terms of 30 specific material bulk property measurements. Two
approaches were discussed and compared in this work. The first was PCA-SS; the approach
was based on weighted Euclidean distances, calculated after performing the principal
component analysis on the entire data set. The bulk properties of the material that had the
shortest distance, in the PCA scores plot, to the material of interest, calcined zeolite, was
compared to and confirmed to have similar flow behavior to each other. The PLSR
approach further quantified the correlation between material properties and the deviations

caused by hopper refill.

This study showed that the feed rate deviations caused by the refill of the feeder hopper

were highly correlated with, and predictable from, bulk material properties. The predicted
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mass flow deviation results were, in general, in good agreement with the experimental
results. The work presented here has shown an efficient approach to correlate material
properties with process performance using multivariate analysis. Moreover, this study also
identifies the significant material flow properties for each type of deviation during hopper
refill. Therefore, potential mass flow deviations due to feeder refills can be forecasted,
based on the materials bulk properties, so that refills can be performed under selected

conditions that lessen the impact on the mass flow.

The model developed from this study can be especially powerful when the amount of a
given new material is limited, or if the new material is expensive or dangerous. This model
can be easily updated with more materials and properties input into the database. This
method can also be applied to process scale-up, validation and commercial manufacturing
in order to capture process knowledge and identify predictability by adding additional

performace measurements.

Future work should include testing of a wider range of material properties and include
additional feeder process parameters. Additionally, broadening the study to additional
feeders, both on different sizes and manufacturers, and performing the refill method on
feeders with different control algorithm, is desirable. Finally, reducing the number of
measurements by further identifying the essential properties for different processes would
be a significant improvement to reduce the number of characterization tests required to

perform the predictions.



4.5. Tables for Chapter 4

Table 4. 1: 30 material flow properties were tested for 7 materials including fine
alumina, fine zeolite, molybdenum oxide, satintone, lactose monohydrate, calcined

zeolite Y-655 (Material A) and zeolite.
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Fine Fine
alumi | Zeolit | Molybden | Satinto | Lactos | Y- | Zeolit
na e um oxide ne e 655 e
Compressibility@15
kPa 29.6 14.7 25.0 36.4 0.7 259 | 35.0
Conditioned Bulk
Density (g/ml) 0.3 0.9 1.4 0.5 21.0 | 0.3 0.3
Permeability 329 8.6 8.0 4.1 13.1 | 10.0| 4.9
Cohesion @ 3kPa 0.4 0.5 1.0 0.9 0.5 0.8 0.8
Unconfined Yield
Strength @ 3kPa 15 1.6 4.3 3.7 1.8 29 3.0
Major Principle
Stress @ 3kPa 5.5 4.4 7.2 7.2 5.5 6.0 6.2
Flowability @ 3kPa 3.7 2.8 1.7 1.9 344 2.1 2.1
Angel of Internal
Friction @ 3kPa 31.2 24.9 38.9 37.1 3.1 31.0 | 33.0
Cohesion @ 6kPa 0.8 0.5 1.5 1.2 0.8 1.2 1.8
Unconfined Yield
Strength @ 6kPa 2.6 1.6 6.3 5.0 29 4.2 6.3
Major Principle
Stress @ 6kPa 10.5 8.6 13.6 134 10.7 | 11.2 | 125
Flowability @ 6kPa 4.0 54 2.2 2.7 33.3 2.7 2.0
Angel of Internal
Friction @ 6kPa 28.7 254 39.6 38.5 3.7 31.1 | 31.2
Cohesion @ 9kPa 1.0 0.6 2.2 1.3 0.9 1.5 1.8
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Unconfined Yield

Strength @ 9kPa 3.3 1.7 8.9 5.3 3.5 5.3 6.5
Major Principle
Stress @ 9kPa 15.6 12.9 20.3 20.0 16.1 | 16.5 | 18.5
Flowability @ 9kPa 4.7 7.5 2.3 3.7 33.6 3.1 2.8
Angel of Internal
Friction @ 9kPa 28.6 23.8 36.9 37.5 46 |304 | 313
Cohesion @ 15kPa 1.4 0.5 2.5 1.0 1.1 1.8 1.7
Unconfined Yield
Strength @ 15kPa 4.6 1.5 10.5 4.4 4.3 6.5 6.4
Major Principle
Stress @ 15kPa 25.3 21.2 32.1 31.2 26.0 | 26.2 | 28.7
Flowability @
15kPa 5.5 14.2 3.1 7.2 341 | 4.1 4.5
Angel of Internal
Friction @ 15kPa 27.6 24.6 39.9 40.7 6.0 |31.1| 335
Basic Flow Energy 1338. | 234.
(mJ) 212.4 | 574.0 4218.5 858.7 5 5 |401.4
Stability Index 1.2 1.4 1.1 1.1 1.0 1.1 1.0
Flow Rate Index 1.9 1.7 1.3 1.5 1.4 2.0 1.7
Specific Energy
(mJ/g) 6.9 7.4 12.2 14.9 9.1 8.1 9.9
D10 1.0 0.9 0.8 0.9 10.3 | 0.8 0.8
D50 4.1 3.9 3.7 6.1 63.5 | 2.3 3.0
D90 11.5 5.8 10.3 21.1 1503 | 7.6 | 104
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4.6. Figures for Chapter 4

Refill
Hopper Valve

«

Figure 4. 1: Schematic of feeder components and refill strategy.

Volumetric
Control

Hopper Net Weight

A 4

Time

Figure 4. 2: Loss-in-weight feeder operating principle depicting the loss-in-weight
feeding cycle created by periodic hopper refill.
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Figure 4. 3: Methods for quantifying the deviation from setpoint: a) magnitude of the
maximum deviation, b) the time that the feed rate is out of specification, and c) the
percentage of total deviation over set amount.
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Figure 4. 4: a) A 2D plot based on PC-1 and PC-2 and b) a cubic score plot was used
to visualize how different materials are distributed in the projected spaces. The
coordinates of each material are shown as the scores of each principal component.
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Figure 4. 5: The feed rate deviation of the feeder caused by hopper refill vs. time of
(a) Fine alumina and Fine zeolite, (b) Lactose monohydrate and Satintone, (c) Zeolite,
(d)Molybdenum Dioxide (e) Calcined zeolite Y655 (Material A).
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Figure 4. 6: Measured (a) Maximum Deviation, (b) Deviation time, and (c) %Total
Deviation of 7 characterized materials.
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Figure 4. 7: Weighted Euclidean distance between Y-655 (Material A) and other
existing materials. Based on the concept of distance between objects in the reduced
dimensions, Fine Zeolite was identified to be the most similar material to Material A.



60

50

40

30

20

10

mY-655

B Fine Zeolite

144 1.89
e

Maximum Deviation

Deviation Time

0.0867

2 Total Deviation

82

101

10.08

1 0.06

0.04

1 0.02

Figure 4. 8: Comparison of Measured Maximum Deviation, Deviation Time and %
Total Deviation between Y-655 and Fine Zeolite.



601 [ Predicted
[ Measured

50 4

40 -

30 4

20 -

10 4

0 -
Maximum Deviation

51

Deviation Time

0.0927

% Total Deviation

0.10

0.08

0.06

0.04

0.02

0.00

83

Figure 4. 9: Comparison between predicted values and measured values of maximum
deviation, deviation time and % total deviation based on PLSR model.
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Chapter 5. Dampening Effect on Feed Rate Variation from
Downstream Unit Operations in Continuous Manufacturing

5.1. Introduction

Continuous manufacturing offers a number of economic and quality advantages over batch
processing [6-9] including higher production capacity, smaller equipment, and the
capability of implement of process analytical technology (PAT) and control system to
monitor the critical quality attributes (CAQs) and critical process parameters (CPPs) in real
time [10, 11]. Advancement in the development of equipment design, process analytical
technology, control systems, and modeling tools has facilitated the growing interest in
implementation of continuous manufacturing in major pharmaceutical companies around
the world. A draft guidance for industry has been provided by FDA on the quality
considerations for continuous manufacturing in 2019, and there are several FDA-and
EMA-approved products on the market which were being manufactured by continuous

manufacturing.

Loss-in-weight feeders are a vital component in manufacturing, as they are used to
correctly meter a given weight of material per time. They serve as the top unit operations
in the continuous manufacturing in order to maintain the target concentration of the API
and the process stability, but they are also the first unit operations that introduce variability
into the line due to material properties [21, 23, 72], design and operating conditions of the
feeder[121, 140, 141], hopper refilling operations [107], and unexpected disturbance from
the operating environment [24, 105]. Cohesive materials that tend to agglomerate, or entrap
air within the powder bed, will have lower ranges in feed rate than easy flowing, well

packing, material, per a given set up. Irregularity in bed density, due to entrapped air, can
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result in unstable flow rate and variability. Another issue with powders are electrostatic
effects, such as charge buildup, which can lead to material sticking to the exit of feeders,
or on any exposed surface. Periodic hopper refill of the feeders can also lead to inconsistent
and poor feeding performance[20]. These types variation in feed rates can then be

transferred down to succeeding unit operations and affect the quality of the final products.

Fortunately, one of the major advantages of continuous manufacturing systems is that
downstream equipment has been shown to be capable to filter the incoming variability in
powder feed rates by providing back-mixing in the continuous blender and the feed frame
in the tablet press, decreasing the risk of composition variation and improving content
uniformity [37, 67, 142-148], which is one of the critical quality attributes of finished
product. However, since as shown in the previous chapter composition variations from the
feeders depend on material properties, content uniformity in the final product can also be
affected by API flow properties, the design and operating conditions of the feeders and

continuous blender, and the feed frame in the tablet press.

Another advantage of continuous manufacturing is that it enables the monitoring of API
concentration during processing with suitable PAT implementation. Near infrared
spectroscopy (NIR) is one of the most commonly used analytical techniques in continuous
pharmaceutical manufacturing of solid oral dosage forms [149] and work have been
performed to develop the use of NIR to determine the concentration of powder blends, drug
content, hardness, moisture content in tablets and also dissolution profile[147, 150-155].
Typically, there are two locations have been reported to implement NIR to evaluate the
powder blend uniformity in the continuous manufacturing, one is in the transition chute

where the powder discharges from the continuous blender before entering the feed frame
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[11, 150, 151, 156, 157], and the other is he feed frame in the tablet press before the blends

enter the press dies [149, 158-160].

Previous work has examined the mixing effect from the blender and the feed frame and its
effect on blend uniformity before and after these two processes. Dubey et al. identified the
back mixing effect of the continuous blender due the backward facing blades and the
impact of process parameters on critical attributes of a continuous blender [161]. Dalvi et
al. studied the mixing effect of the feed frame by monitoring the Ibuprofen’s concentration
during and after tablet compression [162]. Simulation work on powder flowing in a lab-
scale feed frame to investigate the design and operating parameters on measures of tablet
quality has been performed by Ketterhagen [163]. Ward et al. performed a blend potency
study in feed frame using NIR involving the study of mixing dynamics in the feed
frame[164]. However, there is still a lack of work regarding how blend homogeneity
measured at the inline monitoring point and final product quality react to different levels
of disturbance from the feeders, and the effects of various process parameters such as

blender speed and total throughput.

The work described in this chapter provides the comparison between the blend uniformity
in the inline monitoring point (chute) and the content uniformity in the tablets when
different levels of disturbance are applied to the API feed rate with two different
formulations of low dosage and high dosage of API concentration. Effect from hopper refill
operations on APl and major excipient were also involved to mimic the perturbations that
may occur during actual production. Moreover, the effect from different blender speeds

and different total throughputs were also studied. The method and results of this work can
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be applied to the optimization of PAT implementation and the risk assessment of

continuous pharmaceutical manufacturing.

5.2. Materials and Methods

This work was performed in the continuous manufacturing platform of direct compaction
(DC) at the Engineering Research Center for Structured Organic Particulate Systems
(ERC-SOPS) laboratory. A schematic of the composition of the platform is shown in

Figure 5-1.

5.2.1. Materials

5.2.1.1. High dosage formulation

A commercially available formulation was used for the study of high dosage formulation.
The formulation consists of four materials including API X (Janssen Ortho LLC- Gurabo),
Silicified MCC Prosolv 90 (JRS Pharma), Crospovione (Ashland) and Magnesium stearate
(FMC Corporation). With a total throughput of 40 kilograms per hour, the detailed
composition of the formulation and the target feed rate values for each raw material are

shown in Table 5-1.

5.2.1.2. Low dosage formulation

For low dosage study, the formulation was designated with a commonly used API,
Acetaminophen (Powder Grade APAP, Mallinckrodt Pharmaceuticals). The other three
materials in the low dosage formulation are the same as those in high dosage, Silicified
MCC Prosolv 90 (JRS Pharma), Crospovione (Ashland) and Magnesium stearate (FMC
Corporation). A total throughput of 40 kilograms per hour was first evaluated and then a

study of effect of throughput was conducted with two more throughputs, 20 kilograms per
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hour and 30 kilograms per hour. A breakdown in drug composition and target value of feed

rates are shown in Table 5-2.

5.2.2. Unit operations

The continuous manufacturing platform used in this work consists of three levels. Four
twin screw loss-in-weight feeders including three KT20 and one KT35 (Coperion K-Tron
Pitman, Inc. Sewell, NJ, USA) are located on the top level to feed 4 components in the
formulation into the system. The numbers 20 and 35 indicate the diameter of a screw in
millimeters. A larger diameter results in larger feeding capacity. The feeder delivers
powder materials in gravimetric mode, which operates a gravimetric controller that
acquires signals from the weighing platform as a function of time and screw speed. By
calculating the weight loss reported by the weighing platform, the controller can determine
the instantaneous feed rate, compare the calculated results to the target setpoint, and adjust
the speed of the screw that dispenses the powder form the feeder to make the mass flow
achieve the target setpoint. The feeders’ control boxes were connected to a laptop, which
was used to record multiple feeding performance parameters. Values recorded include
time, setpoint, mass flow (the instantaneous feed rate calculated by the feeder’s controlling
system), initial feed factor (kg/h), average feed factor (kg/h), screw speed, drive command
(the percentage of instantaneous screw speed compared to the maximum screw speed), net
weight, and perturbation value. These feed streams are then connected to a continuous
blender (Glatt GCG-70) on the middle level. The raw materials are continuously fed to the
inlet port of the blender where they are mixed and discharged from the outlet port. The
continuous blender is a single screw convection blender configured with multiple blades

where the impeller is fitted with 24 evenly spaced blades. Eight blades (1/3rd) on both ends
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of the impeller are angled forward, while the middle 1/3rd are alternated forward and
backward to add back-mixing to the powder stream. The blends then flow through a vertical
installed chute which consists of a stainless-steel pipe with a 3-inch internal diameter
partially flattened to form a rectangular interface. A Near-infrared (NIR) spectroscopic
probe Bruker Matrix (Brucker Corporation, Billerica, MA, USA) is positioned in a 3-inch
diameter sensing interface on the chute for real time measurement of blend uniformity of
the drug substance in the powder blend. Powder blend is then conveyed to a rotary tablet
press FETTE 1200i (Fette Compacting America, NJ, USA) on the bottom level with a Fill-
O-Matic three chamber and two-level feed frame. A feed frame is a mechanical device
used to force-feed powders into tablet press dies which also provide back-mixing to the
incoming powder blend to improve blends uniformity. The blend finally then fills in dies

and is subsequently compressed to 600 mg tablets.
5.2.3. Multivariate analysis and model build-up

5.2.3.1. In-line NIR spectral acquisition

In-line NIR spectra were acquired using a Bruker Matrix spectrometer (Bruker corporation,
Billerica, MA, USA). The probe of NIR spectrometers was attached on the chute which
connected after the continuous blender and within tablet press feed frame. The probe was
orthogonal to the powder flow to ensure scanning flowing powder as much as possible.
The spectra were collected in reflectance mode under a spectral range of 4000-12000 cm*
and resolution of 64 cm™. For each spectrum, a total of 32 scans were obtained and
averaged. The acquisition time for this setting is approximately 5.0 s. The control software

is Opus 7.2 and used for continuous spectral acquisition process.
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5.2.3.2. Tablets NIR spectral acquisition

The transmission NIR spectra of tablets were obtained by using a Multipurpose Analyzer
(MPA), Fourier Transform Near Infrared (FT-NIR) Spectrometer (Bruker Optics;
Billerica, MA), which was equipped with an InGaAs-detector and tungsten light source.
The setting of MPA was 32scans in range of 5800-12500 cm-1 at a resolution of 64 cm-1.
The tablets were placed in the sample wheel for continuous analyzing by using OPUS-Lab
tools which is one analyzing package from OPUS software. The spectra of tablets
corresponded with the timeline of tablets manufactured. This helped to correlate In-line

spectra and tablets spectra.
5.2.4. Experimental design

5.2.4.1. Residence time distribution (RTD)

The step change method (concentration vs. time) can be mathematically fit to a Taylor
dispersion model to determine the RTD using a least squares approach. The functions for
the Taylor dispersion model and those used to calculate the mean residence time (MRT or
1), mean centered variance (MCV or ¢2), and the standard deviation (SD or o) for the

residence time distribution are provided below.

1/2 . .
C(e,0) = %e—Pe(s—H)z/él-H Taylor Dispersion Model

Where Co is the initial concentration of the pulse, Pe is the Peclet number (ratio of

convection to diffusion), € is the relative location to the end of the mixer, and 6 = t_:o,

where t is time, to is a time delay and t is the Mean Residence Time. These quantities are

defined by the following equations (insert references):
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MRT T= [TtE(t)dt Equation 5-1
MCV o2 = [t —1)2E(t)dt Equation 5-2
SD 0; = +/OF Equation 5-3

Using the residence time distribution, time of the step changes at the exit of the blender
could be discovered. By knowing the time point and combining the feeder and NIR results,
the concentration of API at the blender exit during the step changes can be monitored.
Tablets were also collected every 5 second for each run, and off-line NIR analysis were
performed on the tablets to further investigate RTD of the line, assuming the change in

concentration is distinguishable from the normal noise of the line.

The experimental design used to determine the residence time distribution was based on
the high dosage formulation. The design is based on 5 factors and 3 levels. The API and
Prosolv particle size, blender rpm, feed frame rpm, and throughput were each varied based
on a target, high, and low operation value. The experimental design contains 7 runs with
coarse grade API, 6 runs with target grade API, and 7 runs with fine grade API. For the
14 runs that will be performed with either coarse or fine grade API, the step changes will

be done as follows:

1. Each experimental run was start at 95% API concentration.

2. The concentration step change will be a step up for the API concentration, to 105%.

For the 6 runs that will be performed with target grade API, the step changes will be done

as follows:

1. Each experimental run will start at 95% API concentration
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2. The concentration step change will be a step up for the API concentration, to 105%

3. The concentration will be stepped down back to 95% API

The detailed design of experiments is shown in Table 5-3

5.2.4.1. Designated step changes

Loss-in-weight feeders’ performance and consistency was first separately verified with
each active and inactive material for both high and low dosage formulation. Off-line feeder
experiments were performed using a dynamic catch scale which used an electronic balance
positioned at the outlet of the feeder to measure mass change as a function of time. Initial
relative standard deviations in normal gravimetric feeding (during steady state) for both
APIs were obtained and applied to further in-line evaluation. After the offline feeder
performance evaluation results were acquired, feeders were implemented into the
continuous platform top level. Each individual material was loaded to and fed from an
individual feeder with the selected optimal tooling, as shown in Table 5-4. Inline feed
factor calibration was performed on each feeder before starting the line. Feeders were
started at each target setpoint while blender running at the target speed to fill up the chute

to a certain level, then the tablet press was started.

To simulate the situation when there is a significant perturbation to the feeder during
continuous production, when loss-in-weight feeder is out of specification, step changes in
API percentage, in this case - feeder’s setpoint, were designated based on three levels of
duration together with three levels of intensities while the line reaches steady state, which
can be monitored by inline NIR and tablets’ characteristics. Step changes with three levels
of duration contain 30 second, 1 minute and 2 minutes of step-up in API setpoint for both

low dosage and high dosage studies. Three levels of step-up intensities contain 5 %, 10%
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and 15% for high dosage study and 10%, 15%, 20% for low dosage study. As shown in
Figure 5-5, examples of step changes in high dosage API setpoint were demonstrated. The
API feeder was first started with the target feed rate and after reaching the steady state of
production, a 5 % step-up was performed for a 30 second duration and then step back down
to the target feed rate, similar procedures were done for a 10 % step-up and a 15 % step up
in Figure 5-5. Durations of 1 minute and 2 minutes also followed the same operation as for

30 second.

After a period of time (delay time), the deviated API percentage step-ups showed up in the
blends after coming out of the continuous blender and reaching the chute, where the NIR
probe is positioned and scanned every 4.5 second. To study the residence time distribution
(RTD) study in this specific continuous manufacturing line, the probability distribution
function that describes the length of time the materials spend in the system was developed
with a delay time and new dose time. Delay time was defined as the time required for the
concentration in the chute to start changing after feeder setpoint changes, and the new dose
time was to analyze the time required for the step change to reach a steady state of
production at the new concentration. Figure 5-6 shows the measurement of delay time and
new dose time. Then, the perturbed powder blend continued to flow down to the feed frame,
which provided back-mixing to filter the deviation in concentration and the powder blend
was finally distributed to the dies in the tablet press and was compressed into tablets.
Tablets were collected every 30 seconds until the steady state of production was reached
and were then collected every 5 seconds until reaching steady state again or the termination
of production. Off-line tablet content uniformity tests were performed using the MPA.

Prediction models that converted spectra signal to API concentration for both in-line and
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off-line NIR analysis were built prior to the step change tests, which is demonstrated in
Section 2.3. By comparing the maximum deviation results (the point with the maximum
deviation in API percentage to the target point) of predicted API concentration during step
changes, the back-mixing ability and capacity of a continuous blender and a feed frame

could be obtained.

5.2.4.2. Hopper refilling

Hopper refilling for feeders in the continuous manufacturing is inevitable. There are two
modes of operation for loss-in-weight feeders: gravimetric (loss-in-weight) mode while
feeding/dispensing and volumetric mode during the material hopper refill cycle. A refill to
the feeder hopper is triggered when the amount of material left in the feeder hopper reaches
the established minimum hopper refill setpoint. By the damping of powder into the feeder
hopper when the feeder is running in volumetric model with no control system, a significant
deviation in feed rate could appear, which is highly correlated to refill level, powder flow

property and feed rate based on previous experience.

Similar to the step change study, API concentration deviation caused by rapid hopper refill
was also studied in this work with the high dosage formulation. The hopper refilling study
was evaluated at three different refill minimum levels for both API X and the major
excipient, Silicified MCC. The maximum hopper capacities for both API X and Silicified
MCC were first determined with filling in a full hopper of material with the maximum
hopper weight recorded. Then, 20 %, 40%, 60 % and 80% of hopper level were determined
based on the portion of the maximum hopper weight, each of which was then assigned as
the minimum hopper refill setpoint. When hopper level reached the pre-set minimum

setpoint during steady state of production, the feeder automatically switched to volumetric
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mode and a manually pitch refill with a pre-weighted amount of material was performed
within 10 seconds. Spectra scanning and tablet collecting strategy followed the same

protocol as the study of designated step changes.

5.2.4.3. Blender speed and total throughput

Based on previous work, blender speed and total throughput of production also have critical
impact on the residence time distribution of the powder flow in the continuous
manufacturing line. Therefore, to obtain a more comprehensive idea of the filtering effect
on feed rate deviation from downstream unit operations, three different blender speeds (150
rpm, 200 rpm, 250 rpm) and three total throughputs (20 kg/h, 30 kg/h and 40 kg/h) were
also added to the study of low dosage formulation with the maximum combination of step
changes: 20 % step-up and 2 min. This work also followed the same protocol as the step
change and hopper refilling studies. In addition to compare the maximum deviation,
deviation time (from the appearance of first deviated API concentration point to the end of
deviation) was also added to the analysis for this study, since the residence time distribution

had significant difference between different settings of blender speed and total throughputs.

5.3. Results and discussion

The initial point of this study was to characterize the off-line API’s feeding performance
as to be applied to the inline characterization. With the feeder, tooling and feed rate used
in this work, API X in high dosage formulation has an original relative standard deviation
(RSD) of 4.3% and powder APAP in low dosage formulation has a RSD of 4.0 %, which
means that even if there is no perturbation or any designated disturbance to the feed rate,

those RSD in feed rate would occur anyway mostly due to the material flow properties.
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5.3.1. Development of NIR calibration models

The quantitative multivariate models for blends and tables were developed by using
Unscrambler 10.4 (CAMO Analytics, NJ, USA). The basis for the development of a good
model is the AP1 homogeneity of the blends and tablets. To ensure all spectra used for the
model development indicate the aimed API concentration, the following steps were
applied: do the pretreatment for all calibration spectra, then a principal component analysis
(PCA) was performed, and the central spectra of each API concentration were selected.
The selected spectra were expected to represent the desired bulk API content. After picking
out the spectra, a partial least squares (PLS) regression model was established to predict

the API concentration.

The pretreatment methods for in-line blends were the first-order derivative with Savitzky-
Golay smoothing (7598-5346 cm-1, second polynomial order, kernel: 5 points) followed
by standard normal variate (SNV, 7598-5346 cm-1). A total of 200 in-line spectra were
used to develop the calibration model, and 60 spectra (10 from each concentration level)
were used to validate it. The PLS model was developed in the spectral ranges of 7598-5346
cm-1, within the API groups were well separated and equidistant (as shown in Figure 5-2).
The model consisted of two latent factors which explained 98% of the X-Y correlation with
an R? = 0.9727 for prediction, a root mean square error of cross validation RMSECV =
0.2236, and root mean square error of prediction RMSEP = 0.2645 (as shown in Figure 5-

3).

The multivariate PLS model for tablets was developed by using a total 60 spectra (10
spectra per concentration level) and the combination pretreatment of firs-order derivative

with Savitzky-Golay smoothing (9203-8601 cm-1. second polynomial order, kernel: 5
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points) and SNV (9203-8601 cm-1). The Y-variance explained by the two PLS factor
model was 98 % (as shown in Figure 5-4). Finally, the R2 for the tablet calibration model
is 0.9744 and the RMSECYV is 0.2158. The RMSEP calculated from 18 validation spectra

(3 for each level) is 0.2128.

5.3.2. Delay time and new dose time

The delay time was collected from each of the 20 runs, and statistical analysis was
performed on the data. The operational conditions and the recorded values of the delay

times appear in Table 5-5.

ANOVA was performed on Table 5-5, and results appear in Table 5-6 and Figure 5-7.
Chute step up delay time is independent of the feed frame speed; therefore, the feed frame
speed parameter was eliminated from the statistical analysis. ANOVA results indicated
that throughput had the highest effect on the delay time. As the throughput increases the
delay time decreases linearly. This result is straightforward, as material passes faster
through the system, the time the material passes through the blender would also be shorter.
The blender speed is also a significant term in the model, the main effects plot shows a
slight curvature, where the target blender speed, 150 RPM, had the smallest average delay
time, and the 100RPM setting had the largest delay time. This result is intuitive, as the
paddles of the blender move faster, the powder will be pushed through the blender faster,
and the time will be shorter. The grade of the API X and the main excipient, Prosolv, did

not have a significant effect on the delay time.

5.3.3. Designated Step Changes

As described in 5.2.4.1, three levels of step-up intensities and three levels of duration for

each intensity were applied to both high dosage and low dosage studies. Figure 5-8 shows
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the API concentration at the chute when blends coming out of the blender for the high
dosage study. The concentration was predicted from the calibration model. Four different
designated step changes are shown in the plot, including ‘5% 1min’, ’10 % Imin’, ’15 %
Imin’ and ’15 % 2min’. A tolerance interval was designed as +10 % of the target
concentration which are the green and red lines. An example of the step-change from feed
rate is colored in blue in the plot. As shown in Figure 5-8, only ‘5% Imin’ has all its data
points falling in between the tolerance interval, while all the other three designs have points
locating outside the higher limit line. Table 5-7 shows the maximum deviation results to
the target concentration for all the 9 (3*3) designated step changes. Results show that for
a 5 % step-up with all the three durations, the maximum deviations fall into the tolerance
limit, while for the other two intensities, none out of the 6 combination pass the
qualification, which means in a real production line with only monitoring the API
concentration at the point of chute, those six combinations will trigger the divert valve and
all the blends/tablets, during this disturbed period or even longer, will be considered out-

of-specification and sent to waste.

However, as mentioned above, there is another back-mixing point after the chute that will
can help smoothen the deviation and improve the tablet uniformity, and that is the feed
frame. Figure 5-9 shows the concentration of API in the tablets for the same four designated
step changes. The target concentration in the prediction has a shift from 52.5 to 55.7 due
to the error of the predicting model and the rejection limits were designated accordingly.
Different from the ‘Chute’ results, the API concentration in all the tablets are within the
tolerance limits, even for ‘15% 2min’, which is the highest combination design. Table 5-8

shows the maximum deviation in APl concentration in tablets for the 4 combinations. Since
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the highest combination pass the tolerance qualification, and due to the unavailability of
the MPA device, the author chose not to do the tablets uniformity tests for the remaining 5

combinations, which are marked as ‘N/A’ in the table.

A similar experimental design was applied to the low dosage study, to validate the filtering
capacity of downstream units. The only difference is that 10 %, 15 % and 20 % were used
for the three step-up levels, instead of 5 %, 10 %, 15 % for the high dosage study. Figure
5-10 shows the example of API concentration results for *10 % 30s’, 15 % 30s’, ’15 %
Imin’ and ‘20%, 2min’ tested at the chute after the blends coming out of the blender, where
10 % concentration tolerance limits are marked in blue and green lines. Table 5-9 shows
the maximum deviation results for all 9 (3*3) combinations. Results show that the
maximum deviation ranges between 15.2 % and 29.4%, which means even for the lowest
designated step change, the maximum deviation is around 5.2 % above the tolerance limit
and for the highest step change, there is a nearly 30 % maximum deviation that can be
observed at the chute monitoring point. Regarding tablet results, Figure 5-11 shows the
API concentration in tablets based on the same step changes discussed in Figure 5-9. All
data points fall within the tolerance limits, even for the highest step change. Table 5-10
shows the detailed results for all 9 combinations. Again, the maximum deviation in API
concentration in tablets due to the designated step changes are all within the limits, which

means they all pass the qualification.

The designated step change studies for both high dosage and low dosage formulations
prove and validate that both continuous blender and feed frame has the ability to filter the

API concentration variation due to perturbation or disturbance from feeder’s feed rate.
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Surprisingly, the feed frame was found to have a better filtering capacity for variations and

can efficiently maintain the tablet uniformity if there is disturbance in the production.

5.3.4. Hopper refill

Hopper refilling is a critical operation to continuous manufacturing, which could cause
perturbations to feeder and lead to disturbance in feed rate. Therefore, the refilling strategy
and the understanding of the disturbance it would bring to the downstream unit operations
and final products is critical. Previous research has established a good understanding of the
feed rate deviation caused by hopper refill. Refilling a feeder at a higher hopper level and
at a higher feed rate may result in a lower deviation and shorter deviation time compare to
refilling a feeder at a lower hopper level and at a lower feed rate. Also, materials with good
flowability (i.e. high permeability, low cohesion) have better performance during hopper

refill than poorly flowing ones.

Similar to designated step change studies, hopper refill work focuses on realistic and
evitable perturbations during continuous production. This work used the high dosage
formulation on the AP1 X and one of the excipients, Silicified MCC. Three levels of hopper
refill level were applied to both materials. Table 5-11 shows the maximum deviation results
based on the inline NIR API concentration prediction at the chute according to APl X and
silicified MCC hopper refills. Hopper refills cause a period of increase in feed rate and as
a result the refilling of Silicified MCC caused the API concentration to drop. Therefore,
the numbers of APl maximum deviation for Silicified MCC refilling are negative. Results
show that the maximum deviation tested at the chute point follows the same trend as feeder
offline refilling study: lower refilling level causes higher maximum deviation. For the case

study examined here, hopper refilling of major excipients a has bigger impact on API



105

concentration than refilling of API, which caused a significant concentration drop in the

blends coming out of the blender.

Table 5-12 shows that when the maximum deviation in APl concentration occurred in
tablets, the numbers do not strictly follow the trend since the deviation in tablets is small
(all the numbers are below 3 %) and can be neglected. Therefore, although the refilling of
both API and major excipients feeders caused disturbance in API concentration into the
line, eventually the feed frame has the ability to filter the variation before it goes into the
tablets. Figure 5-12 shows a comparison between all the hopper refills performed in this
study, which shows that feed frame has a good filtering capacity to dampen the API

concentration variation occurring in the line.

5.3.5. Blender speed and total throughput

Based on previous work, blender speed and total throughput have a major impact on the
residence time distribution of the materials flowing in the line. Therefore, it is also
important to include those factors in this work. This section of the work was performed
with the low dosage formulation with three levels of blender speed: 150 RPM, 200 RPM,
and 250 RPM and three levels of total throughput: 20 kg/h, 30 kg/h, and 40 kg/h. The step

change method was used in this study with the highest combination of *20%, 2min’.

Figure 5-13 shows the API concentration as monitored in real time at the chute point for
three different blender speeds. Table 5-13 shows the results of maximum deviation and
deviation time for API concentration at the chute. The results show that with higher blender
speed, the maximum deviation is higher than that of lower blender speed; however, it
required a longer time for the deviation to diminish. This is because that materials have

higher mean residence time in the continuous blender with a lower blender speed, which
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means the blender has a more sufficient time to back-mix and smoothen the deviated
feeding. Figure 5-14 and Table 5-14 shows the API concentration during the blender speed
study, and the results of maximum deviation and deviation time in the tablets were
collected. Same trend can be observed as in the chute, while the feed frame again filtered
the deviation to a lower level for all the three blender speeds. Figure 5-15 shows the
combined results of both chute and feed frame in the tablets. A significantly higher
maximum deviation was displayed in the chute results compared to the tablets, which again

proves the feed frame’s efficient effect to filter the deviation.

Figure 5-16 shows the API concentration monitored at the chute with three different total
throughputs and Table 5-15 shows the results of maximum deviations and deviation time
in API concentration. The results show that running with a higher throughput had a higher
maximum deviation and lower deviation time than running at a lower throughput. Lower
throughput gave materials more time to stay in the back-mixing zones and therefore results
in a smoother but wider curve with a lower peak. Again, the same trend was observed in
the tablets as shown in Figure 5-17 and Table 5-16. Figure 5-18 shows combined results
of the maximum deviation and deviation time in API concentration for the total throughput
study. Both the blender and the feed frame have good abilities to filter the variation from

the feeder where the feed frame’s filtering capacity is more substantial.

5.4. Conclusions

In this work, a continuous pharmaceutical manufacturing process of direct compaction was
utilized to evaluate the dampening effect on feed rate deviation from the feeder by
downstream unit operations. This work has determined that blender speed and total

throughput are the major factors that have significant impact on the delay time on real time
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monitoring point at the chute after the continuous blender when disturbances or changes in
concentration occur on instantaneous mass flow rates due to feeder perturbations. Inline
PLS offline PLS calibration models on two different formulations with two different API
dosages have been developed and utilized to monitor the inline and offline API

concentration.

Designated step changes on API feeder were used to mimic the unexpected disturbance on
feeder. How disturbance from hopper refill process on both API feeder and major excipient
feeder transferred to downstream and final products were also investigated in this work. In
addition, the effect of different blender speeds and total throughput has also been added to

fully evaluate the filtering ability from operational conditions.

The experimental results for both formulations have proved that both the continuous
blender and the feed frame in the tablet press are able to filter the variation in feed rates
and thus improve the content uniformity of final products, where the feed frame plays a
more significant role on filtering the variation after the monitoring point at the chute after
continuous blender. From the blender speed and total throughput study, the results
demonstrated that higher blender speed and higher total throughput contributed to a lower
residence time, which reduce the back-mixing time of the blends and resulted in a higher
maximum deviation, compared to lower blender speed and lower total throughput, which
allowed the powder blends stay in the downstream unit operations with a longer time.
However, higher blender speed and total throughput has the ability to shorten the total
disturbance time compared to lower blender speed and total throughput, which is because
the mass of the powder blends were transferred faster in the downstream unit operations.

The dampening ability from downstream unit operations depends on the design of each
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unit operation and the whole manufacturing process. This work can provide a better
knowledge of the interaction between feeder and downstream units which can be helpful
with the design of feeder refill strategy, control strategy and alerting system of a specific
design of the manufacturing process. Results reported in this work can help identify the
best location for PAT implementation, which can help save a significant amount of
materials. For example, placement of the NIR sensors in the chute would completely miss
the beneficial effects of the feed frame on blend uniformity and could cause the line to
trigger unwarranted alarms regarding non-existent failures. This work can also be applied

to risk assessment during production.



5.5. Tables for Chapter 5
Table 5. 1: High Dosage Composition and Material Target Feed rates
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Material Name Composition (%) Target Feed Rate (kg/h)
Silicified MCC 45.24 18.096
Magnesium Stearate 0.74 0.296
API X 52.02 20.808
Crospovidone 2.00 0.800

Total Throughput 40.000
Table 5. 2: Low Dosage Composition and Material Target Feed rates (FR)

Material Name Composition % Target FR Target FR Target FR
Silicified MCC 92.00 18.400 27.600 36.800
Magnesium Stearate  1.00 0.200 0.300 0.400
API X 5.00 1.000 2.000 3.000
Crospovidone 2.00 0.400 0.600 0.800
Total Throughput 20.000 30.000 40.000
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Table 5. 3: The designed experimental runs

Run Order | Prosolv PSD | Darunavir PSD | Throughput | Blender | Feed Frame
(kg/hr) Speed | Speed (RPM)
(RPM)
1 0 0 0 0 0
2 -1 -1 1 1 1
3 -1 1 1 -1 0
4 1 -1 1 1 -1
5 1 1 -1 -1 -1
6 0 1 1 1 1
7 0 0 0 0 0
8 0 -1 -1 -1 -1
9 1 -1 -1 1 0
10 1 0 1 -1 1
11 -1 0 -1 1 -1
12 1 1 1 0 -1
13 0 0 0 0 0
14 -1 1 0 1 -1
15 -1 -1 -1 0 1
16 1 -1 0 -1 1
17 1 1 -1 1 1
18 -1 1 -1 -1 1
19 -1 -1 1 -1 -1
20 0 0 0 0 0




Table 5. 4: Feeder and Tooling for Each Component
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Material Name

Loss-in-weight Feeder

Tooling

API X
Magnesium Stearate
Silicified MCC
Crospovidone

Acetaminophen

KT-20 Type B gear-box
KT-20 Type C gear-box
KT-35 Type C gear-box
KT-20 Type C gear-box

KT-20 Type C gear-box

Coarse Concave Screws
Fince Concave Screws
Coarse Concave Screws
Fine Concave Screws

Fine Concave Screws
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Table 5. 5: Operating Conditions and Delay times for each of the 20-point DoE runs.

Operating Conditions - Inputs Responses -
CHUTE
Run # Throughput Blender Feed Darunavir Prosolv Delay Time
RPM Frame grade Grade (seconds)
RPM
1 0 0 0 0 0 34
2 1 1 1 -1 -1 25
3 1 -1 0 1 -1 50
4 1 1 -1 -1 1 22
5 -1 -1 -1 1 1 67
6 1 1 1 1 0 18
7 0 0 0 0 0 37
8 -1 -1 -1 -1 0 61
9 0 1 0 -1 1 52
10 1 -1 1 0 1 47
11 -1 1 -1 0 -1 52
12 -1 0 -1 1 1 31
13 0 0 0 0 0 33
14 0 1 -1 1 -1 52
15 -1 0 1 -1 -1 58
16 0 -1 1 -1 1 55
17 -1 1 1 1 1 45
18 -1 -1 1 1 -1 59
19 1 -1 -1 -1 -1 25

N
(=]
o
o
o
o
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Table 5. 6: Response Surface Regression: Delay Time (seconds) in Chute versus
Process Parameters and Material Properties

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Model 7 321781  459.69 6.41 0.003
Linear 4 273205 683.01 9.52 0.001
Throughput 1 2039.02 2039.02 28.43 0.000
Blender RPM 1 450.39 450.39 6.28 0.028
Darunavir grade 1 10.26 10.26 0.14 0.712
Prosolv Grade 1 0.38 0.38 0.01 0.944
Square 1 564.15 564.15 7.87 0.016
| Blender RPM*Blender RPM 1 56415 564.15 7.87 0.016
2-Way Interaction 2 409.02 20451 2.85 0.097
Throughput*Darunavir grade 1 16484 164.84 2.30 0.155
Darunavir grade*Prosolv Grade 1 11256 11256 1.57 0.234
Error 12 860.74 71.73
Lack-of-Fit 9 835.74 92.86 11.14 0.036
Pure Error 3 25.00 8.33
Total 19 4078.55

Model Summary

S R-sg} R-sq(adj) JR-sq(pred)

8.46927 78.90%| 66.59%

22.20%



Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 33.78 3.64 9.29 0.000

Throughput -13.59 2.55 -5.33 0.000 1.17
Blender RPM -5.71 2.28 -2.51 0.028 1.02
Darunavir grade -0.88 2.34 -0.38 0.712 1.07
Prosolv Grade -0.17 2.35 -0.07 0.944 1.08
Blender RPM*Blender RPM 12.64 451 2.80 0.016 1.19
Throughput*Darunavir grade 4.40 2.90 1.52 0.155 1.24
Darunavir grade*Prosolv Grade  -3.44 2.75 -1.25 0.234 1.26

Regression Equation in Uncoded Units
Delay Time (seconds) = 33.78 - 13.59 Throughput - 5.71 Blender RPM - 0.88 Darunavir grade

- 0.17 Prosolv Grade + 12.64 Blender RPM*Blender RPM
+ 4.40 Throughput*Darunavir grade

- 3.44 Darunavir grade*Prosolv Grade

Fits and Diagnostics for Unusual Observations

Delay Time
Obs (seconds) Fit Resid Std Resid
6 18.00 30.64 -12.64 -223 R
Magnitude of the effects

Term T-Value
Throughput -5.33
Blender RPM*Blender RPM 2.8
Blender RPM -2.51
Throughput*Darunavir 1.52
Darunavir grade*Prosolv Grade -1.25
Darunavir -0.38

Prosolv Grade

-0.07
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Table 5. 7: Maximum Deviation in APl Concentration Results in the Chute According
to Feeder Step Changes for High Dosage Step Change Study

30s Imin 2min
5% 75 8.4 9.2
10% 11.7 13.1 13.9
15% 13.7 14.9 16.1

Table 5. 8: Maximum Deviation in APl Concentration Results in Tablets According
to Feeder Step Changes for High Dosage Study

30s 1min 2min
5% N/A 2.3 N/A
10% N/A 13.1 N/A
15% N/A 75 8.7

Table 5. 9: Maximum Deviation in APl Concentration Results in the Chute According
to Feeder Step Changes for Low Dosage Step Change Study

30s Imin 2min
10% 15.2 174 175
15% 16.4 22.2 26.6

20% 18.2 27.5 29.4




116

Table 5. 10: Maximum Deviation in APl Concentration Results in Tablets According
to Feeder Step Changes for High Dosage Study

30s Imin 2min
10% 1.2 2.0 3.4
15% 4.4 6.4 7.5
20% 55 5.7 9.2

Table 5. 11: Maximum Deviation in APl Concentration Results in Chute According
to Hopper Refill for High Dosage Study

60%-80% 40%-80% 20%-80%
API X 3.5 5.5 5.4
Silicified MCC -6.1 -6.9 -9.2

Table 5. 12: Maximum Deviation in APl Concentration Results in Tablets According
to Hopper Refill for High Dosage Study

60%-80% 40%-80% 20%-80%

API X 1.1 1.8 1.2

Silicified MCC -1.5 -2.5 -1.8
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Table 5. 13: Maximum Deviation and Deviation Time in APl Concentration Results
in Chute According to 20% deviation in feed rate for 2 minutes with different blender
speeds.

150 RPM 200 RPM 250 RPM

Maximum Deviation (%) 29.4 30.3 36.4

Deviation Time (S) 126 117 99

Table 5. 14: Maximum Deviation and Deviation Time in APl Concentration Results
in Tablets According to 20% deviation in feed rate for 2 minutes with different
blender speeds.

150 RPM 200 RPM 250 RPM
Maximum Deviation (%) 9.2 12.0 14.0
Deviation Time (s) 70 50 50

Table 5. 15: Maximum Deviation and Deviation Time in APl Concentration Results
in Chute According to 20% deviation in feed rate for 2 minutes with different total
throughputs.

20kg/h 30kg/h 40kg/h

Maximum Deviation (%) 15.9 20.2 29.4

Deviation Time (s) 180 144 126
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Table 5. 16: Maximum Deviation and Deviation Time in APl Concentration Results
in Tablets According to 20% deviation in feed rate for 2 minutes with different total
throughputs.

20kg/h 30kg/h 40kg/h

Maximum Deviation (%) 3.4 5.6 9.2

Deviation Time (S) 130 90 70




5.6. Figures for Chapter 5
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Figure 5. 1: Schematic of the continuous manufacturing design of direct compaction

used in this work.
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Figure 5. 2: In-line blends calibration model spectra after pre-treatment: second-
order derivative with Savitzky-Golay smoothing.

Scores
0.2, (a)
-f L
Ll I
= - h v m35%
= - e Tl ®4.5%
N - gn e ¢ vy A55%
.y E" g W % .“i,_" t 5 6%
é ‘.l s g’ “a 4 Tv' v ¥ 6.5%
8 " % A 7.5%
L 0.1 N S
Ak
-0.2 : . . .
-1 -0.5 0 0.5 1

Factor-1 (70%, 98%)



121
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o

Predicted vs. Reference

Slope Offset  RMSE  R-Square
09763392 01352126 02084937 09763391
0.9740236 0.1485138 02110168 0.9760555

o =) =

Predicted Y (C1038, Factor-1)
I

(9]

(%]

4 5 6 7
Reference Y (C1038, Factor-1)

Figure 5. 3: (a) PLS score plot for in-line blends calibration model, (b) Predicted vs

reference plot for in-line blends (blue for calibration set and red for cross validation
set)
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(b) Predicted vs. Reference
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Figure 5. 4: (a) PLS score plot for tablet calibration model, (b) Predicted vs reference
plot for tablet (blue for calibration set and red for cross validation set).
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Figure 5. 5: Example of designated step changes on feeder set points.
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Figure 5. 6: Delay time and new dose time between feeder step changes and signal

received at chute.
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Figure 5. 7: (a) Residual plots, (b) Main effects plots (c) Interaction plots for delay
time through the blender.
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Figure 5. 8: API concentration in the chute according to step changes for high dosage
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Figure 5. 10: API concentration in the chute according to step changes for low dosage
study.
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Figure 5. 16: API concentration in the chute according to 20% deviation in feed rate
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Chapter 6. Conclusions and Recommendations

The work presented in this dissertation focused on predicting the performance of loss-in-
weight feeders, including identifying a feeder’s design space, correlating feed rate
deviations caused by hopper refill with material properties using a multivariate analysis
method, and how downstream unit operations react and help filter disturbances in feed rates.
To reach the goal of this dissertation, a principal component analysis (PCA) method was
utilized to build a material database of raw material properties and identify and distinguish
the similarity between raw materials, and a partial least squares regression (PLSR) method
was introduced to build up a prediction model between process performance and material
flow properties. This chapter summarizes the work presented in this dissertation and

outlines recommendations for future work.

6.1. Conclusions

The first specific aim focused on a QbD approach that identifies a maximum powder and
screw throughput (feed factor) from conditioned bulk density. Chapter 2 of the dissertation
details the material properties characterization, loss-in-weight feeder characterization, and
how different material properties impact on process performance. Chapter 3 couples the
correlation to feed factor with the identified design space for a K-Tron feeder, defining the
operational throughput for a given material and screw combination, as predicted by the
material’s conditioned bulk density. By feeding 14 materials at different six levels of drive
commands, the effective range of operation was located by calculating the relative standard
deviation, the relative deviation from the mean, and identifying a region of minimum v in

both deviations. Values of 20% and 90% were determined as the lower and upper limit of
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drive command for suitable operational range for fine concave, coarse concave, and coarse
auger screws with KT20 C-gear box, while the suitable range for fine auger screws was
between 40% and 90% drive command. These observations were confirmed for materials
ranging from freely flowing to cohesive. In addition to the operational range for the feeder,
a linear correlation between conditioned bulk density and feed factor was identified. With
the two identified phenomena, the K-Tron KT-20 C-gearbox feeding capacity, for each of
the different types of screws, can be predicted by the conditioned bulk density of the

material.

In specific aim 2 (Chapter 4), two methodologies, PCA and PLSR, were utilized to develop
predictive correlations between material flow properties and the perturbations to mass flow
experienced in loss-in-weight feeders due to a hopper refill. For PCA-SS, the approach was
based on weighted Euclidean distances, calculated after performing the principal
component analysis on the entire data set. The bulk properties of the material that had the
shortest distance, in the PCA scores plot, to the “material of interest”, calcined zeolite, was
compared to and then confirmed to have similar flow behavior to each other. The PLSR
approach further quantified the correlation between material properties and the deviations
caused by hopper refill. This study showed that the feed rate deviations caused by the refill
of the feeder hopper were highly correlated and predictable with bulk material properties.
The predicted mass flow deviation results were, in general, in good agreement with the
experimental results. The work presented here has shown an efficient approach to correlate
material properties with process performance using multivariate analysis. Moreover, this
study also identifies the significant material flow properties for each type of deviation

during hopper refill. Therefore, potential mass flow deviations due to feeder refills can be
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predicted, based on the materials bulk properties performed at a state that lessens the impact

on the mass flow.

In specific aim 3 (Chapter 5), a continuous pharmaceutical manufacturing process of direct
compaction was utilized to evaluate the dampening effect on feed rate deviation from
feeder level from downstream unit operations. This work has determined that blender speed
and total throughput are the major factors that have significant impact on the delay time on
real time monitoring point at the chute after the continuous blender when disturbances or
changes in concentration occur on feeders’ feed rates. The development of inline PLS
calibration models and offline PLS calibration models on two different formulations with
two different APl dosages have been developed and utilized to monitor the inline and

offline API concentration.

Designed step changes on API feeder were used to mimic the unexpected disturbance on
feeder. How disturbances from hopper refill process on both API feeder and major
excipient feeder transferred to downstream and final products were also investigated in this
work. In addition, effects from different blender speeds and total throughput has also been
added to fully evaluate the filtering ability from operational conditions. The experimental
results for both formulations have proved that both a continuous blender and a feed frame
in the tablet press have good abilities to filter short-lived variations in feed rates and thus
improve the content uniformity of final products, where the feed frame has played a more
significant role on filtering the variation after the monitoring point at the chute located after
the continuous blender. From the blender speed and total throughput study, results
demonstrated that higher blender speed and higher total throughput contributed to a lower

residence time, which reduce the back-mixing time of the blends and resulted in a higher
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maximum deviation, as compared to lower blender speed and lower total throughput, which
allowed the powder blends stay in the downstream unit operations with a longer time.
However, higher blender speed and total throughput has showed an ability to shorten the
total disturbance time compared to lower blender speed and total throughput, which is
because the mass of the powder blends were transferred faster in the downstream unit
operations. The dampening ability from downstream unit operations really depend on the

design of each unit operation and the whole manufacturing process.

6.2. Recommendations for future work

Based on the work presented in this dissertation, there are several potential areas of future

study. Two specific directions are detailed here.

6.2.1. Using residence time distribution to understand powder behavior in loss-in-

weight feeders

Residence time distribution models are essential to understand process dynamics and
support process monitoring and control. In a continuous flow system, the residence time
distribution is defined as the probability distribution of time that solid or liquid materials
stay inside one or more unit operations [165-168]. A residence time distribution based
control system for continuous pharmaceutical manufacturing has been developed in
2019[169]. Several studies pursuing an improved understanding of the residence time
distribution in blending, extruding, dry granulation, capsule filling and fluidized bed
operations have been published recently [170-180]. There is limited knowledge of the
material dynamics inside loss-in-weight feeders with a vertical agitation system, which is

a critical index in understand the material flow profile in loss-in-weight feeders.
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Future work should focus on the residence time distribution in a loss-in-weight feeder, the
K-Tron KT20, whose major components is shown in Figure 6-1. A KT20 loss-in-weight
feeder has a flow aid system, which is a vertical-spinning agitator inside the feeder hopper,
as marked in blue box. The agitator is also connected to a gear box, which rotates at a
certain ratio of the screw speed, in this case, 12.5%. The vertical agitating applies a
breaking force to the materials in the hopper in case there is any bridging between the
particles and blockage from material flowing in the hopper. Moreover, due to the agitating,
the agitator will also perform motion to the materials in the hopper from different levels,

which will result in mixing of materials if there is more than one material in the hopper.

Given the presence of the conveying element inside the hopper, this work will start with
studying the residence time distribution for a single component by introducing an impulse
amount of tracer in the unit via the layering strategy. The next step will be to study multiple
components, with similar properties, by layering one material on top of another. The
location of the split between materials could be varied to determine if location within the
hopper has an effect on the RTD. The work can not only identify RTD within the hopper,
but also can identify a refill strategy that can be utilized to minimize back-mixing within

the feeder.

The residence time distribution study inside the feeder hopper can be evaluated using a
loss-in-weight feeder K-Tron KT20, a conveyer belt, a catch scale and near infrared
spectral acquisition unit. Figure 6-2 shows a schematic of the experimental setup used to
perform the feeder experiments, where the NIR instrument used in this work is a Matrix F

FT NIR from Bruker (Billerica, MA USA). The KT20 hopper has the same shape as the
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KT35, and therefore, the knowledge obtained with the T20 can be utilized for the T35 as

well.

For the single component RTD study, six impulse RTD experiments should be performed
using three materials at two different flow rates. Using PCA, materials will be identified
with significantly different properties and used for the experiments. Tracers should be

identified based on similarity to the material of interest as well as chemical detectability.

The tracer should be added at location based on possible refill strategies for a feeder while
it is in operation. For each of the three materials tested, the feed factor would be calibrated
with base material. Then, the feeder would be set to the target mass flow rate and started.
The speed of conveyer belts is adjusted to ensure the material does not accumulate on the
belt. The feeder will then be stopped, and the pulse sample will be layered in the hopper at
various levels based on possible refill strategies. The test will then be started, and spectra
collected. The powder will then flow from the conveyer belt to the catch scale to determine

if the mass flow rate matches to the set point of the feeder

The RTD study can be performed to investigate the flow and mixing dynamic for multiple
components inside the hopper of loss-in-weight feeder KT20. The experimental setup is
similar to that for a single component; however, different materials should be used in this
study with a change of location at different levels inside the feeder hopper. The proposed

experimental designs of powder layers inside the feeder hopper are show in Figure 6-3.

A preliminary study was performed with two granular materials. Material A was
Metformin granules (98.5%, w/w of metformin and 1.5% w/w of hypromellose (HPMC)),

while Material B is a blend of Metformin granules with Avicel 200, resulting in a blend
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with 70% Metformin. The Metformin granules were provided by Janssen Ortho LLC-
Gurabo, while material B was prepared by blending the two components in a VV-blender.
Experiments a) and b) were carried out when materials A and B each contribute to half of
the weight percentage of the whole hopper. Preliminary results appear in Figure 6-4. The
results show a transition from one concentration to the second concentration (either the
step up to 98.5% or the step down to 70%). The predicted spectra have a wide deviation,
showing that there is some blending during this phase of feeding. Then, approximately
when half the hopper is filled, the concentration trend reverts back to the first material in
the hopper. This second change in concentration is likely due to a dead-zone in the hopper,
where the material at the bottom of the hopper gets segregated and does not reach the

SCrews.

For the multiple component RTD study, the NIR models for each combination of material
will first be developed based on the proposed materials and experimental setup. Similar to
the tracer approach, a feed rate will first be selected based on the material properties and
feeder’s design space work. Experiments for residence time distribution for multiple
components are remaining to be finished. Six proposed material layering methods will be

studied

For experiment a) and b), material A and B will both fill half of the hopper volume with
reversed position, while for experiment c) and d), material A and B will each capture 70%
and 30% of the hopper volume in order to study the mixing effect of the agitating system
to the material’s traceability in the hopper. Experiment ¢) and f) will be performed with
three layers of materials containing the same material on the top and bottom but different

material in the middle layer to investigate the dead zone in the KT20 loss-in-weight feeder.
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Near-infrared spectra will be used to analyze the concentration of the materials coming out

of the feeder over time to obtain the residence time of each component inside the feeder.

The developed RTD model from this feeder study can facilitate material traceability in the
hopper of a loss-in-weight feeder along with the mixing effect from the vertical agitating
system inside a loss-in-weight feeder. In addition, a RTD model for feeding multiple
components could be developed based on this RTD study that will also distinguish if
material properties play a significant role in the back-mixing and the dissipation of the
apparent dead-zone in the hopper. This work can be applied to the industrial research and
development of the pharmaceutical continuous manufacturing, specifically to the risk

assessment of material adjustment in a post-approval amendment (PAAS) stage.

6.2.2. Predicting loss-in-weight feeder’s performance based on a reduced set of
measurements

The predictive model that correlated feeder’s feed rate deviation caused by hopper refill
with material flow properties was developed with 30 material flow properties. However,
based on the prediction results of the identified major material flow properties that
contribute to the model and previous knowledge of the similarity between material flow
properties, the prediction model can be further improved with a reduced set of material
properties measurement, which can save a significant amount of time for material

characterization tests.

This work can start with the comparison between the material database built by PCA with
different sets of measurements. The first step would be to reduce the material property
measurements to a set with compressibility, permeability, shear cell test at 6 KPa and

particle size distribution. After that, a further reduced set could perhaps remove the particle



139

size distribution. Hierarchical clustering analysis can be used to compare the clusters’
composition and also materials’ location in each cluster. In addition, feeder performance
with different types of screws can be used to compare the prediction results by performing

the PLSR analysis with different sets of measurements.

With this work, half of the time and materials can be saved from material characterization
tests. Moreover, a deeper understanding between material properties and their correlation

with feeding performance can be established.
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6.3 Figures for Chapter 6
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Figure 6. 1. K-Tron KT20 loss-in-weight feeder with its major components
symbolized. The flow aid system, the bridge breaker, is marked in the blue box, where
M represents the points where the motor is connected.
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Figure 6. 2: Schematic of the experimental setup of the RTD study.
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Figure 6. 3: Design of experiment of the RTD study with multiple components, A and

B, inside the feeder hopper.
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