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ABSTRACT

NUMERICAL SIMULATION OF CAPSULE DISSOLUTION IN THE USP
APPARATUS I

by Jasmine E. Han

The capsule is the second most common type of drug dosage form, yet detailed
research of capsule dissolution in the USP Apparatus Il (a paddle dissoluticatappar
that mimics the drug dissolution process inradivo environment) is not well reported.
In this work, a mathematical model was developed that incorporates both the dissolution
of the capsule shell and the slug within the capsule shell. Capsule shell dissolstion wa
modeled with the assumption that the shell undergoes an erosion process only. The
capsule slug dissolution model incorporated mass transfer principles, Markov chai
theory, and the influence of hydrodynamics on capsules dissolution using compltationa
fluid dynamics (CFD)-predicted velocity profiles. To complete the model, &8s m
transfer coefficients (determined experimentally and theoretjaa#tye incorporated.
The model was validated by statistically comparing the simulatedgsadilthe
experimental data using the similarity factor. In addition, this model can priogidéts
into the dissolution mechanism where a drug product may either disintegesiceler
during dissolution testing. This capsule slug dissolution model has the potential to reduce
substantially the number of time-consuming physical dissolution experiments and

maximize the efficiency of process development.
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CHAPTER ONE

INTRODUCTION

Oral drug delivery is the preferred route to deliver a pharmaceutical drug produc
to the body due to its relative ease of consumption and minimal interference With dai
activities. It is preferred also because it is a pain-free processo&irpatients. Two of
the most common oral dosage forms are tablets and capsules, while other oral drug
products are packaged in sachets or solution forms. Regardless of the orafalosage
the drug product consists of an active pharmaceutical ingredient (API) andeakcipi
materials. The excipient materials are included in the drug product toesebueders,
disintegrants, lubricants, and dissolution enhancers.

Upon oral administration of the drug product, drug absorption and its subsequent
bioavailability depend greatly on the solubility and permeability of the ABId®sage
form. To help predict thm vivo performance of a drug product, ianvitro dissolution
test is often performed to determine the release and the dissolution profileloighe
substance. A drug dissolution test is also used to “(1) assess the lot-to-kytafuali
drug product, (2) guide development of new formulations, and (3) ensure continuing
product quality and performance after certain changes” [1]. These kieg @s$tibutes
reflect the extensive use of the dissolution test, its importance in the phaticelce
industry, and its continuing role in future drug development and manufacturing
processes. A model to predict the drug dissolution profile would be a valuable tool in the

pharmaceutical drug development process.



1.1  The Dissolution Apparatus and the Dissolution Test Method

The dissolution apparatus is an instrument that mimics the drug dissolution
process in am vivo environment. A schematic diagram of a paddle dissolution
apparatus is presented in Figure 1. The dissolution apparatus produces flow using an
assembly that consists of a cylindrical vessel with a hemispherical battbenraotor
with a drive shaft and stirrer known as the stirring element. The liquid volumelyusua
900 mL), the operating temperature (@Y, and the composition of the medium in the
cylindrical vessel are selected to represent physiological conditohallaw adequate
sink conditions during dissolution testing. Under sink conditions, the final drug
concentration during the test is at a low enough concentration that dissolution is not
hindered by solubility limits. The sink condition is usually equal to 3-10 times the
solubility of the drug in the selected solution. Some common dissolution media used are

water, 0.1N HCI, simulated intestinal fluid, and simulated gastric fluid.

<—— Vessel

Paddle
stirring
element

Figure 1. Schematic diagram of a dissolution apparatus.



Upon the addition of a tablet or a capsule into the dissolution vessel with the
selected dissolution medium, the stirring element serves to produce consistent
hydrodynamics from vessel to vessel. It also allows homogeneous drugudiistrin
the vessel as the drug product dissolves via the diffusion process. Even though the
temperature, pH, volume of the dissolution medium, and paddle rotation speed are
selected to be similar to those in thevivo environment, dissolution testing has yet to
completely represent the continuous change of pH, agitation rate and fordeg and t
variable amount of fluid present along the gastrointestinal tract. Theréfisne, titro
dissolution experiment should not entirely replace the more expensiue studies.

Dissolution apparatus and recommended dissolution methods are well
documented in both the United States Pharmacopeia (USP) and the United States
Department of Health and Human Services Food and Drug Administration (FDA)
database. There are currently four dissolution test apparatus listed on theauh®R
Apparatus | (basket apparatus), Apparatus Il (paddle apparatus), AppHratus
(reciprocating cylinder), and Apparatus IV (flow-through cell). Amongnththe most
widely adopted apparatus for tablet and capsule dissolution testing are tiAgpRtus
| and the USP Apparatus Il [2]. The main difference between the two is thegstirri
element. In Apparatus I, flow is produced by a cylindrical basket, whene&pparatus
I, flow is produced by a “paddle formed from a blade and a shaft” [2]. The
specifications of the basket and paddle stirring elements, mandated byRhe ei%ure
consistency in testing, can be found in USP Chapter 711 [2]. Should a dosage form (such

as a capsule) float in the dissolution medium, a sinker device is attached teeithe tes



drug product to force the sample to sink to the bottom of the paddle apparatus. Capsule
dissolution using a paddle apparatus, one of the most conmmdro dissolution test
apparatus to predict solid drug product performance imthiz’o environment, is the

system of interest in this study.

In addition to the USP specifications, the FDA also heavily regulateduties
testing requirements. To help ensure that dissolution test methods provide reliable
information, the FDA’s Center for Drug Evaluation and Research (CDER) proviges a
of guidance documents for the industry. Furthermore, the FDA also provides
recommended dissolution test methods, which include the type of apparatus, speed of the
stirring element, composition and volume of the medium, and sampling times for all the
drugs listed in their database [3].

1.2  Failures of Dissolution Testing

Dissolution testing is a critical test in the drug development process. Itis a
regulatory requirement mandated by the FDA, and the USP has provided strict
dissolution apparatus specifications. The USP Apparatus Il became arl t#itia
apparatus in 1978. However, the hydrodynamics within the dissolution apparatus have
not been fully understood, and many inconsistent measurements and test failures have
been reported [4-7]. Variability in dissolution profiles was found even with cedibra
tablets [5, 8-9]. This suggests that some recalled drug products werd afréaulty
apparatus configuration. In a technical report submitted to the FDA, Armeziaite
[10] reported that “failed dissolution tests resulted in 47 product recalls in 2000-2002,

representing 16% of non-manufacturing recalls for oral solid dosage forms.’owore



twenty products were found on the Health Canada recall list in 2009 to 2010 [11-12].
Drug product recalls due to dissolution test failures are inevitable if theaase is not
resolved. It is vital to determine whether the failures are due to the ajgparatu
configuration or to the drug itself.

Failures of dissolution testing can be a financial burden to pharmaceutical
companies, as they increase investigation and manufacturing costs. In addition,
misleading dissolution data on commercial drug products can be life-threatening t
patients. For example, in a study conducted by Bagbag[13], it was found that
among the 25 piroxicam capsule brands sold on the international market, 72 percent
failed to meet the USP dissolution test requirements. This indicates possdrendiés
in the formulations of these capsule brands. Moreover, these dissolution failures post a
potential difference in bioavailability and bioequivalence. Bioavailabgithe amount
of drug that enters systemic circulation. Bioequivalence is the equivalent drug
concentrations in blood plasma and tissues when drug products are given to the same
patient in the same dosage regimen. Consequently, drug efficacy could be atteéhed. |
case of piroxicam, the difference in bioavailability could result in the rdeec$fect of
gastrointestinal bleeding [13, 14]. To maximize patient safety and redwa#iabt
financial burden, proper setup of the dissolution test method during the entire product
development process is critical.

1.3  Criteria for Success
A reliable dissolution test method should accurately reveal the performaace of

drug product. If the doses or the dissolution rates of two different lots of drug products



are supposed to be different, then the dissolution test method should be able to
discriminate between them. Likewise, the test method should provide consistent
measurements if the drug products are deemed to be identical.

In an ideal environment, a dissolution test method is considered to be developed
once the dissolution medium, the speed of the stirring element, the wavelength to be
studied, and the sampling time intervals have been identified. The dissolution medium is
selected to allow appropriate sink conditions for dissolution to occur, while thegstirri
element helps distribute the drug within the medium and mimias theo
hydrodynamic environment. The wavelength is chosen to detect drug concentration i
the medium, and the sampling time intervals are the specific times when the afmount
drug dissolved is measured.

Upon developing a test method, the drug product is randomly dropped into the
dissolution vessel and its performance appraised. However, it has beerdréyairtee
drug product location in the USP Apparatus Il dissolution vessel during the test and the
speed of the stirring element have substantial influence on the hydrodymamics
dissolution testing [9, 10, 15-18]. The drug product experiences different shear forces
and fluid velocities at various locations in the dissolution vessel. Shear force isaimpor
in dissolution testing, as it determines the boundary layer for mass trafngferdrug
substance from the drug product into the surrounding medium. Lower shear, and hence a
slower dissolution rate, is found when the drug product is located at the bottom center of
the vessel [9, 10, 15-18]. Different paddle speeds are found to give rise to ditigcent f

flow patterns [9, 10, 15-18]. All these factors shape the dissolution profile and determi



the dissolution result. It is therefore crucial to be able to identify whdtbetifference

in dissolution results is due to drug product variations, or if it is caused by the inherent
hydrodynamic variations within the apparatus. To set up reliable test metitbds a
acquire meaningful results, the hydrodynamics of the dissolution process and the
interactions between the drug product andrthétro dissolution medium must be fully
understood.

1.4  Hydrodynamics and Numerical Simulation of Capsules Dissolution

Interest in understanding the hydrodynamics of the dissolution process has grown
in recent years [9, 10, 16-25]. Several numerical simulations of tablet dissoluthen in t
USP Apparatus Il dissolution vessel are documented [9, 10, 16-19, 21, 24, 25].
Computational fluid dynamics (CFD) is adopted to model the hydrodynamics of the
dissolution apparatus. For example, the effects of paddle speed, impeller elearanc
impeller type, vessel geometry, and the position of tablets on the hydrodgnarthe
dissolution vessel have been studied [9, 10, 15-19, 21]. The resulting velocity flow
fields, as well as the shear environment, are found to be non-uniform [9, 10, 15-19, 21].
These non-uniformities lead to fluctuations in the mass transfer rdte t#tilet material
to the medium, thus explaining the substantial dissolution variations.

Among the 763 drugs in the FDA database for which recommended dissolution
methods are provided, 506 are given in tablet form while 171 are in capsule form [3].
The other 86 drugs are in other dosage forms, such as suspension, injection, or
suppository [3]. Capsules are the second most common type of dosage form. However,

detailed research of capsule dissolution in the USP Apparatus Il is not weleceport



The complex flow field in the dissolution vessel intensifies the need for further
research. This study aims to call attention to the influence of hydrodynamiapsariec
dissolution. First, a mathematical model that describes the dissolution process via
erosion and disintegration was established. The mass transfer coelfatigaen the
dosage and medium was determined both experimentally from dissolution data in the
literature, and theoretically with CFD-predicted data. The model was tlghed with
predicted mass transfer coefficients to describe the dissolution of a capdate
agitation conditions in a USP Apparatus Il dissolution bath. Numerical siowlaitihe
capsule model was conducted using a commercially available numerical atiorput
platform (Microsoft Excel™). Equations that describe the dissolution profile were
developed and the simulated profile was verified using the capsules dissolutitesprofi
from published experimental dissolution data. This resulted in a computational model
that describes the capsule dissolution process. This model can aid in process
optimization and can maximize process development efficiency by allowintuthesf
a larger sample size in a shorter amount of time (as compared to conductingusumero

physical dissolution experiments).



CHAPTER TWO

LITERATURE REVIEW

A good oral drug product is expected to provide both the anticipated therapy and
consistent efficacy. Changes in drug substance polymorph (e.g. amorphous or
crystalline), formulation differences (e.g. excipients propertiesggss parameters
variations (e.g. tablet hardness), and drug product stability in various envirgni@ent
moisture, capsule cross-linking) are some of the factors affecting dotiefhess of the
final drug product. Therefore, it is important to identify and to control the source of
variability before the drug product is released for human consumption.

By comparing the dissolution profiles of drug products, the existence of any
source of variability may be identified. However, many reports in thetliterandicated
that dissolution variations could be caused by the inherent variability of the d@solut
apparatus itself [5, 6, 8-10, 15-17, 21, 23-27]. Tablet or capsule dissolution occurs via a
mass transfer process. The velocity flow field that is created by padatieman the
vessel affects the mass transfer process. Therefore, it is important tstamdiéoth
mass transfer and the hydrodynamic conditions in the dissolution apparatus.

This review covers the brief history and importancanafitro dissolution testing,
the mass transfer and hydrodynamic effect on tablet dissolution, and a discussion on
capsule dissolution. It ends with a summary of previous work and a discussion of how
the current research fits into and benefits the study of hydrodynamics idisEsiution

test Apparatus Il.



2.1  History and Importance of Dissolution Testing

Noyes and Whitney [28] conducted the first dissolution experiment in 1897.
They suggested that dissolution of materials into the surrounding medium was
determined in a region where a thin diffusion layer formed around the solid particle. In
addition, they showed that the rate of dissolution is proportional to the differemesehet
the saturated solubility, £of the substance and the concentration, C, at time t [28].
Equation 1 presents the statement mathematically, wkesetlke proportionality
constant.

dC .
il (C.-C) Equation 1
In 1904, Nernst and Brunner explained the rate of drug dissolution as a function
of the diffusion coefficient, ks, the surface area, A, the diffusion layer thickness, h, the
dissolution medium volume, ,Yand the concentration difference. The Nernst-Brunner

equation is presented in Equation 2 [7, 29].

D,.A
d(t: —AB_ (C -C) Equation 2

It was not until the 1970s that dissolution experiments of pharmaceutical drug
products became an official test in the USP. Since then, the USP Apparatus llmas bee
the most common apparatus for solid drug product testing [4, 29]. Dissolution testing has
become a regulatory requirement mandated by the FDA. It is required bdtk for
submission of new drug applications (NDAs) for new chemical entities, and for
abbreviated new drug applications (ANDAS) for generic products.alsesrequired for

assuring a product’'s sameness after scale-up or post-approval changesiamdrigr
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the bioequivalence requirements for lower strengths of a drug product [1]. There is
doubt that dissolution testing plays a very important role in the drug development
process, and the information it provides can be critical to the success or faduteugf
product.

There are several reasons that make dissolution testing a prevailing tool and a
primary choice in formulation development. First and foremost, the dissolution ttest is
only in vitro test that can help predict vivo performance of a drug product [30]. In
simpler terms, it allows drug development scientists to find out if a drug product can
dissolve and be bioavailable in the patient. The test is conducted isothermally at body
temperature (3C) and the dissolution medium is prepared to have a similar pH to the
pH of the gastro-intestinal tract. If a drug is to be absorbed mainly inciinact, a
dissolution medium of pH 1.2 should be used, whereas if it is to be absorbed mainly in
the intestine, the pH of the dissolution medium should be 6.8. The use of surfactant or
dissolution medium at other pHs (in the range of 1.2 to 8.0) is sometimes employed upon
proper justifications [1]. Some other dissolution testing conditions include the use of 900
mL of dissolution medium to allow adequate sink conditions, and the use of paddle
rotation to ensure proper mixing between the “drug-saturated layer of dissdtotin
around the dosage” and the surrounding medium with a lower drug concentration [30].

With such a critical role in the drug development process, dissolution testing is
governed and regulated by both the USP and FDA [1, 2, 3, 30]. The dissolution chapter
in the USP has been harmonized internationally with the European Pharmacopoeia and

the Japanese Pharmacopoeia [2, 30]. Specifications and tolerances of the dissolution
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apparatus are defined and documented in the USP chapter 711 [2]. In addition, the USP
describes the use of performance verification tests to determine thelisyibdlai test
assembly, the procedures to conduct dissolution tests for various dosage forms
(immediate-release, extended-release, and delayed-releaseitte andeptance criteria
for dissolution test results [2]. On the other hand, the FDA “reviews the USP monograph
dissolution tests for consistency with the dissolution conditions in the approved product’s
New Drug Application” [30]. It also provides a list of guidance documents for the
industry.
2.2  Mass Transfer and Hydrodynamic Effects on Tablet Dissolution

Tablet dissolution is a mass transfer process, wherein a solid mass (comprised of
the active pharmaceutical ingredient compacted together with pharmalcextipgents)
starts dissolving into the surrounding medium via an erosion or disintegration
mechanism. Tablet mass transfer by molecular diffusion alone would be anetxtrem
slow process. To enhance the mass transfer rate and to ensure proper mixin@eavithin t
liquid, a paddle rotating at a designated speed is applied during dissolution tessng. |
generally assumed that mixing is uniform. However, the fluid velocity diswibut the
system, generated from the rotating paddle, may not necessarily be hoousgene
Numerous reports have suggested that the complex hydrodynamics of the dissoluti
Apparatus Il is attributed to the high variability in dissolution test re$ajt10, 15-19,
21, 23-27, 31]. This section reviews the studies conducted through experiments and

numerical simulations of fluid motion to understand the mass transfer process and the
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hydrodynamics of fluid flow within the dissolution Apparatus Il. The effect of
hydrodynamics within the vessel on tablet dissolution is also discussed.
2.2.1 Mass Transfer

When a solid tablet is dropped into a liquid dissolution medium, diffusion and
mass transfer from the solid to the surrounding liquid take place. This massrtransf
process can be described by Equation 3, where C is the drug concentration in the
dissolution medium at time t,s@ the saturated concentration of the drug, k is the mass
transfer coefficient, A is the surface area of the solid dosage, aisahé volume of the
dissolution medium [17]. Equation 3 shows that the rate of drug dissolution isydirectl
proportional to the mass transfer coefficient, tablet surface area, and tkatcainan

gradient.
—=--(C,-C) Equation 3

Throughout the tablet dissolution process, a diffusion boundary layer forms
around the tablet. As shown in Equation 2, the dissolution rate is inversely proportional
to the thickness of the diffusion layer. The thicker the diffusion boundary layer, the
slower the mass transfer process. Consequently, the dissolution rate beocwaraes sl
Since the shear force exerted by the fluid can affect the thickness of the tydagdaat
the surface of the tablet, any shear rate variation within the digsohagdium can
greatly affect the dissolution results [19]. In addition, mass transfer is por@bto the
velocity gradient in the boundary layer and the corresponding local strain rate.

Therefore, a high strain rate will result in a more rapid dissolution rate. aflediet
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understanding of the velocity and strain rate distributions within the vesskisflui
essential to fully evaluate the dissolution process.
2.2.2 Hydrodynamics and Computational Fluid Dynamics

Interest in using CFD to predict fluid motion in a system has grown in recent
years. CFD is used to predict velocity, energy, and strain rate pattemalsti used to
provide a visual description of the hydrodynamics of a system through the intiopreta
of numerical data, using appropriate graphing routines. Numerical simulat@ipie ¢he
study of systems where it is impossible or very challenging to measueevtiiass
guantitatively via experimental methods. In addition, CFD allows for fasteeasd |
expensive simulation of experiments. In studying the hydrodynamics of tablet
dissolution, many researchers have adopted this technique to simulate the fluid flow
conditions inside the vessel [9, 16-25, 27, 31, 32].

The CFD simulation of fluid flow conditions in the USP Apparatus involves
solving the governing equations that describe fluid motion. According to the set-up of
the apparatus, cylindrical coordinates are used to model the system. These lngclude t
continuity equation and the Navier-Stokes equations, which are presented in Equations 4
and 5, respectively [25, 33, 34]. The continuity equation is a mathematical expression of
the conservation of mass that describes the time rate of change of fluid deasity at
certain point in space. Assuming the dissolution medium is incompressible, thateme r
of change of fluid density equals zero. The Navier-Stokes equations refer to the
conservation of momentum. Since the dissolution testing is conducted isothetmally

37°C, the energy equations are not included in this study.
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%+(V-p\/)=0 Equation 4

D :
pF\tl =-Vp+uVV+pg Equation 5

The first term of the continuity equation in Equation 4 describes the rate of
change of mass per unit volume, while the second term describes the net ratgefatha
mass per unit volume, and the sum of these terms should equal to zero. For dissolution
study, it is assumed that there is no reaction between the drug product and dissolution
medium. Therefore, no reaction term is required. In this continuity equati®the
density of the fluid, t is time, andrepresents the velocity vector with componente,,
andv; in the radial, tangential, and axial directions, respectively. As presanted i
Equation 5, the conservation of momentum includes convective transport, molecular
transport, and external force such as gravitational force. Thesesarddd by the term
on the left, the first and second terms on the right, and the third term on the right of the
equation, respectively. This Navier-Stokes equation is presented in mateviaticler
form, wherev represents the velocity vector with the components, andv;, p is the
fluid pressurep is the dynamic fluid viscosity, arglis the gravitational acceleration
vector.

In addition to the governing equations, dimensionless parameters such as
Reynolds number are often used to characterize fluid flow. As presented in Equation 6,
Reynolds number, Re, is the ratio of inertial to frictional forces in a flui@sysihere
is the fluid density, N is the rotational speed of the agitator, d is the agitatoetdr, and

u is the dynamic fluid viscosity [9, 23, 31, 34]. Fluid flow can be categorized into three
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different regimes: a laminar regime as indicated by a small R&ynoimber, a turbulent
regime with a large Reynolds number, and a transitional regime that is beéheee
laminar and turbulent regimes. In the case of mixing tanks, the transitigmaéris
characterized by Reynolds numbers between 50 and 5000 [34].

B PN
Y7

Re

Equation 6

According to the FDA industry guidelines, dissolution testing using the Ajysara
Il should be conducted under mild (non-fully turbulent) conditions, with a paddle rotation
speed of 50 rpm or 75 rpm [1]. Batial.[24] mentioned that at a low impeller Reynolds
number of 4939 with a corresponding agitation speed of 50 rpm, most of the fluid in the
vessel is in a transitional domain. Similarly, Kukataal.[31] show that under standard
operating conditions where the Reynolds number is approximately equal to 5000, the
flow within the Apparatus Il is in a transitional turbulence regime. Thisitramal
regime creates an unstable environment that makes the flow behavior of the thaid in t
vessel and around the tablets highly time-dependent [23, 31]. The substantianvariat
hydrodynamics of the Apparatus Il could therefore be attributed to the Reynwideer,

a characteristic of the flow field during dissolution testing.

According to the literature, to model the fluid velocity in the dissolution vessel
using CFD, the flow volume is first discretized into a mesh of finite elesnemére the
velocity for each node was solved using the governing equations [9, 16, 17, 19, 21, 23,
24]. Due to the geometry of the dissolution vessel, the cylindrical portion of the vessel

was meshed with hex cells, while the lower hemispherical portion of the vessel wa
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meshed with unstructured tetrahedral cells [17, 24]. These meshes were flirtbdr re
until the simulation converged to a stable solution. Having the impeller rotéi@d at
rpm, Baiet al.[17, 21, 24] showed that ttkew model witha low Reynolds number
correction was a better turbulence model to predict the fluid velocity than obletsn
This was confirmed by comparing the CFD predicted values to the experimeatatyvel
data obtained via laser-doppler velocimetry [24]. Bastexl.[9, 19] and Kukuraet al.
[16, 23], however, incorporated the Reynolds-averaged Navier-Stokes (RANS) equation
to the CFD model and treated the fluid flow in the turbulent regime.

While constructing the mathematical model, a no-slip condition was assumed at
all solid surfaces [17, 21, 24]. In addition, the air-water interface was modeldidias a
frictionless surface. The normal gradients of all the variables areftihe equal to zero
at the air-water interface. In the model developed byeBal.[17, 21, 24], the vessel
wall and the tablet were assumed to be rotating, while the impeller was stationary.
The result of this simulation using the CFD solver (Fluent) showed the 3-dimensional
velocity and strain rate distributions within the dissolution vessel.

After the CFD solver generates the velocity or strain rate data feetbeted
flow field, the information is compared to the experimental data to validate thé.mode
Figure 2 presents the velocity field pattern inside the dissolution appar&tuspai.
The velocity field pattern shows two recirculation loops, one above and one below the
impeller [9, 16, 21]. For the loop above the impeller, fluid is ejected up the vessel wall
from the impeller. Upon reaching the surface of the liquid, the fluid moves down along a

path that is located between the shaft and the wall. For the loop below the impadier, fl
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moves down along the vessel wall towards the base of the vessel, and moves back up
towards the bottom of the impeller. The velocity flow field predicted byeBal.[17,
21, 24] showed that the recirculation loop was not able to penetrate a core region along

the vessel base below the impeller.
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Figure 2. Velocity field pattern inside Apparatus Il at 50 rpm.

The velocity pattern inside the Apparatus Il appears to be highly heterogeneous.
Velocity decays rapidly as it moves away from the impeller blades [21]viédwef the
hydrodynamic conditions reported by various researchers showed that thereradlga
low velocity region below the center of the paddle, where the solid dosage isdikaly t
located [20, 21, 24, 25, 27]. Figure 3 presents the velocity flow field in the vessel with
the presence of a tablet [35]. The figure shows that the velocity around thestabiett i
lower compared to the non-centrally located positions. D’&tcl.[20] modeled the
paddle apparatus and found that when the paddle rotates at 50 rpm, the velocity of the
fluid within 12 mm of the center at the base of the vessel was about 08mw/40

However, velocity had a much wider range throughout the base of the vessel, which
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varied from 0.8 x 18to 79.6 x 10 m/s. In another study conducted by D’Aetyal.

[27], the dissolution rate was found to agree with the CFD data, where both dissolution
rate and velocity increased significantly when the solid dosage was mouethe

center of the vessel to 13 mm away from the center.eBai[21] also found that the
velocity of a 10-mm-wide region between the bottom center of the impeller and the
bottom center of the vessel is less than 5% of the impeller tip speed. This region
accounted for the lowest fluid velocity region within the entire vessel [21, 24]. tedica
both numerically by CFD simulation and experimentally by laser-doppler vedagim

the flow in this region is mainly dominated by weak tangential velocitiescig|
component in the direction of paddle rotation) and is nearly stagnant in the vedrel pl
[24].

Similarly, McCarthyet al.[25] found that the velocity distribution within the
vessel was highly variable. The authors showed that the region below the center of the
impeller contained a low velocity domain, and the fluid velocity at the base vésisel
where the solid dosage is likely to be located varied significantly within regionseha
8 to 10 mm apart. These results explain the variations often observed in dissolution
testing. In addition, they correlate well with other work cited in the litezatmnich
show that slight differences in the position of a tablet during dissolution testingachn |

to substantial variation in dissolution results [9, 10, 15-17, 27].
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Figure 3. Velocity flow field inside a paddle apparatus with a tablet [35]irfitedrwith
permission from O. Akiti).

Some researchers further evaluate the magnitude of the tangential vedaxity a
function of radial position in the region below the paddle [24, 25]. The tangential
velocity component of the velocity was predominant, compared to the axial and radial
components throughout the vessel [24, 25]. Figure 4 presents the cylindrical velocity
components. Bagt al.[24] showed that in the region below the impeller, the tangential
velocity increased radially to a peak velocity before its magnitude reédgzen as it
approached the vessel wall. Compared to the region above the impeller, the peak
tangential velocity was closer to the wall when it was below the impdtieough the
velocity eventually decayed in both regions. McCadhal.[25] also studied the
tangential velocities that are 5.3 mm from the base of the vessel at a paddiefsp@

rom. Similar to Baet al.[24], they found that the tangential velocity increased as the
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radius increased from about 5 mm to 17 mm, although tangential velocity at a radius

beyond 20 mm was not measured.

Figure 4. Cylindrical velocity components.

Bai et al.[24] graphically presented CFD-predicted tangential velocity prajfies
different iso-surfaces, or horizontal planes, located at various verticabpesilong the
height of the vessel when the paddle rotated at a speed of 50 rpm (corresponding to 0.194
m/s impeller tip speed). The computation approach to determine tangentiaie®loci
from the graphs generated by B&ial. [24] can be found in Appendix A. The resulting
computed tangential velocities on various iso-surface planes below the,gagetber
with the corresponding distance from the bottom of the vessel, are tabulatederiTabl
Note that the tangential velocities presented in Table 1 correspond to a radradels

approximately 5 mm to 10 mm from the center of the impeller, equivalent to a 10 mm to
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20 mm diameter circle (as shown in Figure 5) where a solid dosage is mgstdikel
located. To help visualize the various locations of iso-surface plane, Figure 5 also
presents the relative distances between the bottom of the paddle and the bottom of the
vessel.

Table 1. Tangential velocity at various distances from the bottom of the vessel (5 to 10
mm from the center of the impeller) [24].

Distance from vessel bottom (mm) Vg (M/s)
19.05 ~0.029 — 0.058
13.05 ~0.031 -0.058
7.05 ~0.029 — 0.056

Figure 5. Radial distance from the shaft and various locations of the iso-sudiaee pl
To compare the tangential velocities obtained bydBai.[24] and McCarthyet
al. [25], the radial distances and tangential velocities presented in Table Araetezbt

from graphical data presented by McCarthl.[25]. Similarly, the computational
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approach towards obtaining the tangential velocities from McCatthl[25] can be

found in Appendix A. Tangential velocities estimated from both sources (as shown in
Tables 1 and 2) compare well at a radial distance of about 5 mm to 10 mm. Table 3
presents the CFD-predicted velocity vectors, which consist of the radial, tahgamnd

axial velocity components, around the tablet surface location from the literavigeed

in this section. The tangential velocities calculated in both Tables 1 and 2 are ké@thin t
same order of magnitude as the CFD-predicted velocity vectors in Table afimglihat
the tangential velocity plays a major role in predicting CFD velocity [24, 25].

Table 2. Tangential velocity at various radial distances from the center tiatih¢5s3
mm from the base of the vessel) [25].

r(mm) | v, (m/s)
4.78 0.029
8.99 0.049
13.31 0.069
17.48 0.088

Table 3. CFD-predicted velocity vectors around the tablet surface location.

Description CFD-predicted Ref.
velocity vectors (m/s)

~0.03 -0.06 [17]

No tablet ~0.01-0.04 [21]

~0.01 -0.05 [24]
Centrally located tablet (erosion) ~0.04 - 0.06 [17]
Centrally located tablet (disintegration) ~0.03 - 0.06 [L7]
Centrally located tablet ~0.012 - 0.024 [27]

In addition to predicting velocity profiles and estimating the tangentiatirgl
using CFD, Bakt al.[17] further utilized the CFD-predicted tangential velocity to
computationally determine the mass transfer coefficient for a cgrivalited non-

disintegrating salicylic acid tablet. First, the mass transfefficients for both the top
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surface and the side of a tablet were estimated. Assuming that the msfes patess
at the top of the surface resembles that of a rotating disk, while the nmedsrt@ocess
on the side of the tablet is similar to that of a rotating cylinder surrounded thytfai
mass transfer coefficients for these two locations can be described byokguasind 8
[17, 36, 37]. Herelop is the mass transfer coefficient on the top of the tablgtithe
diffusivity or diffusion coefficient between the solute and the solweistthe kinematic
viscosity of the liquidw is the angular velocity of the rotating di&kge is the mass
transfer coefficient on the side of the tablgtjgdthe diameter of the tablet, Res the
rotating Reynolds number, and Sc is the Schmidt number. The overall theoretical mass
transfer coefficient for the entire tablet can then be estimateddirngdo Equation 9,
where Aq, and Ajqe refer to the surface area of the top and the side of the tablet,
respectively [17]. Dissolution of tablets was also conducted to calculate $isetnaxasfer
coefficient experimentally by integrating the mass transfer eguptesented in
Equation 3. The theoretically predicted mass transfer coefficient wad foworrelate
well with the experimental mass transfer coefficient. In addition, massfér
coefficients for tablets located at various off-centered positions Werestimated and
the resulting values were found to agree with the CFD-predicted straasratl as the

dissolution results.

Keop = 0.62D55 v °00™"? Equation 7
K, .
i_')d—edT ~0.1340.5RESc[ Equation 8
AB
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— ktopAtop + kside’A‘side
A[op + Aside

k

Equation 9

Strain rate is another valuable piece of information predicted by CFD to help
understand the hydrodynamic conditions within the dissolution vessel. A high steain rat
environment corresponds to faster drug product dissolution, while a low strainveste gi
a slower dissolution profile. To find out the strain rate distribution, Battek and
Kukuraet al.[9, 16] developed a model for the Apparatus Il operated at both 50 rpm
(Reynolds number of 4688) and 100 rpm (Reynolds number of 9375). The model shows
that the spatial distribution of shear rates within the vessel is subsyamisrogeneous.

A low-shear region is identified at the bottom center of the vessel (whabéeawill be
located), while a two-fold increase in shear force is found 21 mm from the.center
Experiments where the physical locations of the tablets are controlle@dhiogv
substantial variability in dissolution rates. The two-fold increase in shear dorthe
tablet, with respect to the location of the tablets in the vessel, was also foufed tohaf
corresponding dissolution rate. These results confirm the heterogeneous shear
environment as revealed by the model. &al.[21], who found that a 10-mm-wide

core (located below the impeller shaft) with low strain rates was surrdinyde region

of high strain rates, also showed that the strain rate distribution is highlgdeaieous
along the bottom of the vessel. In addition, &aal.[17] showed the strain rate variation
through CFD simulation and dissolution studies. The authors showed that the centrally
located tablets had both the slowest dissolution profiles and the lowest strain tedi on t

surfaces, which agrees with the prediction of the CFD model.
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The literature review showed that both the mass transfer process and the
hydrodynamic conditions within the dissolution medium govern the dissolution of a solid
dosage. CFD simulation shows that both the velocity and strain rate distributibims wit
the USP Apparatus Il are highly heterogeneous, with a region of low velocity and low
strain rate below the paddle [9, 16, 17, 20, 21, 24, 25, 27]. In addition, the pronounced
changes in velocity magnitude over short distances, especially near thebesssehere
tablets are likely to be located during dissolution tests, may contribute toridueilits
found in dissolution testing [9, 10, 15-17, 27]. Finally, it has been shown that
information generated by CFD not only correlates with experimental rethdtdata
obtained can also be used to determine tablet mass transfer coefficiga{ata
2.3  Capsule Dissolution

The hydrodynamic environment within the dissolution Apparatus Il described in
Section 2.2 was evaluated either with a tablet or without any pharmaceutica dosag
form. Although not much attention has been paid to the effect of hydrodynamics on
capsule dissolution, this should not undermine the importance of capsules in delivering
pharmaceutical drug substances.

The capsule is the second most popular type of pharmaceutical dosage form. It
allows convenient, direct filling of powdered materials and provides taste masking
Unlike a tablet, which is a one-piece solid dosage form, pharmaceutical sebstanc
delivered in capsules consist of two separable parts: the capsule shell alidghe fi
Depending on the filling inside the capsule, the manufacturing process of aeadqsul

product can be much simpler than that of a tablet drug product. However, owing to the
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ability of capsules to encapsulate a variety of substances such as powderssgranul
pellets, slugs, tablets, semi-solids, liquids, or even a combination of thesalsiater
capsule dissolution can be more complex than tablet dissolution. Usually, hard capsules
are used to encapsulate solid materials while soft capsules are used dsrdiggemi-
solids [38]. However, hard capsules are occasionally filled with liquids s wel

There are three common types of hard capsule shell materials used epracti
gelatin, hydroxypropyl methylcellulose, and gelatin/polyethylenedld9, 40].
Among them, gelatin has the longest history in hard capsule shell manufacturing due t
its use in the food industry. Gelatin is soluble in biological fluids and it forms Wéms
easily. However, it also possesses some undesirable properties, sucheasdsitthd
cross-linking formation when the shell is exposed to hygroscopic materiakstenals
with aldehyde groups [39, 41]. Gelatin, water, and coloring agents are the intgedie
used in forming hard gelatin capsules.

A capsule itself consists of two portions: the longer part is called the capsyle bod
and the shorter part is called the capsule cap. Hard gelatin capsuleslaldeavea
variety of sizes that can range from size 000 (largest) to size 5 (smdBstThe size
of the capsule chosen depends on the amount and the density of materials it needs to
hold. Table 4 presents the capacities and dimensions of size 0 and size 1 capsules, which
are commonly used in pharmaceutical products. Based on the external diaméers of t
capsule, the thickness of the capsule shell is probably less than or around 0.15 mm.
Figure 6 presents the exterior view of a capsule shell as well as theri(fided with a

slug) before and after the cap is snapped shut.
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Table 4. Capacities and dimensions of size 0 and size 1 capsules [42].

Size 0 1
Capacity—volume (mL) 0.68 0.50
Capsule body length (mm) 18.44+0.46 16.61 + 0.46
Capsule cap length (mm) 10.72+0.46 9.78 £ 0.46
External body diameter (mm 7.34 £0.06 6.63 £ 0.06
External cap diameter (mm 7.64 + 0.06 6.91 + 0.06
Overall closed length (mm) 21.7 £0.3 19.4+£03

Figure 6. Different views of a capsule (left: exterior; middle: interight: interior after
cap is snapped shut).

To understand the process of capsule dissolution where a drug is being released
from the capsule, capsule shell dissolution needs to be addressed. During capsule shell
dissolution, tiny holes form and grow into openings big enough to release the
encapsulated materials into the dissolution medium. Chigtele[39] studied the shell
dissolution time for several types of sizes 0 and 3 hard capsules. They found that for hard
gelatin capsules, the shoulder of the round ends, which are the weakest points of the
capsules, dissolved first. In addition, at@7gelatin capsule shells dissolved within 300
seconds in all the dissolution media (water, hydrochloric acid, phosphate hifierala

gastric juice, or artificial intestinal juice) investigated in tistirdies. El-Malalet al.
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[41] conducted a similar study to determine the hard gelatin capsule shell ruptufert

sizes 00, 0, 1, and 3 capsules. They found that the hard gelatin capsule shell took about
1.1 minutes to 2.1 minutes before the fill materials inside the capsule wersecklato

the dissolution medium (simulated gastric fluid, simulated intestinal fluid).

It might appear that the capsule shell needs to be completely dissolved before
drug dissolution takes place. However, these two processes, shell dissolution and drug
dissolution, in fact overlap each other [39-41]. Upon the formation of a tiny hole on the
capsule shell, the mass transfer process between the drug and the surroudiing me
begins. Water is drawn into the capsule body while the encapsulated materialsadrug a
excipients) are continuously released.

Melia et al.[38, 43] stated that the drug is released from the capsule via two main
processes: disintegration and dissolution. They described disintegration agpithe r
fragmentation of the dosage form under the action of the disintegrant” [38].
Disintegration reduces the size of the material by breaking it intoesnpalitions.

Dissolution, on the other hand, refers to the process where a solid dissolves into a liquid.
The disintegration process usually completes before the dissolution prodesgjtalhe

two processes take place simultaneously at the beginning of the dissolution B8¢cess [
44]. While drug dissolution is mainly driven by the disintegration process, in s@@® ca
where the encapsulated materials do not disintegrate, drug dissolution carebédgran
erosion process that is similar to the non-disintegrating tablets [17]. Thissript the

encapsulated material reduces in size because of material weanmthé& surface. The
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drug release process from a capsule dosage form where a slug is tisellatedp

material is summarized in Figure 7 as a schematic diagram.

CD/ %is_so{ution /
/'

Capsule \ — Disintegration / Erosion
with slug ( )

inside
Drug dissolution

Dissolution
(drug dissolves in solution)

Figure 7. Drug release process from capsule dosage form.

In general, capsule dissolution (drug release process) refers to the chpBule s
dissolution and the filling contents (drug) dissolution through the disintegration or
erosion process. However, as stated earlier, detailed research of dagsallgion with
the hydrodynamic effect in the dissolution Apparatus Il is not well reported.
Consequently, it was the intention of this research to study capsule dissolution by
incorporating some of the materials that are already examined in théuligefor tablet
dissolution.

2.4  Summary of Literature Review

In summary, the heterogeneous hydrodynamic environment within the USP
Apparatus Il has been reported by numerous researchers [9, 16, 17, 20, 21, 24, 25, 27].
Also, CFD simulations of Apparatus Il with and without tablets were presented, al

with the corresponding hydrodynamic effect on tablet dissolution [9, 16, 17, 20, 21, 24,
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25, 27]. These studies, however, did not evaluate the capsule dissolution process in the
USP Apparatus Il. More specifically, the previous work did not establish a maiteima
expression to predict capsule dissolution.

Therefore, one of the goals of this work is to predict the mass transfeciayeffi
of a slug inside the capsule theoretically as well as from existingierqreal data. The
CFD-predicted tangential velocity within the dissolution vessel and thecfgddnass
transfer coefficients were then used to build a model describing the capsolatas

process via commercially available numerical software.
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CHAPTER THREE

RESEARCH HYPOTHESIS AND OBJECTIVES

Previously, it was reported that the hydrodynamic field within the USP Apisarat
Il was highly heterogeneous. CFD simulations revealed that there wassaltmity
region at the vessel bottom, where a tablet was likely to be located. Addytiohall
tablet mass transfer coefficient predicted from experimental resutedated well with
the theoretical mass transfer coefficient estimated from CEDiged tangential
velocity. These studies, however, did not evaluate the dissolution process when capsule,
the second most common type of drug dosage form, is considered.
The hypotheses of this study were:

1. The capsule slug mass transfer coefficient could be predicted in a manner
analogous to the tablet mass transfer coefficient, using a previously
determined CFD-predicted tangential velocity.

2. The experimental and theoretical predicted capsule slug mass transfer
coefficients could be used in a computational capsule dissolution model
to generate a dissolution profile that would be statistically similar to the
published experimental dissolution results.

The primary objective of this research was to develop a mathematical mddel tha
incorporates mass transfer principles and hydrodynamic effects wheibuhestre
capsule dissolution process. This included capsule shell erosion, slug erosion, and slug

disintegration. The secondary objective was to determine if the theorepicadiigted
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mass transfer coefficient for the capsule slug using the CFD-predintgehtaal velocity
correlated with the mass transfer coefficient predicted from expetatgata. Finally,
this research aimed to determine if the theoretical and experimentairaraser
coefficients could be incorporated into the capsule model to numerically simulate
dissolution profiles that are statistically similar to the published data.

Since the CFD-predicted velocity vectors around the tablet surface locatien w
similar with or without a tablet in the vessel, the hydrodynamic effectsalet should
be similar to that on a capsule. Therefore, the CFD-predicted tangentialyetotibe
used to determine the theoretical mass transfer coefficient for a capsiseembeds the
hydrodynamic effects on a capsule within the mass transfer coeffidreatdition, the
mass transfer coefficient directly affects the dissolution profileer&fore, the simulated
profiles were statistically compared to the published data to determindithi/ vd both

the model and the value of the mass transfer coefficient.
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CHAPTER FOUR

MODEL DEVELOPMENT

The goal of this project was to develop a mathematical model that deshebes t
capsule dissolution process in the USP Dissolution Apparatus Il using basitramsser
principles with the incorporation of vessel hydrodynamics. This involved the
development of a mathematical model to describe the capsule dissolution process, the
estimation of the mass transfer coefficient to determine the rate efiahatansfer from
the capsule into the bulk fluid, and the numerical simulation of the capsule dissolution
profiles. The simulated profiles were then compared with published experirdatadb
validate the model. The overall model development process is presented as a flow chart

in Figure 8.
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Capsule dissolution profile
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Figure 8. Flow diagram for capsule dissolution profile model development.

As shown in Figure 8, a mathematical model was first developed using basic mass
transfer principles. The model describes the capsule shell erosion, siog,esnd slug
disintegration processes. The mass transfer coefficient was detdrbath
experimentally and theoretically. The experimental mass transfiéiceod was
estimated using experimental data published in the literature, while thetitedarass
transfer coefficient was calculated from CFD-predicted tangerdiatity data. These

mass transfer coefficients were incorporated into the mathematical toodenerically
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simulate the capsule dissolution profile. The model was validated by testiitly thuee
extreme dissolution scenarios. These scenarios are the pure erosion procass, the f
disintegration process, and the pure disintegration process without diffusion. liditg va
of the model was further evaluated by comparing the simulated dissolutide pndti
published experimental dissolution profile data. The goodness of fit between the model
and the experimental data was assessed statistically by theisyfaletor.
4.1  Mathematical Model Development

A mathematical expression that models the capsule dissolution process should
describe the mass transfer processes of both the capsule shell and the thnatteesides
within the capsule. The model in this research was based on modeling the capsule
contents as a slug inside a hard gelatin capsule. This model was spgci@ealbped
for a slug of ascorbic acid with 0.5% magnesium stearate inside a size 1lhérd ge
capsule dissolving in a USP dissolution Apparatus Il at 50 rpm in 1000 mL 0.1 N HCI at
37°C. The dissolution experiment data used to assess the model validity were obtained
from the work conducted by Heéaal. [45].

A slug is a lightly tamped mass of solid material. To form a slug, the drug
substance or material blend is machine-tamped into a cylindrical mass. dlkiages
mass of material resembles a tablet. It is less compacted and hasdmiversk than a
traditional pharmaceutical tablet. Since the slug resides inside the cagstilmensions
cannot be larger than the selected capsule size. More precisely, the slbg stuster
than the length of the capsule body for the capsule cap to be snapped shut. In this study,

it was assumed that the capsule body was completely filled with the slugamate
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Therefore, the length of the slug was equal to 16.46 mm, while the diameter wat®equal
6.3 mm. These dimensions were determined by subtracting the thickness of the capsul
shell from the dimensions of the capsule body.

Since the capsule dissolution process involves the dissolution of both the capsule
shell and the slug it contains, the model was divided into two parts to properly describe
both dissolution processes. The capsule shell dissolution was modeled as an erosion
process. The mass transfer process for the slug, on the other hand, was modeled in two
ways—as a disintegration process and as an erosion process. Both of these processes
were evaluated when developing the mathematical model, and then compared to
determine which process better described the slug dissolution process. Atigitibea
mathematical model assumed that the capsule shell dissolution and slug dissoluti
occurred in a sequential fashion.

4.1.1 Slug Dissolution Model Development

During the slug dissolution process, mass transfer from the solid drug to the
surrounding fluid occurs across a thin layer known as the diffusion layer. The thieker
diffusion layer, the slower the mass transfer or dissolution process. Each Bgstém
own distinct diffusion coefficient that drives the rate of mass transfer. Teidn
coefficient, D\g, or diffusivity, is a function of the properties of the fluid (molecular
weight, M, viscosityu, association parametepg), the molar volume, ¥, of the solute
at its normal boiling point, and the temperaturg, df the system. Equation 10 describes

the Wilke-Chang diffusivity correlation for estimating the mass tramcsfefficient [46].

37



JvaMT,
D, = 7.4x10° VB K

V.o Equation 10

In addition to the thickness of the diffusion layer and diffusivity, the rate of mass
transfer is also affected by the concentration gradient across theatiffager and the
surface area of the slug. This is described by Equation 11, where m is the thass of
drug diffused into the fluid and A is the surface area of the slug. Since the volume of the
fluid (dissolution medium) remains constant throughout the test, applying the law of
conservation of mass to the system results in Equation 12 [47]. Combining Equations 11
and 12, the Nernst-Brunner equation (that was presented by Equation 2 in Section 2.1) is
obtained. The mass transfer coefficient, k, represents the thickness ofubedliffyer
and diffusivity terms in Equation 2, and, when substituted into Equation 2 in Section 2.1,
results in Equation 3 in Section 2.2.

dr Dy

o TA(CS -C) Equation 11
dC 1 dmr _
=20 Equation 12
at v dt quation

To obtain an equation that describes the concentration of drug as a function of
time, Equation 3 is integrated by assuming that the mass transfer eo¢ffeanains
constant while the surface area of the slug changes with time. Thiskldton 13,
which is a general form of the mass transfer equation that describesdhetaf drug

dissolved per unit volume at a given time t.

C(t)= Cs{l— exr{— VLJE A(t)dt}} Equation 13
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Before determining a mathematical expression for A(t), the change overall
surface area as a function of time for a disintegration process, the slkgdarea
mechanism needs to be defined. Figure 9 presents a schematic diagram that klgpws a s
that is broken into a portion known as the unbroken slug as well as some disintegrated
particles. To simplify the formulation of the problem, the cylindrical slug madeled
as a sphere with its equivalent initial volume. This allows for the surfacerat¢hea
volume of the slug to be determined directly from the radius using the spheoibal, m
resulting in a one-parameter model. A cylindrical model requires both the dimeias$i
the radius and the length of the cylinder to determine the surface area and volbene of
slug, rendering the model development and subsequent mathematical expressions
significantly more complex. This spherical slug was thus assumed to break into a
unbroken portion and some disintegrated particles, where the involved particles were

assumed to be spherical in shape. These are collectively presented in Figure 9.
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Figure 9. Schematic diagram of the slug disintegration process ((al) bméakage,
cylindrical shape. (b) transient breakage, cylindrical shape. (c) sphaddal
breakage).
In addition to adopting a spherical model for the dissolution model development,
the following assumptions were also made:
e The dissolution medium was well-mixed.
e The initial concentration of dissolved drug in the medium was zero.
e The mass transfer coefficient was independent of time, slug surfacardea
disintegrated particles surface area.
e The slug was composed of spherical particles with discrete sizes.
As described in Figure 9, the slug disintegration process consists of two breakage
processes: the breakage of the parent slug into a new, smaller unbroken slug; and the
generation of disintegrated particles that may break apart further inlierspaaticles.

The breakage of the parent slug into a new, smaller unbroken slug, which is the size

reduction of the slug as a function of time, was assumed to follow an exponential decay

40



described by Equation 14. Herg,k1 is the radius of the unbroken slug at time, ps
is the density of the slug that was assumed to be constantgsayisl the radius of the
slug after diffusion at timeg.t Additionally,y is the disintegration constant or slug
breakage coefficient defined in this study. The magnitude of the slug breakage
coefficient has a direct impact on the rate of the slug disintegration duridgsfaodution
process. Note that initially at time zerg,t= th and g p+1 = hsip = Isio, Which is the
initial radius of the slug. Accordingly, the surface areayA and volume, ¥ .1, Of the

unbroken slug can be found at each time interval, as described by Equations 15 and 16.

I'sibs1 = Thsip ex{_&tb-ﬂ} Equation 14
Sl
Agpn =475 Equation 15
4 .
Vaipa = 37 S Equation 16

Once the volume of the unbroken slug is determined, the total volume of the
freshly disintegrated particles from the slug at tige ¥, p+1, can be obtained. The
volume of the leftover particles, ys+1, which equals the volume of the undissolved
particles, \ip b that did not dissolve at timg tan then be obtained. These are described
by Equations 17 and 18, respectively, whege Ms the slug volume after dissolution at
time §. Attime bt+1 = f, Vasipequals the initial slug volumeg\. Initially, Vnpnequals
zero as no disintegration has taken place. However, at any, totet thand, the drug
concentration, C(t), in the dissolution medium must be determined using Equation 13
before the values for ¢ rand Wiy, can be calculated. The surface area expression, A(t),

needs to be established first.
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Vp,b+l =Visip — Veipa Equation 17
VLp,b+l :Vnp,b Equation 18

Once the expression for the surface area is known, the drug concentration in the
dissolution medium at each timg, ¢an be determined. Therefore, the volume of the
sample dissolved, }p, at each timeptcan be computed according to Equation 19.
Subtracting the volume of the dissolved material from the initial slug volume, theezolum
of the undissolved material,,\, was obtained, as described by Equation 20. The
volume of the particles, ¥, and the volume of the slugnd/s which remained
undissolved at timg,twere estimated using Equations 21 and 22. The slug ragius, r
after diffusion at timegtwas calculated from Equation 23. This radius value was
substituted back into Equation 14, and the iterative process continued until the end of the
dissolution test was reached. In this study, the dissolution test was complet&d aft

minutes of simulation time.

C(t,)V, .
Vit b :& Equation 19
Psi
Vnet,b =Vsp0 _Vdif,b Equation 20
V, . +V
Viob =Vnem[ D P J Equation 21
Vein +Vips + Voo
Vasib = Vaeto = Voo Equation 22
1
&V 3 )
Masib Z(ﬁj Equation 23
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To calculate the surface area of all the disintegrated particleszéhang number
of the particles had to be determined. If the size of each disintegratetegarkinown,
the surface area can be obtained from the surface area equation for a sphere
Furthermore, if the number of particles for each particle size is also knowrththtotal
surface area of all the disintegrated particles can be determined.

Since the slug was only lightly compressed, it could be assumed that the particle
size distribution of the disintegrated particles would follow the partickedigribution
of the original powder blend at timg tThis was accomplished by adopting the ascorbic
acid particle size distribution data measured by He@d [45]. However, as the
unbroken slug continues to disintegrate, the disintegrated particles froen txaue
intervals may either dissolve via a diffusion process or break into smalletgzsartf the
slug breaks into smaller particles, the particle size distribution of as@uiol atd is no
longer pertinent and a new particle size distribution evolves.

To predict the new particle size distribution at each time interval, the Markov
chain model was used to provide a discrete solution to the population balance equations
of particle breakage [48]. There are many other methods available for dagduct
population balance modeling. Many of these other methods employ continuous density
functions [49-53]. Equation 24 shows a general continuous population balance equation
used to model particle breakage processes. Here, f(x,t) is the number densiy fiancti
size x particles at time t and b(x,y) is the probability distribution fa siparticles that
are formed from the breakage of size y particles. S(y) and S(x) aestlective

breakage frequencies of size y and size x particles [48]. These functions cad toe use
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build powerful models. However, the complexity of utilizing these functions makes it
very difficult to obtain a closed form analytical solution. The Markov chain approac
the other hand, enables the solution of the population balance equations in a discrete
manner. This approach is described by Equation 25 [48]. Here, i is an arbitrary state
number representing each discrete particle size with diameM(txrepresents the
number of particles in state i at time\t\i(t) is the rate of change of the number of
particles, b is the probability distribution for particles in state i that are formed from the
breakage of particles in state js the time step, and 8 the breakage frequency of

particles in state i.

d (é)t(t) = Tb(x, y)S(y)f (y,t)dy— S(x)f (x,t) Equation 24
N, (t)+ AN, (t)= zn:bji SN, (t)+(@-7S)N;(t) Equation 25

j=i
The basic underlying principle of the Markov chaiodal is that the prediction of
any future states depends only on the presentatat@ot on any of the past states. This
means that as long as the current particle sizeldion or the state probability,(&), is
known, the state probability,(f+1), at a future timeyt;, can be calculated.
To predict the state probabilityi(tg.,), for particles in state i at timg.t, the
Markovian transition matrix?, needs to be determined. The transition ma@;as
shown in Equation 26, is defined as the sum ofagetdriangular matrixl., and a
diagonal matrixD [48]. In comparing Equation 25 with Equation 26andD can be
determined from Equations 27 and 28, wherarld B are row i of matriX. and matrix

B, respectively, and Prepresents the diagonal value of the mdixix
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P=L+D Equatip6

L =SB Equati®7

D, =1-1S Equati®

One of the requirements of the Markov chain appresthat two consecutive

states should either have a constant intervalomnatant ratio; the model may be
expressed by uniform discretization or geometrsciditization. To discretize the
population balance uniformly, the particle sizarisition measured by Heds al [45]
was used to estimate the cumulative percentagevehsuniformly spaced particle sizes.
The resulting state probability, for each of the seven state, i, with diametgratxtime
t, = tp was determined. In addition, the lower limit;,dand upper limit, d of state
interval i were calculated from Equations 29 and BQdetailed description of the
computational process of the cumulative particte siistribution and the resulting

probability data can be found in Appendix B.

d_ =x _(%J Equation 29

iJ Equation 30

In this model, where i consists of seven statesstate probability vectoa(t), is
made up of seven state probabilitigé,a while the transition matrix, is a 7 X 7 matrix
with p; corresponding to the probability of transitionrfrstate i to state j. It was
assumed that disintegrated particles exist in dnlesoseven discrete particle size states
from state i =1toi=7. In addition, the digigtated particles that did not dissolve into

the dissolution medium via diffusion at earlier éimmtervals continue to break discretely
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according to the particle size distribution, frotats i = 7 (largest particle size) to state i
=1 (smallest particle size). The model assumadrtb further breakage occurs when a
particle size of 74um is attained. This implies particles with a diaenef 74um will
only dissolve into the solution by diffusion. Ndbtet 74um was chosen as the particle
size where no further breakage occurs becausesitiveasmallest sieve fraction size used
by Hedaet al.[45]. Thus, no data is available for particle®olethis size range.

To determine the transition matri®, the breakage frequency, 8 defined. In
this model, the particles were assumed to breabrdirg to the breakage frequency, S
described by Equation 31 for all states, i, betw2and 7, where is the particle
breakage coefficient. At state i = 1, which is stte with the smallest particle sizeisS
equal to zero. This is because it was assumeadhthfatrther breakage occurs when 74
um (state i = 1) is reached. The diagonal mabixwas estimated by computing D
using Equation 28, wherewas selected to be 30 seconds under the condtratn§
will not be larger than 1.

S =ax Eqoati31

Next, the lower triangular matrik,, was found using Equation 27. HergjBthe
row i of matrixB with componentjh Assuming the probability for a parent partice t
break into smaller particles with any size wasgame, b(x,y) can be described by
Equation 32 [48]. The equation describing b(xamn be integrated to give n a
discrete form. Equation 33 was used to determjneien 2<j<7 and I<i<].

Otherwise, pis equal to zero. This is because only largetigles (state j) can break
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into smaller fragments (state i). With lbeing defined, the lower triangular matix,

can be determined. Equation 34 presénfsr a n X n matrix.

6X° .
b(x,y):F Equatich 3
by == (d* - ) Equation 33
=g (@ - guation
j-1
0 o - - - 0 0
Shy, 0 R 0 O
T%b31 f%baz I 0 0
L=| - : S : : Equation 34
TSﬁbnl fSnan T fs”lbn,n*]- Onxn

By summing matriceB andL, the transition matrixP, was obtained. The state
probability vectora(t), for any future time step can therefore be eatdd from Equation
35.

a(t+7)=a(t)P Equation 35

Knowing the probability, i#ty), of having particle size of stateat time ¢, the
total volume, \ty), of the disintegrated particles at each parscte of state xcan be
determined from Equation 36. Since the disintegta@rticles were assumed to exist in
discrete states of known sizes with each statasxdefined in Appendix B, the surface
area, Aj, and volume, Y, of the individual disintegrated particle at eatdte can be
found. These are described by Equations 37 ane8@ectively. Consequently, the
number of particles,fty), in each state, xat time § can be determined from Equation

39, and the surface area;pfil,), of all the disintegrated particles at each state€an be
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found from Equation 40. Finally, the overall sadaarea, Af), from all the
disintegrated particles, as well as the unbrokeg, shat are available for the diffusion

process at timeg tan be obtained from Equation 41.

Vi(t,)=Vippa (t,)+V,a () Equation 36
A, = 4nxt Equati®7
4 .
V, = 3 7X; Equati@s
n(t,)= Vi\gtb) Equation 39
Ani(ty)=mi(t,)A Equation 40
7
A, )= Aty )+ A Equation 41
i=1

Substituting Equation 41 into Equation 13, an ainedy expression that describes
slug dissolution process, with the disintegratioocpss being captured through the

surface area equation, was established. EquaZigmebents this overall expression.

C(t)= Cs{l— exp{—vL J.;i Aty )+ ASI,bdt:|} Equation 42

Equation 42 can be conveniently converted intexpression that describes the
slug dissolution process via erosion only. Thiadkieved by setting the breakage
coefficient,y, to zero. Similarly, this equation can be useddscribe a pure
disintegration process without any diffusion by giynsetting the mass transfer

coefficient, k, to zero.
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4.1.2 Capsule Shell and Overall Dissolution ModeV&opment

The dissolution of a capsule shell was assumedllmaf an erosion mechanism
and diffuse into the dissolution medium. In therkture, the reported time for this
process may be as long as 300 seconds [39]. Fhisdlatively short amount of time in
comparison to the overall capsule dissolution msecéddue to this short amount of time,
it was assumed that A(t) will be similar to thetialisurface area, & of the capsule
shell. In addition, the mathematical model assuthaticapsule shell dissolution and
slug dissolution occur in a sequential fashion.plimg the same general form of the
mass transfer equation that describes the amoutntigfdissolved per unit volume at a
certain time t to the gelatin shell dissolutionuBtion 43 was obtained. Herg, ik the
mass transfer coefficient for the gelatin shellj<3he saturated solubility of gelatin, and
G is the solubility of the gelatin shell at timelhtegration of Equation 43 results in the
expression for capsule shell dissolution via asieroprocess, resulting in the expression

described by Equation 44.

dC _keAs (» _ -
at v, (G,-G) Equation 43
Glt)= G{l— exr{— %H Equation 44
L

The overall capsule dissolution model is comprigildoth the capsule shell and
capsule slug dissolution processes. This is egpceas Equation 45, where @) is the
overall shell plus slug concentration at time heTirst term on the right of Equation 45
describes the gelatin shell dissolution process fime zero to timest The second term

describes the slug dissolution process from tigite the end of the dissolution test of

49



time t. The slug dissolution process usually takesut 60 minutes or more. Therefore,
the time, &, needed for shell dissolution, which is typicdégs than five minutes (300
seconds), can be neglected. Consequently, Equéiatone is sufficient to describe the
capsule dissolution process. In summary, a matteshanodel comprising both the
erosion process of the capsule shell and the tvas tnansfer processes that a slug

undergoes, the disintegration process and theogrgsocess, was developed.

C. (1) = Gs{l— ex;{—ki/—AG e dtﬂ ¥ Cs{l— ex;{—vL J! > A(t)+ Asmdt}}tzquation 45

4.2  Mass Transfer Coefficient Estimation

To complete the mathematical model, the mass &anskfficient for the slug
was determined. The methods of estimation arerithescbelow.

The mass transfer coefficient of the slug was datezd from experimental data
as well as from theoretical calculations, in a Eminanner as conducted by Bial.
[17]. The integrated form of the mass transfera¢ign, as described by Equation 46,
together with experimental dissolution data from literature, were used to obtain the
experimentally determined mass transfer coefficoénthe slug, k, Equation 46
assumed that the mass transfer coefficient is imggnt of time [17]. Hereglpis the
mass transfer coefficient, \fs the dissolution medium volume, i€ the drug
concentration in the medium at time t (which cammb&ined from the experimental
dissolution data), £is the initial drug concentration in the mediurng j$<the saturated

solubility of the drug, C is the drug concentratiorthe medium, g is the initial slug
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diameter pg) is the density of the slug, afids the height-to-diameter ratio of the slug.
The derivation of Equation 46 can be found in AgpeIC.

2
g o)
exp T c, _ 2/3
7Z'|:dg|0 _ 4(C C:O )\/Lj|

Bog

Equation 46

To calculate the mass transfer coefficiegiokof the slug theoretically, the mass
transfer coefficient equation for a rotating cykenés shown in Equation 8, together with
the CFD-predicted tangential velocities data asgmted in Tables 1 and 2 in Section 2.2,
were used. Although the slug is also cylindricashape, it is positioned down on its
surface side instead of the ends. Additionallg,sbrface area around the surface is
much larger than that of the two ends. Therefibig,reasonable to use only the mass
transfer coefficient equation for a rotating cykndo estimate the slug mass transfer
coefficient. In Equation 8,1ds the diameter of the tablet. This diameter estgnated
by taking the average of the sum of the initiahaker, &0, and initial length, ko, of the
slug. The rotating Reynolds number, Rnd the Schmidt number, Sc, are defined
according to Equations 47 and 48 [17]. The veja@tm, ,, in Equation 47 is the
velocity at the periphery of the cylinder, whichsxassumed to be the tangential velocity,

vy, Of the fluid adjacent to the slug.

(dSIO + LSIOJU p
2 ° .
Re, = Equation 47
MU
Sc=—1~ Equatd3
Daep
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If the same size of tablet and capsule are indhgesposition in the dissolution
vessel, the velocities around them should be simpalditionally, the CFD-predicted
velocity vectors around the tablet surface locatisrshown in Table 3 are similar with or
without a tablet in the vessel. It is reasonablagsume that hydrodynamic effects on a
tablet would be similar on a capsule. Therefdre,GFD-predicted tangential velocities
from the referenced literature were used to caleula capsule slug mass transfer
coefficient. The mass transfer coefficient valoagulated experimentally and
theoretically were compared and incorporated ineorhathematical expression for the
capsule dissolution to complete the model.

4.3  Numerical Simulation and Statistical Analysis

The mass transfer process of capsule dissolutrafenthe effect of the
hydrodynamic conditions of the USP Apparatus lIswsathematically modeled by
coupling the mass transfer coefficients. The ¢ffef tangential velocity and slug size
on the capsule dissolution profiles, as well asglextreme dissolution cases, were
evaluated. The model was validated by statistiaamparing the generated dissolution
profiles against the published dissolution dathe @iegree of agreement between the
model and published data was evaluated by theasityifactor.

The similarity factor is one of the methods recaenaed by the FDA for
comparing similarities or differences between disgsan profiles [1]. This model-
independent approach utilizes a pair-wise procettucempare dissolution profiles
based on the values of a difference factonvhich ranges from 0 to 100, and a similarity

factor, %, which ranges frome to 100 [17, 54]. If two profiles are extremelyfdrent,
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the %, value will approaches. If they are deemed to be identical, theisfL00. The
difference factor and the similarity factor reprasine absolute differences and the
squared differences in population averages betweemlative dissolution values of the
reference and test assays at all time points, cdsply/, where only one sample point is
allowed to contain more than 85% dissolution ofdhey product [55, 56]. While the
difference factor measures the percent error betwee dissolution profiles, the
similarity factor compares the mean differencedigsolution values between the
reference and test samples without accountingiffarences within each sample type.
The difference factor and similarity factor werg¢edtenined according to Equations 49
and 50, respectively, where n is the number of pimiats, Ris the dissolution value of
the reference assay at time t, anitsThe dissolution value of the test assay at#me
time, t [1, 17].

2R T

f, = x100 Equation 49

n

2R

t=1

n -0.5
f,=50 |og“1+%Z(Rt - Tt)z} x 100} Equation 50
t=1

According to the FDA, two dissolution profiles aienilar if f; lies between 0 and
15 and f lies between 50 and 100 [1]. Anvialue of 50 corresponds to an average
difference of 10% between two dissolution profé¢sny time point, and this value

increases as the average difference is reducedte ff and $ values of the simulated and
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the published dissolution profiles meet these cat¢he mathematical model developed
in this study, which combines the mass transferggples as well as the hydrodynamic
effects within the USP Apparatus I, would be cdesed a valid model to describe

capsule dissolution testing.
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CHAPTER FIVE

RESULTS

A capsule dissolution model has been developed #hug inside a gelatin
capsule shell in a USP Apparatus Il. This chaptesents the results of the model
simulations. These include the mathematical espwas for capsule shell and slug
dissolutions, the estimation of the mass trangefficient, and the simulated capsule
dissolution profiles.

5.1 Mathematical Model

The mathematical model was developed under therggan that the capsule
shell dissolution and the slug dissolution occua sequential fashion. This assumes that
ascorbic acid does not diffuse into the dissoluti@dium until the gelatin capsule shell
has completely dissolved. Equation 44 from Sectidr2 describes the capsule shell
dissolution process. This equation, however, vedsntorporated into the dissolution
simulation process since the shell dissolution @seds relatively short (within five
minutes) compared to the one-hour slug dissolygrocess. In addition, only the drug
concentration is typically being monitored overdimhen conducting the dissolution
experiments. The change in concentration of tipswda shell in the dissolution medium
is usually neglected.

The slug dissolution model was developed througbrabination of the general
form of the mass transfer equation, the theoretias transfer coefficient with the use

of CFD-predicted tangential velocity, the initiarficle size distribution of ascorbic acid
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from Hedaet al [45], and the probability of generating partictégliscrete sizes through
the application of the Markov chain. The modelalepment process was discussed in
Section 4.1.1. All the computed values for therioes,D, L, andP, of the Markov
chain, which are essential for the state probghikctor estimation, can be found in
Appendix D. These values were calculated withpdugicle breakage coefficient,
equal to 13° um>s* and the time step, equal to 30 seconds. A graph showing the state
probability vectora(t), for particle size distribution from zero to 60nutes is also
presented in Appendix D. The state probabilityterts required in the model
simulation to account for particle breakage dudiggolution. The result is a
mathematical expression that describes the slgglditon process via pure
disintegration, pure erosion, or a combinationathtas presented by Equation 42.
5.2  Mass Transfer Coefficients

A mass transfer coefficient was determined expentaily and theoretically.
Experimental data obtained from Hestaal [45], as well as the ascorbic acid slug and
the dissolution system properties, are reportéhiies 5 and 6, respectively. The
dissolution data were plotted and the profile wisd with a fourth order polynomial
equation as shown in Figure 10. The polynomiakéqn was used to estimate discrete
concentration values as a function of time at omadte intervals up to 40 minutes. The
concentration obtained from this polynomial equastarted to diverge from the
experimental data beyond 40 minutes. The valu&sradd, together with the properties

of ascorbic acid and the dissolution system, weeerporated into Equation 46. The
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experimental mass transfer coefficient, obtaineduoyerical integration of Equation 46
from time zero to 40 minutes, was 106.61 mm/min.

Table 5. Dissolution data of the ascorbic acid sfusize 1 capsules.

T (minutes) C (%)

3 14

5 27

7 38
10 46
15 59
30 84
45 95
60 100

Table 6. Properties of the ascorbic acid slugdissblution system used iRk
estimation.

Properties Values
Vi (mL) 1000
Lsig (mm) 16.46
ds|0 (mm) 6.3
B 2.61
Vi (MnT) 513.10
psi (Mg/mnm) 0.49
C. (mg/mL) 0.25
Co (mg/mL) 0
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Figure 10. Dissolution graph and polynomial fitasicorbic acid.

To estimate the theoretical mass transfer coefficithe tangential velocity of the
system was first determined from the CFD-predidath presented in Tables 1, 2, and 3.
With the slug resting on its side during dissolatiesting, the height of the slug from the
bottom of the vessel was approximately 6.3 mm.ufed 1 figuratively presents the
capsule location inside a dissolution vessel. Assg the slug was located at the center
of the vessel and the rotational axis was at théec®f the slug, the longer side of the
slug would be located at about 8.23 mm from theerasf the shaft, which is half of the
length of the slug. The shorter side of the stugthe other hand, would be located at
about 3.15 mm from the shaft center. This is agprately half the diameter of the slug.
Putting these dimensions together and compariigldes 1, 2, and 3, the tangential
velocity should be roughly between 0.029 m/s t&8.8/s. The mass transfer
coefficient was estimated by selecting three tatigievelocities from this range: the
lower limit, the upper limit, and the average vall&uations 8, 10, 47, and 48 were used

to estimate the theoretical mass transfer coeffici@here ke, is equal to kgein
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Equation 8. The values of the variables, suclhagptoperties of the dissolution medium
and ascorbic acid that were used in determiningrtags transfer coefficient with the
average tangential velocity, are reported in Appefd Although the actual dissolution
medium used in the study was 0.1N HCI, propertfasater were used in these
equations. The tangential velocities and the spoading theoretical mass transfer
coefficients are presented in Table 7. The theaiemass transfer coefficient estimated
from this method was found to range from 0.29 mm/tai0.47 mm/min, depending on

the magnitude of the tangential velocity.

Shaft Center
\V Vessel Wall

Capsule

Figure 11. Location of capsule inside dissolutressel (top view).

Table 7. Tangential velocities and theoretical srteansfer coefficients.

Vg (M/s) \y (mm/min) Khec (MmM/min) Notes
0.029 1740 0.29 Lower limit
Mid-point
0.044 2640 0.39 average
0.058 3480 0.47 Upper limit
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5.3  Simulated Dissolution Profiles and Statistical Camigon

The estimated mass transfer coefficients and thiieemraatical model were
coupled together to simulate dissolution profil@$ie effects of tangential velocity, as
well as the size of the slug on the dissolutiorfilgrovere also evaluated. In addition,
three extreme dissolution cases were simulateduegdor the slug breakage coefficient
and the particle breakage coefficient were selestiets that the simulated profiles could
be best fitted with experimental data. Table &repthe variables that have constant
values for all the model simulations in this study.

Table 8. Variables with constant values in thesoépdissolution model simulation.

Variables Value Notes
Vi (mL) 1000 Dissolution medium
C. (mg/mL) 0.25 Saturated drug solubility
T (S) 30 Breakage time step

5.3.1 Dissolution Profile with Experimental Massaiisfer Coefficient

First, a dissolution profile was simulated by irpmrating the experimental mass
transfer coefficient into the model. Table 9 presehe values of the variables used to
simulate this dissolution profile. Figure 12 pretsethe resulting profile with the use of
the experimental mass transfer coefficient. Thgeerental dissolution profile from
Hedaet al [45] is also included in these figures for conigam purposes. It is very clear
that the experimental mass transfer coefficient ovaes-estimated, resulting in an

immediate dissolution profile.
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Table 9. Variables used in the capsule dissolutiodel simulation with &p.

Variables Value Notes
Lsio (mm) 16.46 Slug length
dsic (mm) 6.3 Slug diameter
Vo (MnT) 513.10 Slug volume
rsio (MmM) 4.97 Slug volume equivalent sphere radius
psi (Mg/mnn) 0.49 Slug density
Ve (MmM/min) 2640 Tangential velocity
. Mass transfer coefficient
Kexp (MM/min) 106.61 (experimental)
y (mg/mnf) 2*10"° Slug breakage coefficient
o (um” s’ 10" Particle breakage coefficient
120
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&
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0 ¥
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===Simulated profile (experimental k) == Experimental data

Figure 12. Simulated dissolution profile with exipgental mass transfer coefficient(k
=106.61 mm/miny = 2*10"° mg/mnf; « = 10" um™ s) and experimental dissolution

data.

5.3.2 Dissolution Profiles with Different Tangemtiéelocities—Theoretical Mass

Transfer Coefficients

The three tangential velocities and their comesiing theoretically estimated

mass transfer coefficients, presented in Tableerewncorporated into the capsule
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dissolution model. The variables used to simula¢se profiles are reported in Table 10.
The resulting simulated profiles are presentedguaries 13 to 15. Unlike the profile
generated using the experimental mass transfeficeat, the three dissolution profiles
simulated using theoretical mass transfer coefitsigave profiles fairly similar to the
experimental data.

Table 10. Variables used in the capsule dissalutiodel simulation—keo

Variables | Lower limit| Mid-point | Upper limit Notes
Lsio (mm) 16.46 Slug length
dsio (mm) 6.3 Slug diameter
Vo (Mnr) 513.10 Slug volume
Slug volume equivalen
fsio (M) 4.97 sphere radius
Psi .
(mg/mn) 0.49 Slug density
Vo 1740 2640 3480 Tangential velocity
(mm/min)
Ktheo 0.29 0.39 0.47 Mass transfer coefficient
(mm/min) (theoretical)
: Slug breakage
y (mg/mnf) 2+10™° cogefficientg
3 . Particle breakage
@ (um” s 107 coefficient k
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Figure 13. Dissolution profile with the lower litaf tangential velocity (v= 1740
mm/min; kneo= 0.29 mm/miny = 2*10*° mg/mnf; o = 10%*° um® s*) and experimental
dissolution data.
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Figure 14. Simulated dissolution profile with sage tangential velocity {\= 2640
mm/min; kneo= 0.39 mm/miny = 2*10"° mg/mnf; o = 10*° um s*) and experimental
dissolution data.
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Figure 15. Dissolution profile with the upper lirof tangential velocity (v= 3480
mm/min; kneo= 0.47 mm/miny = 2*10*° mg/mnf; o = 10%° um® s*) and experimental
dissolution data.

Furthermore, the capsule in this study was assumbed centrally located in the
vessel. To check the validity of this assumptetangential velocity that corresponds to
an off-centered location in the vessel was incafeat into the model. The location
selected was at a radius of approximately 35 mm fitte center of the shaft and 19.05
mm from the vessel bottom, as shown in Figure Tliéis gives a tangential velocity of
4680 mm/min and a mass transfer coefficient of @57 min. The variables
incorporated into the model to simulate the digsatuprofile for an off-centered capsule

are reported in Table 11. The resulting profilprissented in Figure 17.
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Figure 16. Centrally located and off-centered agssinside a dissolution vessel.

Table 11. Variables used in the capsule dissalutiodel simulation—off-centered
capsule.

Variables Value Notes
Lsio (mm) 16.46 Slug length
dsic (mm) 6.3 Slug diameter
Vs (MmnT) 513.10 Slug volume
Isio (MmM) 4.97 Slug volume equivalent sphere radius
psi (Mmg/mnT) 0.49 Slug density
Vo (MmM/min) 4680 Tangential velocity
k (mm/min) 0.57 Mass transfer coefficient
y (mg/mnf) 2*10" Slug breakage coefficient
o (um” s 10™ Particle breakage coefficient
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Figure 17. Dissolution profile with tangential geity corresponds to an off-centered
capsule (y= 4680 mm/min; k = 0.57 mm/min;= 2*10° mg/mnf; o = 10*° um™ s*)
and experimental dissolution data.
5.3.3 Dissolution Profile with Smaller Slug Dimensi

The effect of slug dimension was also investigatedtead of assuming that the
capsule body was fully filled with the slug matésjat was assumed that the capsule was
only 75% filled. This corresponds to a slug lengftii2.35 mm. The overall volume of
the slug was therefore reduced by 25%. Sincerttmiat of slug materials remained the
same, the density of the slug increased from 0.g@mr to 0.65 mg/mm The
variables used to simulate the dissolution prdélea capsule with this reduced filled

volume are reported in Table 12. The average tarayeelocity of 2640 mm/min was

used for this simulation. The resulting simulgpedfile is presented in Figure 18.
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Table 12. Variables used in the capsule dissaiutiodel simulation—smaller slug
dimension.

Variables Value Notes
Lsig (mm) 12.35 Slug length
dsic (mm) 6.3 Slug diameter
Ve (mnt) 384.82 Slug volume
rsig (mMm) 4.51 Slug volume equivalent sphere radius
psi (Mg/mnn) 0.65 Slug density
Vp (mm/min) 2640 Tangential velocity
k (mm/min) 0.39 Mass transfer coefficient
y (mg/mnf) 2*10"° Slug breakage coefficient
o (um” s’ 10" Particle breakage coefficient
120
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—===Simulated profile (75% filled capsule) =—Experimental data

Figure 18. Dissolution profile with a 75% filled@msule (k = 0.39 mm/miry;= 2*10*°
mg/mnt; o = 10" um™ s1) and experimental dissolution data.

5.3.4 Dissolution Profiles for Extreme Cases
To further validate the model, three extreme casse evaluated. These are the
pure erosion process, fast disintegration pro@sspure disintegration process without

diffusion. For the pure erosion process, the biegkage coefficient was set as zero.
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For the fast disintegration process, the slug lagalcoefficient was adjusted such that

there was no more unbroken slug one minute afssiotiition. \ at t equal to one

minute should be zero. For the pure disintegratithout diffusion process, the mass

transfer coefficient was set as zero, and anylstegkage coefficient produced a

dissolution profile with the same shape. Thisdsduse nothing dissolved and the

particles were suspended in the dissolution medililre variables used to simulate

dissolution profiles for these three cases arertegan Table 13. Their dissolution

profiles are presented in Figures 19 to 21.

Table 13. Variables used in the capsule dissaiutiodel simulation—extreme cases.

nt

~—t

. Pure Fast Pure
Variables Erosion| Disintegration| Disintegration Notes
Lsieg (mm) 16.46 Slug length
dsio (mm) 6.3 Slug diameter
Vg (MnT) 513.10 Slug volume
Slug volume equivalent
fsio (M) 4.97 gsphere ragius
psi (Mg/mn7) 0.49 Slug density
Vo (Mm/min) 2640 Tangential velocity
k (mm/min) 0.39 0 Mass transfer coefficier
y (mg/mn?) 0.1 2*10" Slug breakage coefficien
3 1 10 10 Particle breakage
o (U s”) 10 10 coefficient ’
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Figure 19. Dissolution profile for pure erosiomgess (k = 0.39 mm/min;=0
mg/mnt; « = 0pm™ s?) and experimental dissolution data.
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Figure 20. Dissolution profile for fast disintetjom process (k = 0.39 mm/min= 0.1
mg/mnt; o = 10*° um™ s*) and experimental dissolution data.
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Figure 21. Dissolution profile for pure disintegoa process without diffusion (k = 0
mm/min;y = 2*10%° mg/mnf; « = 10*° um™3 s*) and experimental dissolution data.

5.3.5 Dissolution Profile with Adjusted Coefficient

The mass transfer coefficient, slug breakage woefit, and particle breakage
coefficient could all be adjusted to bring the diabed dissolution profile closer to the
experimental profile. It is expected that a langess transfer coefficient would result in
a faster dissolution profile, as materials tran&dster from the slug to the dissolution
medium. Similarly, a larger slug breakage coegfitiand a larger particle breakage
coefficient both imply faster material breakagethbaf which increase the surface area
available for diffusion to take place. AccordimmgEquation 3, the rate of drug
dissolution is directly proportional to the slugfage area. Therefore, an increase in
surface area because of faster material breakagidsaiso result in a faster dissolution
profile. By selecting the mass transfer coeffiti@s 0.23 mm/min, the slug breakage

coefficient as 2*18 mg/mnf, and the particle breakage coefficient as®40m™ s, the
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simulated and experimental dissolution profiles@dtrperfectly overlapped with each
other. The variables used to simulate this disgolprofile are reported in Table 14.

The dissolution profile is presented in Figure 22.

Table 14. Variables used in the capsule dissaiutiodel simulation—adjusted
coefficients.

Variables Value Notes
Lsieg (mm) 16.46 Slug length
dsic (mm) 6.3 Slug diameter
Ve (mnt) 513.10 Slug volume
rsig (Mm) 4.97 Slug volume equivalent sphere radius
psi (Mg/mnv) 0.49 Slug density
Vg (mm/min) 1200 Tangential velocity
k (mm/min) 0.23 Mass transfer coefficient
y (mg/mnf) 2*10” Slug breakage coefficient
o (um” s 10™ Particle breakage coefficient
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Figure 22. Dissolution profile with coefficientdjasted to match experimental
dissolution data (k = 0.23 mm/mipz= 2*10° mg/mnf; o = 10%° um™ 7).

71



5.3.6 Statistical Comparison

It is clear that the model with the experimentakmtransfer coefficient did not
effectively predict the ascorbic acid capsule digsan profile. However, the simulated
dissolution profiles with the theoretically estimatmass transfer coefficients (Figures 13
to 15) are similar to the experimental data. Theeéles were statistically compared to
the experimental data using the difference faator @milarity factor. The simulated
profiles with the off-centered location and the Bersslug dimension, as well as the
simulated profile with coefficients adjusted to nfathe experimental dissolution data,
were also statistically compared to the experimeafeata.

Table 15 lists the dissolution values of the expental data, Rand the
simulated profiles, T at time t. These include the dissolution valiethe capsules with
various tangential velocities, off-centered locatid5% filled volume, and the near-
perfect profile with adjusted values. The diffezerfiactor, f, and the similarity factor,f
were reported. For two dissolution profiles tochasidered similar, fshould be
between 0 and 15 whilg $hould be between 50 and 100 [1]. Thereforesitmalated
dissolution profile with the lower limit of tangeal velocity, and that with the smaller
slug dimension (75% filled), are considered toibdlar to the experimental data. The
difference factor and the similarity factor for tsienulated profile, where the coefficients
were adjusted to closely match the experimentdllprare 3 and 81, respectively.
According to the statistical analysis, the theaatmass transfer coefficient that best

described the experimental dissolution data is h&gmin.
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Table 15. Dissolution values of experimental datd various simulated profiles.

Experimental Lower | Average| Upper Off- 75% Adjusted
data limit Vo limit | centered filled | values
Vo Vo
Vo n/a 1740 2640 3480 4680 2640 120
(mm/min)
(mintutes) Re (%) T (%)
3 14 22 29 33 38 24 19
5 27 33 41 46 52 36 28
7 38 42 50 55 61 44 36
10 46 51 60 65 70 54 46
15 59 63 71 75 80 66 59
20 68 71 78 82 85 73 69
30 84 81 86 89 92 83 83
f1 n/a 10 24 32 42 14 3
f, n/a 65 46 39 34 57 81
Similarity n/a yes no no no yes yes

In summary, mathematical expressions for capswé# and capsule slug

dissolution were developed, the mass transfer icteit for the dissolution system was

determined, and capsule dissolution profiles wamellated. Figure 23 summarizes the

key results obtained for each part of the modeétigpment process.

Mathematical model developmen

1. Shell erosion (Equation 44)
2. Slug erosion and
disintegration (Equation 42

Mass transfer coefficient estimation

1. Experimental
Kexp = 106.61 mm/min
2. Theoretical
Ktheo= 0.29 mm/min

Numerical simulation

Capsule dissolution profile (Figure 13)

Figure 23. Summary of the key results for capdigsolution model development.
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CHAPTER SIX

DISCUSSION

Mathematical models that describe capsule shelsamgldissolution processes
have been generated. In particular, the matheahatiodel portrays both disintegration
and erosion processes for slug dissolution. Tinlatd the model, the mass transfer
coefficients were estimated and coupled with theehto simulate several specific cases
of the dissolution process. In addition, the seted profiles were statistically compared
with the experimental dissolution data for simiari

The mass transfer coefficient incorporated in tloelehwas estimated
experimentally using experimental dissolution datd theoretically using CFD-
predicted tangential velocities. Batial [17] found that experimental and theoretical
mass transfer coefficients for tablets were orstirae order of magnitude where
proportionality existed between the two. Howevtee, values obtained from the two
methods in this work appeared to be substantidflgrdnt from each other when
capsules were considered. The mass transfer cieeffestimated from experimental
dissolution data suggests a rapid mass transfeegspand, subsequently, a fast
dissolution profile. Dissolution profiles generfeom the model in which the
experimental and theoretical mass transfer coefftsiwere incorporated further revealed
the discrepancy of the experimentally estimatedezalAs shown in Figure 12, the
simulated profile using the experimental mass fearefficient resulted in an

immediate release dissolution profile and did natah the experimental data generated
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by Hedaet al [45]. The simulated dissolution profile using ttmeoretical mass transfer
coefficient (0.29 mm/min), however, was statisticalmilar to the experimental profile
generated by Hedat al [45]. This could be because the equation usedtimate the
mass transfer coefficient from the experimentahdesumed a non-disintegrating slug
throughout the entire dissolution testing. Theetthat Baiet al [17] studied was a non-
disintegrating tablet. Therefore, it is reasondhé their experimental and theoretical
mass transfer coefficients agreed with each other.

The tangential velocities obtained from the CFDadatestimate theoretical mass
transfer coefficients were chosen under the assamftat the slug was centrally located
at the bottom of the vessel during dissolutioninigst Three dissolution profiles were
simulated using three theoretically estimated nrassfer coefficients. According to the
difference and similarity factors, the simulatedfije with a theoretical mass transfer
coefficient of 0.29 mm/min showed good agreemett trie experimental ascorbic acid
dissolution curve. This dissolution profile is aioted from the use of the lower limit of
tangential velocity with the selected slug breakeggfficient and particle breakage
coefficient. The magnitude of the three coeffitsstogether with the good agreement
between the two profiles suggest that the ascadiat capsule dissolution was dominated
by an erosion process with some slug and partidlakages. The other two profiles,
simulated using the average and the upper lintémgential velocities, are not
statistically similar to the experimental profilergerated by Hedet al. [45]. Their
difference factors are bigger than 15 and theirlarity factors are smaller than 50. The

differences in these simulated profiles show thatdissolution profile is very sensitive
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to the tangential velocity experienced by the chpsiA capsule can experience different
tangential velocity because of a slight changeaation. This difference in tangential
velocity leads directly to a change in the massstier coefficient and therefore a change
in the dissolution profile. This is consistentiwihe observations reported in the
literature for tablet dissolutions [9, 10, 15-14, 25, 27].

The effect of tangential velocity on capsule digioh was also studied using an
off-centered capsule. This off-centered positesuited in a higher tangential velocity
and therefore a higher theoretical mass transfefficent. The resulting simulated
profile showed a much faster capsule dissolutita ttzan the dissolution rates of the
centrally located capsule and the capsules stumi¢tiedaet al [45]. Again, this agrees
with the results reported in the literature, wheedrug product at different locations
inside the dissolution vessel experiences diffeingdtodynamics and therefore
dissolution variations [9, 10, 15-19, 21, 24, 2.2

There are several factors that could have congtbtd the variation observed in
the simulated profile using the average tangewéklcity in Figure 14. First, the slug
was assumed to be the size of a fully filled sizagdsule. This dimension was not
provided by Hedat al [45]. The dimensions of the slug can be impdréathey
determine the density of the slug. An increasgeinsity reduces the dissolution rate. To
verify this effect and the importance of the slugehsions, a simulation was conducted
where the capsule was assumed to be 75% filleds I&th to a reduction in the length
and the volume of the slug. The resulting simdatfile showed that this reduction in

filled volume slowed the dissolution rate. Statetcomparison between the simulated
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profile and the experimental profile generated legl&et al [45] shows that they are
similar.

In addition to the slug dimensions, the cylindriskig was modeled as a sphere in
the dissolution model development. This could hay@osed some differences in the
surface area that is available for mass transfaki® place. Furthermore, the mass
transfer coefficient was assumed to be indeperafdithe, slug surface area, and particle
surface area in this study. According to Equati®@asd 13, surface area changes with
time, and a reduction in surface area may chargetss transfer coefficient. Finally,
the rate of slug and particles breakage would pdgentially change the surface area and
hence the dissolution profile.

While the simulated profile with the use of a tregmal mass transfer coefficient
of 0.29 mm/min validates the capsule dissolutiomlehcthree special cases that were
considered to be extreme scenarios were evaluatazhfirm the validity of the model.
These three cases were the pure erosion procedasttdisintegration process, and the
pure disintegration process without diffusion. 3&eases were selected with the
reasoning that if their simulated profiles corngctéscribed the dissolution process, then
any dissolution process that is a combination efrtttould be properly simulated. The
simulated profiles of these special cases wereddarmorrectly predict the dissolution
trend. The dissolution profile of a pure erosioogess should be slower than that of a
fast disintegration process. A reduction of maasdfer coefficient to the extreme case

of zero collapsed the dissolution profile. Last bot least, an increase in the slug
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breakage coefficient, which intuitively increaskd surface area, increased the
dissolution rate.

The mass transfer coefficient, slug breakage coefft, and particle breakage
coefficient collectively shape the dissolution @eof An increase in the magnitude of any
one of them with the rest being held constantnanarease in the magnitude of all of
them, would increase the dissolution rate. Theegfinese three coefficients were
adjusted to determine whether a simulated prdiide perfectly matched the experimental
data could be created. By reducing the value®hthss transfer coefficient and
increasing the value of the slug breakage coeffiax the dissolution profile in Figure
13, the simulated profile almost overlapped with ¢éxperimental profile. These changes
in coefficients correspond to a slower diffusiongass yet a slightly faster slug breakage
process.

In summary, the mathematical model developed mghidy can be regarded as a
valid model to describe capsule dissolution testihglearly reflects the effect of
hydrodynamics on dissolution profile, as reportethe literature [9, 10, 15-19, 21, 24,
25, 27]. It also adequately describes three exremses of capsule dissolution processes.
In addition, the simulated profile using the theioad mass transfer coefficient of 0.29
mm/min correlates well with the experimental dathis similarity between the two

profiles is validated using statistical analysis.
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CHAPTER SEVEN

CONCLUSION AND FUTURE WORK

In conclusion, a mathematical model that combiheanass transfer principles
and the hydrodynamic effect within the USP Appasdtwas developed and validated to
describe capsule dissolution. The simulated m®#how that the CFD-predicted
tangential velocities can be used to estimate thesrtransfer coefficient, as suggested in
the literature [17]. The simulation results ane éstimated mass transfer coefficient
show that the dissolution rate changes as a funcfieapsule location. An off-centered
capsule has a much faster dissolution profile thaantrally located capsule. This is
consistent with the observations reported in tleedture [9, 10, 15-19, 21, 24, 25, 27].

In addition, the model shows that the slug sizecff the dissolution profile.

The current model not only simulates the capsideddiition profile, it also
provides insight as to the dissolution mechani&m: example, the model can determine
whether a drug product disintegrates or erodesigutissolution testing. The model
correctly simulates the trend for three extremeadligion processes. It can also suggest
if the dissolution is dominated by disintegratiorecosion process should both processes
be present in the system.

Finally, the model shows that the Markov chain barapplied to model particles
breakage and their population distribution durimg dissolution process. The particle
breakage coefficient, the slug breakage coefficiamd the mass transfer coefficient

should all be carefully selected to correctly disccapsule dissolution.
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In this study, the mass transfer coefficient wesianed to be constant during the
dissolution process. To further improve the motked,change in mass transfer
coefficient as a function of time, slug surfacesamnd particle size area should be
investigated in future studies.

In addition to the prediction of the experimemtiisolution profile, the simulated
profiles are shown to correctly predict the distoluprofiles for a pure erosion process,
a fast disintegration process, and a pure disiategr process without diffusion. Actual
capsule dissolution experiments should be conduotdt future to verify the accuracy
of these dissolution profiles.

Lastly, the slug and particle breakage coefficiemésnot random numbers that
can be conveniently modified such that the simdlgt®file matches the experimental
data. These two coefficients, similar to the ntemssfer coefficient, technically consist
of a group of the slug properties, particle prapsrtand the dissolution system
properties. The slug breakage coefficient shoaldaly consist of the tangential
velocity and the density of the slug. Since theseare properties with known values,
they were pulled out of the slug breakage coefliicgand presented as part of the
coefficient of time inside the exponential ternEquation 14. However, there should be
many more factors besides these two that detertihhenslug breakage coefficient. Slug
and particle breakage coefficients estimation afeniely worth looking into for future

studies.
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APPENDIX A

ESTIMATION OF TANGENTIAL VELOCITY

Tangential velocity estimation from Bei al [24]

The y-axis of the tangential velocity profiles preted by Baet al. [24]
represents the tangential velocity normalized éoitpeller tip speed, and the x-axis is
the radial distance presented as 2r/T, whereheisddial distance from the center of the
shaft and T is the vessel diameter with a lengthO®.16 mm. Given the values for 2r/T
from the x-axis of the graphs presented bydail [24], the radial distance from the
center of the shaft can be determined. Table Ae&gnts the computed results for r
when 2r/T is equal to 0.1 and 0.2.

Table A-1. Determination of the radial distanaanfrthe center of the shatft.

2r/T r (mm)
0.1 5.008
0.2 10.016

Similarly, tangential velocitiesgycan be estimated from the y-axis of the graph
presented by Bagt al. [24]. Given the values fopV v from the y-axis, wherey is the
impeller tip speed (0.194 m/s), @an be determined. Tangential velocities at three
different locations of iso-surface planes (z = #81lmm, z = -37.75 mm, and z = -43.75
mm), where z = 0 represents the intersection betweecylindrical and hemispherical
sections of the vessel located 50.8 mm from th®boof the vessel, were estimated and

presented in Table A-2. In addition, the corresjiiog distance from the bottom of the
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vessel for the three locations were calculatedutiracting the absolute value of the
vertical location of the iso-surface, z, from 5té. These are presented in Table A-2.

Table A-2. Tangential velocities at various looat of the vessel.

Distance from r (mm)
z (mm) ves?r?]lrg;)ttom 5.008 10.016
3175 19.05 v G{nZ?g) 0025 0058
-37.75 13.05 ij(’rﬁg) 8,'(1)21 (36358
-43.75 7.05 ij(’rﬁg) 8.'(1)29 8:326

Tangential velocity estimation from McCarthyal [25]

McCarthyet al. [25] graphically presented the CFD-predicted &gl
velocities for four radial positions on an iso-sue plane 5.3 mm from the bottom of the
vessel. These four radial positions are named®84, R =0.177, R =0.262, and R =
0.344, where R is the ratio of the actual radiug the radius of the cylindrical part of
the vessel (f=50.8 mm). Therefore, a value of R = 0.094 gpoads to an actual
radius, r, of 0.094 * 50.8 mm = 4.7752 mm.

The tangential velocities at each of these fodratgositions can be determined
from the graph presented by McCarttyal [25]. The ratio of tangential velocity to
paddle tip speed was approximated from the y-axiseograph for each radial position.
The tangential velocity can therefore be estimatechultiplying that ratio by the tip
speed (0.196 m/s). For example, the averageahtangential velocity to paddle tip
speed at R = 0.094 was about 0.15. Thereforeetdiadvelocity at r = 4.78 mm is

estimated to be 0.15 * 0.196 m/s = 0.0294 m/s.IeTA presents the actual radial
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positions, r, as well as their tangential velosit@rresponding to the four normalized

radial positions, R.

Table A-3. Tangential velocities at various ragiasitions in the vessel.

R r (mm) b/ Viip vy (m/s)
0.094 4.78 0.15 0.029
0.177 8.99 0.25 0.049
0.262 13.31 0.35 0.069
0.344 17.48 0.45 0.088
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APPENDIX B

CUMULATIVE PARTICLE SIZE DISTRIBUTION DETERMINATION

Table B-1 and Figure B-1 present the cumulativegraage of ascorbic acid
particle size distribution measured by Hedal [45]. Using the equation of the trend
line from Figure B-1, the cumulative percentagasdorbic acid particle size distribution
at various sizes could be determined. The re$giewen discrete particle sizes is
presented in Table B-2. In addition, the cumuapercentage was normalized to 100%,
and the net percentage of each size was also éstima

Table B-1. Cumulative percentage of ascorbic peiticle size distribution.

Size (um) Cumulative percentage
74 100
88 98
125 93
177 85
250 70
590 8

120

100

80

y =-0.1802x + 114.82

60 R? = 0.99865

40

Cumulative %

20

0 100 200 300 400 500 600 700

xi (um)

=&—Experimental data Linear(Experimental data)

Figure B-1. Cumulative percent lots of ascorbiicl garticle size distribution.
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Table B-2. Cumulative and net percentage of ascaxid particle size distribution.

Cumulative Cumulative
Size um) percentage percentage | Net percentage

(predicted) (normalized)

74 101 100 15

160 86 85 16

246 70 69 15

332 55 54 15

418 39 39 15

504 24 24 16

590 9 8 8

Table B-3 presents the resulting state probabdifypr each of the seven state, i,
with diameter xat time ¢ = t, as well as the lower limit,.¢f and upper limit, ¢ of state
interval i.

Table B-3. The state probability for particleswiiameter, x at time § and the limit of
state interval i.

[ Xi (um) a di1 d

1 74 0.15 31 117
2 160 0.16 117 203
3 246 0.15 203 289
4 332 0.15 289 375
5 418 0.15 375 461
6 504 0.16 461 547
7 590 0.08 547 633
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APPENDIX C

DERIVATION OF EXPERIMENTAL MASS TRANSFER COEFFICIEN

A cylindrical slug is defined to have initial diateg ds, and initial length, k.
Assume the slug erodes throughout the dissoluéisinsuch that the ratio of length to
diameter remains constant during dissolution tgsfirtan be defined as Equation C-1.
The surface area,sf and the volume, ¥, of the cylindrical slug can therefore be

expressed as Equations C-2 and C-3, respectively.

L :
B= d—s' Equatio-1
S
A, = 7Zd§|(1+22ﬂ J Equation C-2
3
Vg = % EquatiorBC

From mass balance, a decrease in mass from ideskal should result in an

increase in drug concentration in the medium. ®™h@esented by Equation C-4.

Psi(Vsio _VSI) —C-C
V, 0

Equation C-4
Assume the density of the slug is constant andtgute Equation C-3 into
Equation C-4, an expression for the slug diametgrcan be obtained, as shown in
Equation C-5. Equation C-2 and Equation C-5 togetfive Equation C-6. Incorporate
Equation C-6 into Equation 3 and integrate the Bonaives Equation 46. The

experimental mass transfer coefficient is obtaimgthtegrating Equation 46 from zero

to 40 minutes using Excel™.
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APPENDIX D

MARKOV CHAIN

With o having a value of I8 um®s* andt equals to 30 seconds, the calculated

values for the matrice®, L, andP, are presented by Equations D-1, D-2, and D-3,

respectively. The state probability vectat), was estimated and the graph shové(ty

for particle size distribution from zero to 60 miesl is presented in Figure D-1.

1 O 0 0 0 0 0
0 0988 O 0 0 0 0
0O O 955 0 0 0 0
D=0 O 0O 089% O 0 0 Equation D-1
0O O 0 0O 0781 O 0
0O O 0 0 0O 0616 O
0O O 0 0 0 0 0.384
0 0 0 0 0 0 D
0.024 O 0 0 0 0O p
0.017 0.072 O 0 0 0O |0
L =/0.014 0.062 0.143 O 0 0 |0 EquationD-2
0.013 0.056 0.131 0.238 O 0 |0
0.012 0.053 0.124 0.224 0355 0 | O
0.012 0.051 0.119 0.215 0.341 0.495 O
1 0 0 0 0 0 0
0.024 0988 O 0 0 0 0
0.017 0.072 0955 O 0 0 0
P=|0.014 0.062 0.143 0890 O 0 0 Equation D-3
0.013 0.056 0.131 0.238 0.781 O D
0.012 0.053 0.124 0.224 0.355 0.616 [0
0.012 0.051 0.119 0.215 0.341 0.495 0.384

94




I
35 - ,'.|I||I|II||

f ’|I|

":'-f':':'f'}"'n‘.','

ai(t)
N
w
1

74 160 246 332 418 504 590
Xi (um)

Figure D-1. Particle size distribution from zeodBD minutes.
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APPENDIX E

VARIABLES FOR MASS TRANSFER COEFFICIENT ESTIMATION

Table E-1 reports the values of the propertiehefdissolution medium and
ascorbic acid used in determining the theoreticdsiiransfer coefficient.

Table E-1. Properties of dissolution medium armbdsc acid used inggo, estimation
where ¥ = 2640 mm/min.

Properties Values Notes
dsio (mm) 6.3 Slug diameter
Lsio (mm) 16.46 Slug length
Vo (Mm/min) 2640 n/a
p (g/mnT) 0.001 Water
i (g/mm min) 0.042 Water
Re 715 Dissolution system
Wp 2.6 Water
M (g/mol) 18.02 Water
Tk (K) 310 Water
Mac (g/mol) 176.13 Ascorbic acid
pac (g/cnT) 1.65 Ascorbic acid
VA (cnt/mol) 106.7 Ascorbic acid
Dag (mnt/min) 0.0572 Ascorbic acid/watef
Sc 735 Dissolution system
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