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Preface

Since the Handbook of Pharmaceutical Granulation Technology, first and second editions, were
published, there have been rapid developments in the science of granulation, particle
engineering, and process controls, requiring the publication of this third edition. The concepts
of design space, process optimization, and harmonization of regulations by the global health
authorities are being implemented in the industry. The U.S. and International regulatory
bodies are restructuring their oversight of pharmaceutical quality regulation by developing a
product quality regulatory system, which provides a framework for implementing quality by
design, continuous improvement, and risk management. This edition addresses topics
generated by these technological as well as regulatory changes in unit operation of particle
generation and granulation.

Current advances in the field have led us to include new chapters on subjects such as
supercritical fluids, nanoparticulate technology, nutraceuticals, biotechnology, controlled-
release granulation, process control, and expert systems to bring the reader up to date with the
key new drivers in the field. All classic and standard bearer chapters such as fluid bed, roller
compaction, continuous granulation, process modeling, spray-drying, and effervescent and
rapid-release granulation have been thoroughly revised to meet the current state of the art.

Within particle generation technologies, research and application of supercritical fluids
and nanotechnology-based processes for particle production have proved suitable for
controlling solid-state morphology and particle size of pharmaceuticals. Supercritical fluids
have emerged as the basis of a system that optimizes the physicochemical properties of
pharmaceutical powders. Supercritical fluids should be considered in a prominent position in
the development processes of drug products for the 21st century. Nanoparticulate technology
offers a potential path to rapid preclinical assessment of poorly soluble drugs. It offers
increased bioavailability, improved absorption, reduced toxicity, and the potential for drug
targeting. Nanoparticulate technology may thus allow for the successful development of
poorly water-soluble discovery compounds, as well as the revitalization of marketed products
through improvements in dosing. These particle generation technologies have been included
in new chapters titled “Supercritical Fluid Technology” and “Pharmaceutical Applications of
Nanoengineering.”

As the nutraceuticals industry is growing worldwide, a new chapter for “Granulation of
Plant Products and Nutraceuticals” is included in this edition. These herbal and mineral
products pose unique challenges when preparing a solid dose. These products are normally
formulated with numerous ingredients with varying particle sizes, morphology, hydrophobic
or hydrophilic attributes, along with unique granulating and compressing challenges.
Approaches to overcome these difficulties using various granulation techniques described in
this chapter will be helpful to the professionals in dietary supplement industry. Regulatory
approaches taken by different world regulatory authorities are highlighted in this chapter, and
impact of recent implementation of U.S. FDA Good Manufacturing Practices regulation for
nutraceutical industry is discussed in this chapter as well.

As the biotechnology industry grows worldwide, formulation efforts to formulate large
molecules for oral dosage forms have accelerated. Research and application of classical
granulation technologies have been investigated and presented in the chapter titled
“Granulation Approaches in Biotech Industry,” which will provide much needed knowledge
of the current status and challenges inherent in this effort.

Controlled-release technology to produce matrix granulation is widely practiced. To
prolong the life cycle of a product or to offer better patient compliance, controlled-release
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granulation is a critical unit operation. A new chapter titled “Granulation Approaches for
Modified-Release Products” specifically addresses the approaches that can be taken to produce
granulation that can provide modified-release attributes.

With advent of high-throughput screening and combinatorial chemistry, evaluation of
potential molecules with therapeutic activity is on the increase. However, majority of these
new chemical entities have low aqueous solubility. Hence, a new chapter that presents current
approaches for various techniques to improve the solubility of difficult to dissolve molecules
titled “Granulation for Poorly Water-Soluble Drugs” is included.

End-point determination of a granulation process is the most prominent concern of any
practicing industry professional as well as academician. Significant progress has been achieved
to determine the process control and the end-point determination for various processes
utilized in particle generation and formation of granular products. For example, torque and
power measurements in high-shear granulation, online techniques to monitor and control
processes using technologies such as near infrared (NIR), focused beam reflectance measure-
ment (FBRM™), particle video microscope (PVM™), Fourier transform infrared spectroscopy
(FTIR), etc., are being used routinely. A new chapter devoted to “Advances in Process Control
and End-Point Determination” discusses this very important topic and provides helpful
guidance.

It is common in most formulation development studies that the formulation scientist may
have extensive knowledge of the active ingredients and yet needs to know which excipients to
select and their proportions. At this stage, a knowledge-based, so-called “expert system,” can
be helpful to the scientist in selecting suitable excipients. Another case where such an expert
system could be of use in formulation studies is the determination of the design space for
manufacturing conditions. There are various researchers who are developing applications of
expert system in unit operations such as granulation. A new chapter on “Expert Systems and
Their Use in Pharmaceutical Application” discusses developments in this emerging field.

Granulation is a major unit operation in solid dosage manufacturing. It is generally
capital intensive, requires more manpower, and is subject to costly batch rejection possibilities
if improper techniques are used. It is the objective of every company management to have the
most efficient and thus cost-effective product development and manufacturing operation in
the current competitive environment. A revised chapter titled “Quality by Design and Process
Technology in Granulation” includes current understanding of process analytical technology
(PAT) and the subject of “quality by design” (QbD) and provides how industry is applying
principles of PAT and how QbD helps integrated, systematic, and scientific approach to
design, development, and delivery of performance attributes that ensure consistent delivery of
specific quality, safety, and efficacy objectives.

As a complement to the most recent U.S. FDA regulations for Good Manufacturing
Practices, “The Pharmaceutical Quality for the 21st Century—A Risk-Based Approach,” a
completely revised chapter titled “Regulatory Issues in Granulation: The Pharmaceutical
Quality for the 21st century—A Risk-Based Approach” is presented in this edition to reflect the
impact of these new regulations. It includes International Conference on Harmonization (ICH)
guidelines and harmonization as it pertains to the process of granulation. This important topic
is critical in building in and maintaining the desired quality in pharmaceutical product.

Besides these new chapters, chapters on high- and low-shear granulation from the
second edition are combined into one, titled “Wet Granulation in Low- and High-Shear
Mixers,” to present a comprehensive treatment of these approaches. All other chapters are
completely revised and updated with the information that is helpful to the reader.

This book is designed to give readers comprehensive knowledge of the subject. As in the
earlier editions, all chapters include appropriate level of theory on the fundamentals of powder
characterization, practical granulation approaches, state-of-the-art technologies, and regulation
compliant manufacturing optimization.

Pharmaceutical professionals such as research and development scientists, manufactur-
ing management professionals, process engineers, validation specialists, process specialists,
quality assurance, quality control, and regulatory professionals, and graduate students in
industrial pharmacy and chemical engineering programs will find the level of theory
appropriate and the wealth of practical information from renowned pharmaceutical
professionals from industry and academia invaluable. The knowledge provided will be
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helpful in selecting the appropriate granulation technology while keeping in mind regulatory
requirements and cost-effectiveness.

I would like to extend special thanks to all the contributors for their support and
cooperation to make this edition of the book most comprehensive on this technical subject. I
would like to extend my sincere thanks to Sandra Beberman of Informa Healthcare for her
guidance and to Sherri Niziolek of Informa Healthcare for her help.

Dilip M. Parikh
Ellicott City, Maryland, U.S.A.
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71 | Introduction

Dilip M. Parikh
DPharma Group Inc., Ellicott City, Maryland, U.S.A.

BACKGROUND

The term “granulated” material is derived from the Latin word “granulatum,” meaning
grained. The practice of delivering medicinal powder by hand rolling into a pill by using
honey or sugar has been used for centuries. It is still the practice to deliver the botanical and
herbal extracts in homeopathic and ayurvedic branches of medicine, which are still practiced
in India along with allopathic medicine.

Thomas Skinner, a physician in his article in 1862 (1), describes earlier mention of
granulating medicine cited in 1773 in Duncan’s Elements of Therapeutics, as follows: “by the
application of art, it is intended that medicines should be rendered more agreeable, more
convenient, more safe and more efficacious than they are in their natural state. To obtain these
ends is the intention of pharmacy.” Skinner further describes the earlier method of making
granules by French pharmacists who had a form of medication that they call “poudres granules.”
The process of preparing these granules consisted in enveloping the particles of medicines in
syrup by means of heat and constant stirring, as in the art of making comfits. This method was
further modified to make granules with very little heat or moisture, which can be placed on the
tongue and washed over with water, which was a modification of the method of granulating
gunpowder.

Perry’s Chemical Engineer’s Handbook (2) defines the granulation process as “any process
whereby small particles are gathered into larger, permanent masses in which the original
particles can still be identified.” This definition is, of course, particularly appropriate to a
pharmaceutical granulation where the rapid breakdown of agglomerates is important to
maximize the available surface area and aid in solution of the active drug. The granulated
material can be obtained by direct size enlargement of primary particles or size reduction from
dry, compacted material.

In modern times, granulation technology has been widely used by a wide range of
industries, such as chemical, coal, mining, metallurgy, ceramic, and agrochemical. These
industries employ agglomeration techniques to reduce dust, provide ease of handling, and
enhance the material’s ultimate utility.

The development of pharmaceutical granulation was driven by the invention of the tablet
press by W. Brockedon in 1843. Subsequent improvements in the tablet machinery were patented
in the United States by J. A. McFerran (1874), T. J. Young (1874), and J. Dunton (1876). The
demands on the granulation properties were further enhanced in the 1970s as high-speed tablet
and capsule-filling machines with automated controls were introduced. The continuous
refinements in the regulatory requirements such as low-dose products requiring blend
uniformity/content uniformity necessitated knowledge and technology to produce the required
granule characteristics. The high-speed compression and capsule-filling machines require a
uniform flow of material to the dies or filling stations that produce pharmaceutical dosage form.

Direct Compression

The processing of drug substance with the excipients can be achieved without employing the
process of granulation. By simply mixing in a blender, a directly compressible formulation can be
processed and compressed in tablets or filled in the hard gelatin capsules. In the 1970s,
microcrystalline cellulose, as a directly compressible vehicle, was introduced. The compressible
formulation containing microcrystalline cellulose is suitable for a number of products. This has
several obvious advantages, such as lower equipment cost, faster process time, and efficient
operation involving only two process steps. Sometimes, excipient costs may have to be compared
against the savings in the processing steps and equipment by using alternate methods.



2 Parikh

There are, however, a number of products that cannot be directly compressed because of
low dosage, or flow properties of the drug and excipient mixture. Blend uniformity and the
content uniformity in the drug product are critical attributes with low dose drug formulation.
Other than content uniformity of a low-dose drug substance, there are a number of reasons
why direct compression may not be suitable for a wide array of products. These include the
required flow properties; the amount of drug substance in a dosage form may require it to be
densified to reduce the size of the drug product, obtain the required hardness, friability,
disintegration/dissolution, and other attributes.

Current Granulation Techniques and Research

The classical granulation process using either wet or dry methods is employed in the process
industries. Pharmaceutical granulation process is used for tablet, capsule, and spherical
granules for the modified-release indications or to prepare granules as sprinkles to be used by
pediatric patients. In some countries like Japan, having granulated product in a “sachet” is
acceptable where a large dose of the drug product is not suitable for swallowing. The reasons
for granulating a pharmaceutical compound are well documented in the literature.

Many researchers studied the influence of material properties of the granulating
powders and process conditions on the granulation process in a rather empirical way. In the
1990s, fundamental approach to research was started on various topics in the granulation
process, looking into more detailed aspects of particle wetting, mechanism of granulation,
material properties, and influence of mixing apparatus on the product. The overall hypothesis
suggested that the granulation can be predicted from the raw material properties and the
processing conditions of the granulation process. One of the major difficulties encountered in
granulation technology is the incomplete description of the behavior of powders in general.
The ongoing fundamental research on mixing, segregation mechanisms of powder, surface
chemistry, and material science is necessary to develop the theoretical framework of
granulation technology. An excellent review of the wet granulation process was presented
by Iveson et al. (3). The authors have advanced the understanding of the granulation process
by stating that there are three fundamental sets of rate processes, which are important in
determining wet granulation behavior. These are wetting and nucleation, consolidation and
growth; and breakage and attrition. Once these processes are sufficiently understood, then it
will be possible to predict the effect of formulation properties, equipment type, and operating
conditions of granulation behavior, provided these can be adequately characterized according
to the reviewers.

Five primary methods exist to form an agglomerated granule. They are formation of solid
bridges, sintering, chemical reaction, crystallization, and deposition of colloidal particles.
Binding can also be achieved through adhesion and cohesion forces in highly viscous binders.

Successful processing for the agglomeration of primary particles depends on proper
control of the adhesional forces between particles, which encourage agglomerate formation and
growth and provide adequate mechanical strength in the product. Furthermore, the rheology of
the particulate system can be critical to the rearrangement of particles necessary to permit
densification of the agglomerate and the development of an agglomerate structure appropriate
for the end-use requirements. If the particles are close enough, then the surface forces such as
van der Waals forces (short range) and electrostatic forces can interact to bond particles.
Decreasing particle size increases surface-mass ratio and favors the bonding. van der Waals
forces are sevenfold stronger than electrostatic forces and increase substantially when the
distance between them is reduced, which can be achieved by applying pressure as in dry
granulation method. The cohesive forces that operate during the moist agglomerates are mainly
due to the liquid bridges that develop between the solid particles. Electrostatic forces keep
particles in contact long enough for another mechanism to govern the agglomeration process.

Dry compaction technique like roller compaction is experiencing renewed interest in the
industry. There are a number of drug substances that are moisture sensitive and cannot be
directly compressed. The roller compaction provides suitable alternative technology for
processing these products. Early stages of wet granulation technology development employed
low-shear mixers or the mixers/blenders normally used for dry blending such as ribbon
mixers. There are a number of products currently manufactured using these low-shear
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Table 1 Frequently Used Granulation Techniques and Subsequent Processing

Process Subsequent processing

Dry granulation  Direct compression Blend—process further
Slugging (double compression) Mill slugs/recompress/mill/ blend—process further
Roller compaction Mill/blend—process further

Wet granulation  Low-shear mixer Tray or fluid-bed dry, mill, blend—process further
High-shear mixer Tray or fluid-bed dry, mill, blend—process further
High-shear mixer Vacuum/gas stripping/microwave assist—mill,

blend—process further
Fluid-bed granulator dryer After drying—mill, blend—process further
Extrusion/spheronization Tray or fluid-bed dryer—mill, blend—process further
Spray dryer Spray dryer—process further
Continuous mixer granulator— Continuous fluid bed—mill, blend—process further
mechanical

Continuous fluid-bed granulator/dryer Dried product—mill, blend—process further

granulators. The process control and efficiency have increased over the years; however, the
industry has embraced high-shear granulators for wet granulation because of its efficient
process reproducibility and modern process control capabilities. The high-shear mixers have
also facilitated new technologies, such as one-pot processing, that use the mixer to granulate
and then dry using vacuum, gas stripping/vacuum, or microwave assist vacuum drying.

Fluid-bed processors have been used in the pharmaceutical industry for the last 40 years,
initially only as a dryer and now as a multiprocessor to granulate, dry, pelletize, and coat
particles. The most preferred method of granulation is to use the high-shear mixer to granulate
and use the fluid bed as a dryer in an integrated equipment setup. This provides the best of
both technologies: efficient controllable dense wet granules and a fast-drying cycle using fluid-
bed dryer. Here again, the choice of this approach will be dependent on the product being
processed and its desired properties at the end of the granulation process. Extrusion/
spheronization is used to produce granulation for the tabletting or pelletizing, which involves
mixing, extruding, spheronizing, and drying unit operations. These pellets can be produced
as matrix pellets with the appropriate polymer or are coated in fluid-bed unit to produce
modified-release dosage forms. Other techniques have been used by researchers such as steam
granulation, using foam binder in place of liquid binders or moisture-activated dry
granulation (MADG) where a small amount of moisture is added to the blend containing
certain binders under constant mixing in high-shear mixer. This process eliminates the need
for processing of the granulation however, essentially suffers from the same shortcomings as
would be encountered with direct compression blend. Table 1 lists the most common
techniques to granulate a pharmaceutical compound in the industry.

Granulation and Particle Design
Granulation is an example of particle design. The desired attributes of the granule are
controlled by a combination of the formulation and the process.

Spray drying technique is now routinely used to prepare particles for inhalation dosage
forms or to create solid dispersions of poorly soluble drugs. Recent interest in nanotechnology
research has opened up a number of avenues for creating newer drugs. Various development
groups are working to enhance traditional oral delivery systems with nano-engineered
improvements. There are some areas where nano-enhanced drugs could make a big difference
in increasing oral bioavailability and reducing undesirable side effects. By increasing
bioavailability, nanoparticles can increase the yield in drug development and, more
importantly, may help treat previously untreatable conditions. Another approach in the
1990s was to use supercritical fluid technology to produce uniform particles to replace
crystallization. Even though supercritical fluids were discovered over 100 years ago and the
commercial plant was built over 20 years ago in the United States, it is only now that the
technology is used for a number of pharmaceutical applications (4-7) so as to produce aspirin,
caffeine, ibuprofen, acetaminophen, etc. One of the major areas on which the research and
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development of supercritical fluids is focused is particle design. There are different concepts
such as “rapid expansion of supercritical solution,” “gas antisolvent recrystallization,” and
“supercritical antisolvent” to generate particles, microspheres, microcapsules, liposomes, or
other dispersed materials. When the supercritical fluid and drug solution make contact, a
volume expansion occurs, leading to a reduction in solvent capacity, increase in solute
saturation, and then supersaturation with associated nucleation and particle formation. A
number of advantages are claimed by using this platform technology such as particle
formation from nanometers to tens of micrometers, low residual solvent levels in products,
preparation of polymorphic forms of drug, etc. (8). Attempts to make solid dosage forms of
large molecules are under way even though there are numerous challenges.

Current Industry Status and Challenges

Efficient and cost-effective manufacturing of pharmaceutical products is being evaluated by
the scientists, engineers, and operational managers of pharmaceutical companies worldwide.
In the United States, where 49% of the world pharmaceutical market is, pharmaceutical
companies are under tremendous pressure from the managed care organizations, politicians,
and consumers. The pharmaceutical industry, worldwide in general and in the United States in
particular, faces a unique paradox to drive future innovation through substantial R&D
investments and return competitive margin to shareholders while providing access to
pharmaceutical products at low cost. The industry has reached a critical juncture in its 100+
years of history. The industry is impacted simultaneously by growing competition, declining
market performance, increasing regulation, escalating pricing pressures, and rapidly evolving
innovations for improving people’s health and quality of life. Recently published reports (9,
10) into pharmaceutical R&D and pharmaceutical manufacturing questioned the existing
industry business model and has identified an emerging trend favoring outsourcing of
discovery, research, clinical trials, and manufacturing of dosage forms, providing relief from
the consistent, high-growth financial return expectations faced by the majority of pharmaceu-
tical companies. Outsourcing allows these companies to pursue potential new revenue streams
outside of their core focus areas and to benefit from improved productivity, emerging
technologies, in-licensing opportunities, and increased growth. Consumers and local govern-
ments in the United States are pressuring the FDA authorities and politicians to allow
importation of the drugs from other countries where costs are generally lower than in the
United States. Demands for price control also extend to Europe; government-backed
pharmaceutical payment plans in Germany and Italy, for example, have cut back reimburse-
ments. Other European countries have controls on the drug prices. As a result of these pricing
pressures and to enhance the drugs in the pipeline, mergers and acquisitions have accelerated.
Acquisitions remain the preferred route to quickly enhance a product portfolio.

This trend of merging of equals or takeover of the significant biotechnological and
technological companies will continue. Major pharmaceutical companies are witnessing the
end of traditional research and development. This has created emergence of small niche
technology companies as well. Drug delivery companies are becoming potential targets for
mergers or strategic alliances.

Because biologics are less susceptible to generic competition, big pharmaceutical
companies are acquiring biotech companies as well.

Table 2 lists the 12 biggest mergers that have taken place in 2008-2009 alone which shows
how the industry is accelerating the acquisition approach.

During all of the upheaval that the industry is going through, it is becoming obvious that
the cost of development, production, and goods must be controlled. The efficiencies in the
research, development, and manufacturing, which were not necessarily sought after, are
becoming the first priority of the pharmaceutical companies however small they may be in
comparison to the final cost of the product to the consumer. The manufacturing of solid dosage
product is no exception.

The significant advances that have taken place in the pharmaceutical granulation
technology are presented in this book to provide the readers with choices that are available.
The various techniques presented in this book will further help the scientists in their
understanding and selection of the granulation process most appropriate for the drug
substance. There is no substitute for good science. The characterization of the drug substance
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Table 2 Top Twelve mergers in 2008—2009

Number Merger/acquisition partners Value in billion dollars
1 Novartis and Alcon 39
2 Takeda and Millenium 8.8
3 Teva and Barr 7.46
4 Eli Lilly and Imclone 6.5
5 Daiichi and Ranbaxy 4.6
6 Roche and Vatana 3.4
7 GSK and Actelion 3.2
8 Sanofi and Zentiva 2.6
9 Genzyme and Isis 1.9
10 Liily and Covance 1.6
11 Pfizer and Wyeth (2009) $68.0
12 Merck and Schering-Plough (2009) $41.0

Source: From Refs. 11-13.

along with the knowledge of granulation theory, identifying the critical process parameters,
process modeling capability, in-line or on-line process analytical tools (PAT), process scale-up
approaches, and a good definition of the end product required will prepare the reader to
explore the various options presented in this book. Each drug substance poses a unique
challenge that must be taken into consideration at the process selection stage by the scientists.
The optimization techniques due to availability of state of the art computers, process control,
and mathematical techniques to model the granulation process will advance the traditional
granulation technology.

For production engineering, validation, and quality professionals in the industry, this
book is intended to provide the fundamental understanding of the technique of granulation
and the rationale behind the selection of each particular technique. This will further enhance
the ability to design the production plant, carry out the technology transfer, scale up,
troubleshoot, and maintain the pharmaceutical granulation operation in accordance with
regulatory compliance.
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2 | Theory of Granulation: An Engineering
Perspective

Bryan J. Ennis
E&G Associates, Inc., Nashville, Tennessee, U.S.A.

INTRODUCTION

Overview

Wet granulation is a subset of size enlargement (1-6), which involves any process whereby
small particles are agglomerated, compacted, or otherwise brought together into larger,
relatively permanent structures in which the original particles can still be distinguished.
Granulation technology and size enlargement processes have been used by a wide range of
industries, ranging from the pharmaceutical industry to fertilizer or detergent production to
the mineral processing industries. Size enlargement generally encompasses a variety of unit
operations or processing techniques dedicated to particle agglomeration. These processes can
be loosely broken down into agitation and compression methods.

Although terminology is industry specific, agglomeration by agitation will be referred to as
granulation. A particulate feed is introduced to a process vessel and is agglomerated, either
batch-wise and continuously, to form a granulated product. Agitative processes include fluid
bed, pan (or disk), drum, and mixer granulators. Such processes are also used as coating
operations for controlled release, taste masking, and cases where solid cores may act as a
carrier for a drug coating. The feed typically consists of a mixture of solid ingredients, referred
to as a formulation, which includes an active or key ingredient, binders, diluents, flow aids,
surfactants, wetting agents, lubricants, fillers, or end-use aids (e.g., sintering aids, colors or
dyes, taste modifiers). A closely related process of spray drying is also included here, but
discussed in detail elsewhere (See Ref. 7 and chap. 5). Product forms generally include
agglomerated or layered granules, coated carrier cores, or spray dried product consisting of
agglomerated solidified drops.

An alternative approach to size enlargement is by agglomeration by compression, or
compaction, where the mixture of particulate matter is fed to a compression device, which
promotes agglomeration due to pressure. Either continuous sheets of solid material are
produced or some solid form such as a briquette or tablet. Compaction processes range from
confined compression devices, such as tabletting, to continuous devices, such as roll presses
(chap. 8), briquetting machines and extrusion (chap. 12). Some processes operate in a
semicontinuous fashion such as ram extrusion. Capsule filling operations would be considered
a low-pressure compaction process.

At the level of a manufacturing plant, the size enlargement process involves several
peripheral, unit operations such as milling, blending, drying or cooling, and classification,
referred to generically as an agglomeration circuit (Fig. 1). In addition, more than one
agglomeration step may be present. In the case of pharmaceutical granulation, granulated
material is almost exclusively an intermediate product form, which is then followed by
tabletting. In the context of granulation, therefore, it is important to understand compaction
processes to establish desirable granule properties for tabletting performance.

Numerous benefits result from size enlargement processes as summarized in Table 1. A
wide variety of size enlargement methods are available; a classification of available equipment
and initial criteria of process selection is given in Tables 2 and 3. A primary purpose of wet
granulation, in the case of pharmaceutical processing, is to create free flowing, nonsegregating
blends of ingredients of controlled strength, which may be reproducibly metered in
subsequent tabletting or for vial or capsule filling operations. The wet granulation process
must generally achieve desired granule properties within some prescribed range. These
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Figure 1 A typical agglomeration circuit utilized in the processing of pharmaceuticals involving both granulation
and compression techniques. Source: From Refs. 1-6.

Table 1 Objectives of Size Enlargement

Production of useful structural form

Provision of a defined quantity for dispensing, with improved flow properties for metering and tabletting
Improved product appearance

Reduced propensity to caking

Increased bulk density for storage and tabletting feeds.

Creation of nonsegregating blends with ideally uniform distribution of key ingredients.

Control of solubility, and dissolution profiles.

Control of porosity, hardness and surface to volume ratio and particle size

Source: From Refs. 1-6.

attributes clearly depend on the application at hand. However, common to most processes is a
specific granule size distribution and granule voidage. Size distribution affects flow and
segregation properties, as well as compaction behavior. Granule voidage controls strength, and
impacts capsule and tablet dissolution behavior, as well as compaction behavior and tablet
hardness.

Control of granule size and voidage will be discussed in detail throughout this chapter.
The approach taken here relies heavily on attempting to understand interactions at a particle
level, and scaling to bulk effects. Developing an understanding of these microlevel processes of
agglomeration allows a rational approach to the design, scale-up, and control of agglomeration
processes (Figs. 2 and 3). Although the approach is difficult, qualitative trends are uncovered
along the way, which aid in formulation development and process optimization, and which
emphasize powder characterization as an integral part of product development and process
design work.
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Figure 3 The mechanisms or rate processes of agitative agglomeration, or granulation, which include powder
wetting, granule growth, granule consolidation, and granule attrition. These processes combine to control granule
size and porosity, and they may be influenced by formulation or process design changes. Source: From Ref. 5.

Granulation Mechanisms

Four key mechanisms or rate processes contribute to granulation, as originally outlined by Ennis
(4,5), and later developed further by Litster and Ennis (6). These include wetting and
nucleation, coalescence or growth, consolidation, and attrition or breakage (Fig. 3). Initial wetting
of the feed powder and existing granules by the binding fluid is strongly influenced by spray
rate or fluid distribution, as well as feed formulation properties, in comparison with
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mechanical mixing. Wetting promotes nucleation of fine powders, or coating in the case of feed
particle size in excess of drop size. In the coalescence or growth stage, partially wetted primary
particles and larger nuclei coalesce to form granules composed of several particles. The term
nucleation is typically applied to the initial coalescence of primary particles in the immediate
vicinity of the larger wetting drop, whereas the more general term of coalescence refers to the
successful collision of two granules to form a new larger granule. In addition, the term of
layering is applied to the coalescence of granules with primary feed powder. Nucleation is
promoted from some initial distribution of moisture, such as a drop or from the homogeni-
zation of a fluid feed to the bed, as with high-shear mixing. As granules grow, they are
consolidated by compaction forces due to bed agitation. This consolidation stage strongly
influences internal granule voidage or granule porosity, and therefore end-use properties such
as granule strength, hardness, or dissolution. Formed granules may be particularly susceptible
to attrition if they are inherently weak or if flaws develop during drying.

These rate mechanisms can occur simultaneously in all processes. However, certain
mechanisms may dominate. For example, fluidized-bed granulators are strongly influenced by
the wetting process, whereas mechanical redispersion of binding fluid by impellers and
particularly high-intensity choppers diminish the wetting contributions to granule size in high-
shear mixing. On the other hand, granule consolidation is far more pronounced in high-shear
mixing than fluidized-bed granulation. These simultaneous rate processes taken as a whole—
and sometimes competing against one another—determine the final granule size distribution
and granule structure and voidage resulting from the process and, therefore, the final end-use
or product quality attributes of the granulated product.

Compaction Mechanisms

Compaction is a forming process controlled by mechanical properties of the feed in
relationship to applied stresses and strains, as well as interstitial gas interactions. Microlevel
processes are controlled by particle properties such as friction, hardness, size, shape, surface
energy, elastic modulus, and permeability. Key steps, in any compaction process, include
(i) powder filling, (ii) stress application and removal, and (iii) compact ejection. Powder filling
and compact weight variability is strongly influenced by bulk density and powder flowability
(2,3), as well as any contributing segregation tendencies of the feed. The steps of stress
application and removal consist of several competing mechanisms, as depicted in Figure 2.
Powders do not transmit stress uniformly. Wall friction impedes the applied load, causing a
drop in stress as one moves away from the point of the applied load (e.g., a punch face in
tabletting or roll surface in roll pressing). Therefore, the applied load and resulting density is
not uniform throughout the compact, and powder frictional properties control the stress
transmission and distribution in the compact (8). The general area of study relating compaction
and stress transmission is referred to as powder mechanics (2,3,8-10). For a local level of applied
stress, particles deform at their point contacts, including plastic deformation for forces in
excess of the particle surface hardness. This allows intimate contact at surface point contacts,
allowing cohesion/adhesion to develop between particles, and therefore interfacial bonding,
which is a function of their interfacial surface energy. During the short timescale of the applied
load, any entrapped air must escape, which is a function of feed permeability, and a portion of
the elastic strain energy is converted into permanent plastic deformation. Upon stress removal,
the compact expands because of remaining elastic recovery of the matrix, which is a function of
elastic modulus, as well as any expansion of remaining entrapped air. This can result is loss of
particle bonding, and flaw development, and this is exacerbated for cases of wide distributions
in compact stress because of poor stress transmission. The final step of stress removal involves
compact ejection, where any remaining radial elastic stresses are removed. If recovery is
substantial, it can lead to capping or delamination of the compact.

These microlevel processes of compaction control the final flaw and density distribution
throughout the compact, whether it is a roll pressed, extruded or tabletted product, and as
such, control compact strength, hardness, and dissolution behavior. Compaction processes
will not be discussed further here, with the remainder of the chapter focussing on wet
granulation and agitative processes (for further discussion regarding compaction, see chap. 8
and Refs. 2,3,10, and 11).



12 Ennis

Formulation Vs. Process Design

The end-use properties of granulated material are controlled by granule size and internal granule
voidage or porosity. Internal granule voidage (or porosity) &granule and bed voidage épeq, OF
voidage between granules, are related by:

Poulk = pgranule(l — &bed) = Ps(1 — &bed) (1 — Egranule) (1)

where pyui, Pgranuter and pg are bulk, granule, and skeletal or envelop primary particle density,
respectively. Here, granule voidage and granule porosity will be used interchangeably.
Granule structure may also influence properties. To achieve a desired product quality as
defined by metrics of end-use properties, granule size and voidage may be manipulated by
changes in either process operating variables or product material variables, which effect the
underlying granulation and compaction mechanisms, as initially outlined by Ennis (4,5), and
later developed further by Ennis and Litster (2,3,6). The first approach is the realm of
traditional process engineering, whereas the second is product engineering. Both approaches are
critical and must be integrated to achieve a desired end-point in product quality. Operating
variables are defined by the chosen granulation technique and peripheral processing
equipment, as listed for typical pharmaceutical processes in Figure 4. In addition, the choice
of agglomeration technique dictates the mixing pattern of the vessel. Material variables include
parameters such as binder viscosity or wet mass rheology, surface tension, feed particle size
distribution, powder friction, and the adhesive properties of the solidified binder. Material
variables are specified by the choice of ingredients, or product formulation. Both operating and
material variables together define the kinetic mechanisms and rate constants of wetting, growth,
consolidation, and attrition. Overcoming a given size enlargement problem often requires
changes in both processing conditions and in product formulation.

The importance of granule voidage to final product quality is illustrated in Figures 5 and
6 for a variety of formulations. Here, bulk density is observed to decrease, and granule attrition
to increase. Similarly, dissolution rate is known to increase with an increase in the granule
voidage (1). Bulk density is clearly a function of both granule size distribution, which controls
bed voidage, and the voidage or porosity within the granule itself. The data of Figure 5 is
normalized with respect to its zero intercept, or its effective bulk density at zero-granule
voidage. The granule attrition results of Figure 6 are based on a CIPAC test method, which is
effectively the percentage of fines passing a fine mesh size following attrition in a tumbling
apparatus. Granules weaken with increased voidage. All industries have their own specific
quality and in-process evaluation tests. However, what they have in common are the important
contributing effects of granule size and granule voidage in controlling granule quality.

The importance of distinguishing the effects of process versus formulation changes can
be illustrated with the help of Figure 6. Let us assume the particular formulation and current
process conditions produce a granulated material with a given attrition resistance and
dissolution behavior (indicted as “current product”). If one desires instead to reach a given
“target,” either the formulation or process variable may be changed. Changes to the process, or
operating variables, generally readily alter granule voidage. Examples to decrease voidage
might include increased bed height, increased processing time, or increased peak bed
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Bed hgight & temperatuie
Gas velocity & temperatiire
Distributer design
Granulation time

Batch High Shear Granulator

Binding Impeller Chopper
liquid
Liquid additio$ methoti l
Liquid loading

Bed weight

Granulation time
Fluid-bed drying conditions

Figure 4 Typical operating vari-
able for pharmaceutical granulation
processes. Source: From Ref. 5.
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moisture. However, only a range of such changes in voidage is possible. The various curves are
due to changes in formulation properties. Therefore, it may not be possible to reach a target
change in granule properties without changes in formulation, or material variables. Examples
of key material variable effecting voidage would include feed primary particle size, inherent
formulation bond strength, and binder solution viscosity, as discussed in detail in following
sections. This crucial interaction between operating and material variables is crucial for
successful formulation, and requires substantial collaboration between processing and
formulation groups, and a clear knowledge of the effect of scale-up on this interaction.

Key Historical Investigations
A range of historical investigations has been undertaken involving the impact of operating
variables on granulation behavior (4-6,12-14). Typical variables have included the effects of bed
hydrodynamics and agitation intensity, pan angle and speed, fluid-bed excess gas velocity, mixer
impeller and chopper speeds, drum rotation speed, spray method, drop size, nozzle location, and
binder and solvent feed rates. While such studies are important, their general application and
utility to studies beyond the cited formulations and process conditions can be severely limited.
Often the state of mixing, moisture distribution and rates, and material properties such as
formulation size distribution, powder frictional properties, and solution viscosity is insufficiently
defined. As such, these results should be used judiciously and with care. Often even the directions
of the impact of operating variables on granule properties are altered by formulation changes.
Two key pieces of historical investigation require mention, as the approach developed
here stems heavily from this work. The first involves growth and breakage mechanisms that
control the evolution of the granule size distribution (15) (Fig. 7). There are strong interactions
between these mechanisms. In addition, various forms have been incorporated into population
balances modeling to predict granule size in the work of Sastry and Kapur (15-19) See
chapter 24 for details. Given the progress made in connecting rate constants to formulation
properties, the utility of population balance modeling has increased substantially.

Granule growth Granule breakage
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Figure 7 Growth and breakage mechanisms in granulation processes. Source: From Ref. 15.
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The second important area of contribution involves the work of Rumpf and colleagues
(20-22), who studied the impact of interparticle force H, and in detail for capillary forces, on
granule static tensile strength, or:

1—¢e\H 1-—- =
9 ( s) A( s) Yy cos 0 with {A 9/4  for pendular state 2)
a

o= s\ e Ja2— € A =6 for capillary state

Forces of a variety of forms were studied, including viscous, semisolid, solid, electrostatic, and
van der Waals forces.

Of particular importance was the contribution of pendular bridge force arising from
surface tension to granule tensile strength. Capillary pressure deficiency due to the curvature of
the pendular bridge in addition to a contact line force results in an interparticle force, as
highlighted in Figure 8 (here, interparticle velocity U = 0). This force summed over the granule
area results in a granule static strength, which is a function of pore saturation S. The states of
pore filling have been defined as pendular (single bridges), funicular (partial complete filling
and single bridges), capillary (nearly complete filling S ~ 80% to 100%), followed by drop
formation and loss of static strength. This approach will be extended in subsequent sections
to include viscous forces and dynamic strength behavior (U # 0). The approach taken in this
chapter follows this same vein of research as originally established by Rumpf and Kapur,
namely, relating granule and particle level interactions to bulk behavior through the
development of the rate processes of wetting and nucleation, granule growth and consolidation,
and granule breakage and attrition. Each of these will now be dealt with in the subsequent
sections.

WETTING

Overview

The initial distribution of binding fluid can have a pronounced influence on the size
distribution of seed granules, or nuclei, which are formed from fine powder. Both the final
extent of and the rate at which the fluid wets the particulate phase are important. Poor wetting
results in drop coalescence, fewer larger nuclei with ungranulated powder, and over-wetted
masses, leading to broad nuclei distributions. Granulation can retain a memory, with nuclei
size distribution impacting final granule size distribution. Therefore, initial wetting can be
critical to uniform nuclei formation and often a narrow, uniform product. Wide nuclei
distributions can lead to a wide granule size distribution. When the size of a particulate feed
material is larger than drop size, wetting dynamics controls the distribution of coating
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material, which has a strong influence on the later stages of growth. Wetting phenomena also
influence redistribution of individual ingredients within a granule, drying processes, and
redispersion of granules in a fluid phase. Other granule properties such as voidage, strength,
and attrition resistance may be influenced as well. Preferential wetting of certain formulation
ingredients can cause component segregation across granule size classes. An extensive review
of wetting research may be found in Parfitt (23), Litster and Ennis (6), and Hapgood (24).

Mechanics of the Wetting Rate Process

Wetting is the first stage in wet granulation involving liquid binder distribution onto the feed
powder. There are two extremes: (i) liquid drop size is large as compared to feed particle or
granule size, and (ii) particle size is large as compared to the drop size. In the first case, the
wetting process consists of several important steps (Fig. 9). First, droplets are formed related to
spray distribution, or spray flux defined as the wetting area of the bed per unit time. Both
atomization and the rate of drops are critical. In addition to binder viscosity and rheology,
important operating variables include nozzle position, spray area, spray rate, and drop size.
Second, droplets impact and coalesce on the powder bed surface if mixing or wet-in time is
slow, or the spray flux is low. Third, droplets spread and penetrate into the moving powder
bed to form loose nuclei, again coalescing if wet-in is slow or mixing is slow. In the case of
high-shear processes, shear forces breakdown over-wet clumps, also producing nuclei.

For the second case of small drop size compared with the primary particle size, the liquid
will coat the particles. Coating is produced by collisions between the drop and the particle
followed by spreading of the liquid over the particle surface. If the particle is porous, then
liquid will also be sucked into its pores by capillary action, lowering the effective moisture
content promoting growth (25). Wetting dynamics control the distribution of coating material
on large particles or formed granules, which has a strong influence on the later stages of
growth as well as coating quality.

Methods of Measurement

Methods of characterizing wetting consist of four possible approaches: (i) drop spreading on
powder compacts, (ii) penetration of fluid into powder beds, (iii) particle penetration into
fluids, and (iv) interfacial characterization of powder surfaces (2,5,6). In first approach, the
ability of a drop to spread is considered (23,26), and it involves the measurement of a contact
angle 0 of a drop on a powder compact, given by the Young-Dupré equation, or

,st _ ,Ysl — ,Ylv cos 0 (3)

where %, v*, /¥ are the solid-vapor, solid-liquid, and liquid-vapor interfacial energies,
respectively, and 0 is measured through the liquid. In the limit of y*¥ — v*! > ", the contact angle
equals 0° and the fluid spreads on the solid, and is often referred to as the spreading coefficient.
The extent of wetting is controlled by the group y" cos0, which is referred to as adhesion tension.
Sessile drop studies of contact angle can be performed on powder compacts in the same way as
on planar surfaces. Methods involve (i) the direct measurement of the contact angle from the
tangent to the air-binder interface, (if) solution of the Laplace-Young equation involving the
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Figure 10 Characterizing wetting by dynamic contact angle goniometry. Source: From Refs. 5, 26, and 27.

contact angle as a boundary condition, or (iii) indirect calculations of the contact angle from
measurements of, for example, drop height. The compact can either be saturated with the fluid
for static measurements, or dynamic measurements may be made through a computer imaging
goniometer (Fig. 10). For granulation processes, the dynamics of wetting are often crucial,
requiring that powders be compared on the basis of a short timescale, dynamic contact angle.
In addition, spreading velocity can be measured. Important factors are the physical nature of
the powder surface (particle size, pore size, porosity, environment, roughness, pretreatment).
The dynamic wetting process is, therefore, influenced by the rates of ingredient dissolution and
surfactant adsorption and desorption kinetics (27).

The second approach to characterize wetting considers the ability of the fluid to
penetrate into a powder bed (Fig. 11). It involves the measurement of the extent and rate of
fluid rise by capillary suction into a column of powder, better known as the Washburn test or
the Bartell cell variant (28,29). Considering the powder to consist of capillaries of radius R, the
equilibrium height of rise /. is determined by equating capillary and gravimetric pressures, or:

~ 2yMcos §

e = 4
Apgk (4)

where Ap is the fluid density with respect to air, and g is gravity. In addition to the equilibrium
height of rise, the dynamics of penetration are particularly important. Ignoring gravity and
equating viscous losses with the capillary pressure, the rate (dh/dt) and dynamic height of rise h
are given by:

Rlv Rvlv
dh _ Ry cos or he {y cosﬁ}t

dr ™~ 4ph 2u )
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Figure 11 Characterizing wetting by Washburn test and capillary rise. Source: From Refs. 5 and 28.

where ¢ is time and p is binder fluid viscosity (28). The grouping of terms in brackets involve the
material properties that control the dynamics of fluid penetration, namely average pore radius, or
tortuosity R (related to particle size and void distribution of the powder), adhesion tension, and
binder viscosity. The rate of capillary fluid rise, or the rate of binding fluid penetration in wet
granulation, increases with increasing pore radius (generally coarser powders with larger surface-
volume average particle size), increasing adhesion tension (increased surface tension and
decreased contact angle), and decreased binder viscosity.

The contact angle of a binder-particle system itself is not a primary thermodynamic
quantity, but rather a reflection of individual interfacial energies, which are a function of the
molecular interactions of each phase with respect to one another. An interfacial energy may be
broken down into its dispersion and polar components. These components reflect the chemical
character of the interface, with the polar component due to hydrogen bonding and other polar
interactions and the dispersion component due to van der Waals interactions. These
components may be determined by the wetting tests described here, where a variety of
solvents are chosen as the wetting fluids to probe specific molecular interactions (30).
Interfacial energy is strongly influenced by trace impurities that arise in crystallization of the
active ingredient, or other forms of processing such as grinding. It may be modified by
judicious selection of surfactants (30,31).

Charges can also exist at interfaces, as characterized by electrokinetic studies (32). The
total solid-fluid interfacial energy (i.e., both dispersion and polar components) is also referred
to as the critical solid surface energy of the particulate phase. It is equal to the surface tension of
a fluid, which just wets the solid with zero contact angle. This property of the particle feed
may be determined by a third approach to characterize wetting, involving the penetration of
particles into a series of fluids of varying surface tension (31,33), or by the variation of
sediment height (34).

The last approach to characterizing wetting involves chemical probing of properties,
which control surface energy (32,35). As just described, these methods include electrokinetic
and surfactant adsorption studies. Additional methods are moisture or solvent adsorption
studies and inverse gas chromatography (IGC). A distinct advantage of IGC is reproducible
measurements of physical and chemical surface properties that control adhesion tension. IGC
uses the same principles and equipment as standard gas chromatography (36), however, the
mobile phase is comprised of probe gas molecules that move through a column packed with
the powder of interest, which is the stationary phase. As the probe molecules travel through
the column, they adsorb onto and desorb off the powder. The rate and degree of this
interaction is determined by the surface chemistry of the powder and the probe molecules.
Since the surface chemistry of the probe molecules is known, this allows calculation of the
surface energies of the powder with the help of a series of plots of alkane and various polar
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Figure 12 Characterizing wetting by inverse gas chromatography. Source: From Ref. 5.

probes. The strength of the solid /liquid interactions determines the average retention time of a
probe, which is converted into net retention volume Vy. The free energy of desorption is then

given by:
AG =RTIn VN+c:2Na<\/y]s)yE+\/y£yE> +c (6)

where R is the universal gas constant, T is the column temperature, c is a system constant,
N is Avagadro’s number, and a is the surface area of a probe molecule. As illustrated in
Figure 12, a plot of RT InVy versus a./yP should give a straight line for a series of alkanes,
the slope of which allows determination of the solid’s dispersive surface energy vs. Plotting
RT InVy versus a./yP for the polar probes will give a point that is generally somewhere
above the alkane reference line. The polar solid energy 7% is then found from a plot of these
deviations.

Granulation Examples of Wetting

Wetting dynamics has a pronounced influence on initial nuclei distribution formed from fine
powder. As an example, initial nuclei size in fluid-bed granulation is shown to increase with
decreasing contact angle, and therefore increasing adhesion tension (Fig. 13). Water contact
angle was varied by changing the percentages of hydrophilic lactose and hydrophobic salicylic
acid (37). Aulton et al. (38) also demonstrated the influence of surfactant concentration on
shifting nuclei size due to changes in adhesion tension.

Figure 14A illustrates an example of dynamic wetting, where a time series of drop
profiles are imaged as a drop wets in to a formulation tablet. Note that the timescale of
wetting in this case is two seconds, with nearly complete wet-in occurring in one second.
This particular formulation was granulated on a continuous pan system in excess of 2 ton/hr.
Figure 14B compares differences in lots of the formulation. Note that a second lot—referred
to as problem active—experiences significantly degraded granule strength and required
production rates to be substantially reduced. This is associated with nearly twice the initial
contact angle (120°) and a slower spreading velocity when compared with the good active.
Poor wetting in practice can translate into reduced production rates to compensate for
increased time for drops to work into the powder bed surface. Weaker granules are also often
observed, since poor wet phase interfacial behavior translates, in part, to poor solid bond
strength and high granule voidage. Note that differences in the lots are only observed
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over the first one-fourth to half a second, illustrating the importance of comparing dynamic
behavior of formulations, after which time surfactant adsorption/desorption reduces contact

angle.

As an example of Washburn approaches, the effect of fluid penetration rate and the
extent of penetration on granule size distribution for drum granulation were shown by Gluba
(39). Increasing penetration rate, as reflected by equation (5) increased granule size and
decreased asymmetry of the granule size distribution (Fig. 15).
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The mechanisms of nucleation and wetting may be determined from a wetting regime map
(Fig. 16), and is controlled by two key parameters. The first is the time required for a drop to
wet in to the moving powder bed, in comparison to circulation time of the process. As
discussed previously, this wet-in time is strongly influenced by formulation properties
[Eq. (5)]. The second parameter is the actual spray rate or spray flux, in comparison with solids
flux moving through the spray zones. Spray flux is strongly influenced by process design and
operation. If wet-in is rapid and spray fluxes are low, individual drops will form discrete

nuclei somewhat larger than the drop size in a

droplet-controlled regime. At the other extreme, if

drop penetration is slow and spray flux is large, drop coalescence and pooling of binder
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Figure 17 Monte-Carlo simulations of
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Source: From Refs. 6 and 24.
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material will occur throughout the powder bed. Shear forces due to solids mixing must then
breakdown over-wet masses or clumps in a mechanical dispersion regime, independent of drop
distribution. Drop overlap and coalescence occur to varying extents in a transitional intermediate
regime, with an increasingly wider nucleation distribution being formed for increasing spray
flux and decreasing wet-in time.

To better understand the impact of process design and scale-up, we will consider drop
penetration time and spray flux in greater detail. Small penetration time is desirable for
ér;plet-controlled nucleation. Dimensionless drop penetration time T}, is given by Hapgood

2/3

t V.,

T, ==L where 1,=135-4— S - (7)
Ic €5 | Rery cos 0

Note the similarity with the Washburn relation equation (5). Dimensionless drop wet-in
time decreases with increasing pore radius Res, decreasing binder viscosity p, increasing
adhesion tension y cos, decreasing drop volume V4, increasing bed porosity e and
increasing process circulation time f.. Circulation time is a function of mixing and bed weight,
and can change with scale-up. Effective pore radius Res is related to the surface-volume
average particle size ds,, particle shape ¢, bed porosity ¢, tapped porosity &.p,, and effective
porosity &g by:

dx [ Eefr
Refr = 7 ( =

3 11— Seff) Eeff = Stap(l —&+ Etap) (8)

To remain within a droplet-controlled regime of nucleation, the penetration time f,
should be less than the characteristic circulation time t. of the granulator in question.

Now turning attention to spray distribution, the dimensionless spray flux W4 is the ratio
of the rate at which drops cover a given spray area /4 to the rate at which solids move through
this same zone i and is a measure of the density of drops falling on the powder surface. The
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volumetric spray rate V' and drop size dy determine the number of drops formed per unit time,
and, therefore, both the area occupied by a single drop and the total drop coverage area per
unit time, or Y4 = 3V'/2dy. The dimensionless spray flux is then given by:

o Ipd o 3 V/

V.2 da, ®)

As with drop penetration time, spray flux plays a role in defining the regimes of
nucleation (Figs. 16 and 17) (5,6,24). For small spray flux (¥4 < 0.1), drops will not overlap
on contact and will form separate discrete nuclei if the drops also have fast penetration time.
For large spray flux (¥4 > .5), however, significant drop overlap occurs, forming nuclei much
larger than drop size, and in the limit, independent of drop size. Spray flux is strongly
influenced by process design.

For the case of random drop deposition described by a Poisson’s distribution (Fig. 18),
Hapgood (24) showed the fraction of surface covered by spray as given by:

fsingle =1- eXp(—'Pd) (10)

In addition, the fraction of single drops forming individual nuclei (assuming rapid drop
penetration) versus the number of agglomerates formed was given by:

f:single = eXP(*‘w/d) (1 l)

d

and
fagglom = 1 — exp(—4¥4) (12)

Examples of the above as applied to nucleation are described by Litster et al. (40). Here,
nuclei distribution was studied as a function of drop size and spray flux. For a moderate,
intermediate spray flux of W4 = 0.22, a clear relationship is seen between nuclei size and spray
distribution, with nuclei formed somewhat larger than the drop size (Fig. 18). In addition, the
nuclei distribution widens with the increasing formation of agglomerates for increasing spray
flux (Fig. 19), as given by equation (12), for the case of rapid drop penetration.

The spray flux captures the impact of equipment operating variables on nucleation and
wetting, and as such is very useful for scale-up if nucleation rates and nuclei sizes are to be
maintained constant (Fig. 16). A droplet-controlled nucleation regime occurs when there is both
low spray flux—relatively few drops overlap; and fast droplet penetration—drops wet into the
bed completely before bed mixing allows further drop contact. Nuclei will be formed of
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Figure 19 Agglomerate formation with lactose, water, and HPLC spray solutions. Source: From Refs. 6 and 25.



24 Ennis

Spray nozzle

a_ 3v
Lo 2Ad,
A=vW Y-axis: Uniform or Normal
distributed drops
Direction of
powder motion
/I—> _ X-axis: Uniformly
x=0 x=1 " distributed drops

Figure 20 Idealized flat spray zone in a spinning riffle granulator. Source: From Refs. 6 and 24.

somewhat larger than the drop size. A mechanical dispersion regime occurs at the other extreme
of high spray flux—giving large drop overlap and coalescence, and large drop penetration
times, promoted by poor wet-in rates and slow circulation times and poor mixing. In this
regime, nucleation and binder dispersion occurs by mechanical agitation. Viscous, poorly
wetting binders are slow to flow through pores in the powder bed in the case of poor
penetration time. Drop coalescence on the powder surface occurs (also known as “pooling”)
creating very broad nuclei size distributions. Binder solution delivery method (drop size,
nozzle height) typically has minimal effect on the nuclei size distribution, though interfacial
properties may affect nuclei and final granule strength. An intermediate regime exists for
moderate drop penetration times and moderate spray flux, with the resulting nuclei regime
narrowing with decreases in both.

There are several implications with regard to the nucleation regime map in trouble
shooting of wetting and nucleation problems. If drop penetration times are large, making
adjustments to spray may not be sufficient to narrower granule size distributions if remaining
in the mechanical regime. Significant changes to wetting and nucleation occur only if changes
take the system across a regime boundary. This can occur in an undesirable way if processes
are not scaled with due attention to remaining in the drop controlled regime, or alternatively,
within the mechanical dispersion regime. For example, scale-up may cause a granulation
process to move from one regime on wetting to another, resulting in unexpected behavior and
an entirely different dependence of atomization method and mixing.

Example of Wetting Regime Calculation

As an example of wetting calculations, consider an idealized powder bed shown in Fig. 20 of
width B = 0.10 m, moving past a flat spray of spray rate dV/dt = 100 mL/min as a solids
velocity of w = 1.0 m/sec. For a given spray rate, the number of drops is determined by drop
volume or diameter d4 = 100 um, which in turn defines the drop area 4 per unit time, which
will be covered by the spray, giving a spray flux /4 of:

~da dV/dt (ndg) _3(dv/dr) 3 (100 x 107%/60m/s)
2

4

i = =0.025m’ /s 1

Va= 3 = v, d T2 (100x106m) < 0m/s (13)
As droplets contact the powder bed at a certain rate, the powder moves past the spray zone at
its own velocity, or at solids flux ¥ given for this simple example by:

dA
'//s_di

; =B, =0.1mx 1.0m/s = 0.1 m*/sec (14)

This gives a dimensionless spray flux of:

_ g 0.025m?/sec

p=r1d_
Ty, 0.1m?/sec

=025 (15)



Theory of Granulation: An Engineering Perspective 25

This is at the limit of allowable spray flux to remain within a droplet-controlled regime. If
double the spray rate is required, wetting and nucleation would occur within the mechanical
dispersion regime, diminishing the need for spray nozzles. To lower the spray rate by a factor
of two, as a safety for droplet-controlled nucleation, either two nozzles spread well apart,
double the solids velocity, or half the spray rate would be needed (e.g., doubling the spray
cycle time). Alternately, smaller drops might prove helpful.

The last requirement for droplet-controlled growth would be a short drop penetration
time. For a lactose powder of d3; = 20 pm, and loose and tapped voidage of ¢=0.60 and
erap=0.40, the effective voidage and pore radius are given by:

Eeff = Erap(l — & + &p) = 0.4(1 — 0.6+ 0.4) = 0.32 (16)

Rett =

wds) Eeff _ 0.9 x 20 0.32
3 T3 1-0.32

=2.8um 17
— ) =28 (1)
The penetration time should be no more than 10% of the circulation time. For water with a
viscosity of p = 1, cp =0.001 Pa/sec, and adhesion tension of y cosd =.033 N/m, we obtain a
penetration time of

V33 m (100 x 10~67/6)*? 0.001
th=13549—|——| =135 = 0.000 18
P &2 [Reffy cos 9} 0322 [2.8 % 106 x 0.033} 9sec  (18)

Note that the penetration time is a strong function of drop size ( o d3) and viscosity. For a
100-fold increase in viscosity representative of a typical binding solution and twice the drop
size, the penetration time would increase to 0.4 seconds. This time could, in fact, be short when
compared with the circulation times of high-shear systems, suggesting a move toward
mechanical dispersion.

GRANULE GROWTH AND CONSOLIDATION

Mechanics of Growth and Consolidation

The evolution of the granule size distribution is controlled by several mechanisms. Nucleation
of fine powders and coating of existing granules by the fluid phase have been discussed in the
previous section. Breakage mechanisms will be treated in the following. Here, we focus
particularly on growth and consolidation mechanisms. Granule growth includes the coalescence
of existing granules as well as the layering of fine powder onto previously formed nuclei or
granules. The breakdown of wet clumps into a stable nuclei distribution can also be included
among coalescence mechanisms. As granules grow by coalescence, they are simultaneously
compacted by consolidation mechanisms, which reduce internal granule voidage or porosity,
which impacts granule strength and breakage.

There are strong interactions between growth and consolidation, as illustrated in
Figure 21. For fine powder feed, granule size often progresses through rapid, exponential
growth in the initial nucleation stage, followed by linear growth in the transition stage, finishing
with very slow growth in a final balling stage. Simultaneously with growth, granule porosity is
seen to decrease with time as the granules are compacted. Granule growth and consolidation
are intimately connected; increases in granule size are shown here to be associated with a
decrease in granule porosity. This is a dominant theme in wet granulation.

As originally outlined in Ennis (4), these growth patterns are common throughout
fluidized bed, drum, pan, and high-shear mixer processes for a variety of formulations.
Specific mechanisms of growth may dominate for a process—sometimes to the exclusion of
others, with the prevailing mechanisms dictated by the interaction of formulation properties,
which control granule deformability, and operating variables, which control the local level of
shear, or bed agitation intensity.

For two colliding granules to coalesce rather than breakup, the collisional kinetic energy
must first be dissipated to prevent rebound as illustrated in Figure 22. In addition, the strength
of the bond must resist any subsequent breakup forces in the process. The ability of the
granules to deform during processing may be referred to as the formulation’s deformability, and
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Figure 21 Granule porosity and mean (pellet) size. Typical regimes of granule growth and consolidation, shown
for drum granulation of fine limestone. Source: From Refs. 16-19.

deformability has a large effect on growth rate, as well as granule consolidation. Increases in
deformability increase the bonding or contact area, thereby dissipating and resisting breakup
forces. From a balance of binding and separating forces and torque acting within the area of
granule contact, Ouchiyama and Tanaka (41) derived a critical limit of size above which
coalescence becomes impossible, or a maximum growth limit given by:

) (A@¥2K3261)'* plastic deformation (K o 1/H) (19)
¢ (AQK*2g1)'? elastic deformation (K o 1/E*/?)
Here, K is deformability, a proportionality constant relating the maximum compressive force Q
to the deformed contact area, A is a constant with units of [L®/F] and o is the fensile strength
of the granule bond. Depending on the type of collision, deformability K is a function of either
hardness H, or reduced elastic modulus E*. Granules are compacted as they collide. This
expels pore fluid to the granule surface, thereby increasing local liquid saturation in the contact
area of colliding granules. This surface fluid (i) increases the tensile strength of the liquid bond
or, and (ii) increases surface plasticity and deformability K.

The degree of granule deformation taking place during granule collisions defines
possible growth mechanisms (Fig. 22). If little deformation takes place, the system is referred to
as a low-deformability/low-shear process. This generally includes fluid bed, drum, and pan
granulators. Growth is largely controlled by the extent of any surface fluid layer and surface
deformability, which act to dissipate collisional kinetic energy and allow permanent
coalescence. Growth generally occurs at a faster timescale than overall granule deformation
and consolidation. This is depicted in Figure 22, where smaller granules can still be
distinguished as part of a larger granule structure, or a popcorn-type appearance as often
occurs in fluid-bed granulation. Note that such a structure may not be observed if layering or
nucleation alone dominates. Granules may also be compacted, becoming smoother over time
because of the longer-timescale process of consolidation. Granule coalescence and consolidation
have less interaction than they do with high deformability systems, making low-deformability /
low-shear systems easier to scale-up and control, for systems without high recycle.

For high-shear rates, large granule deformation occurs during collisions, and granule
growth and consolidation occur on the same timescale. Such a system is referred to as a
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Source: From Refs. 1, 2, and 4.

deformable/high-shear process, and includes continuous pin and plow shear type mixers, as well
as batch high-shear pharmaceutical mixers. In these cases, kinetic energy is dissipated through
deformation of the wet mass composing the granule. Rather than the sticking together
mechanism of low-deformability processes such as a fluid-bed, granules are smashed or kneaded
together, and smaller granules are not distinguishable within the granule structure (Fig. 22).
High-shear and high-deformable processes generally produce denser granules than their
low-deformability counterpart. In addition, the combined and competing effects of granule
coalescence and consolidation make high-shear processes difficult to scale-up.

Although these extremes of growth are still the subject of much research investigation, a
general model has emerged to help process engineers unravel the impact of operating
variables and process selection. Two key dimensionless groups control growth. As originally
defined by Ennis (4) and Tardos and Khan (42), these are the viscous and deformation Stokes
numbers given, respectively, by:

4puyd

St, = 20
2 du/dx)*d
Staer = Pll (impact) or p(du/dx)d” (shear) (21)
Ty Oy

The viscous Stokes number Sty is the ratio of kinetic energy to viscous work due to binding
fluid occurring during granule/particle collisions. Low St, or low granule energy represents
increased likelihood of granule coalescence and growth, and this occurs for small granule or
particle size (d is the harmonic average of granule diameter), low relative collision velocity u,
or granule density p, and high binder phase viscosity p. The deformation Stokes number
represents the amount of granule deformation taking place during collisions, and is similarly a
ratio of kinetic energy to wet mass yield stress, a measure of granule deformability.

Bed agitation intensity is controlled by mechanical variables of the process such as fluid-
bed excess gas velocity or mixer impeller and chopper speed. Agitation intensity controls the
relative collisional and shear velocities of granules within the process and therefore growth,
breakage, consolidation, and final product density. Figure 23 summarizes typical characteristic
velocities, agitation intensities and compaction pressures, and product relative densities
achieved for a variety of size enlargement processes.

Note that the process or formulation itself cannot define whether it falls into a low or high
agitation intensity process. As discussed more fully below, it is a function of both the level of
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shear as well as the formulation deformability. A very stiff formulation with low deformability
may behave as a low-deformability system in a high-shear mixer, or a very pliable formulation
may act as a high-deformable system in a fluid-bed granulator.

Granule consolidation or densification is also controlled by Stokes numbers, and
typically increases for all processes with increasing residence time, shear levels, bed height,
bed moisture or granule saturation, particle feed size or pore radius, surface tension, and
decreasing binding fluid viscosity. Simultaneous drying or reaction usually acts to arrest
granule densification.

Interparticle Forces

Interstitial fluid and resulting pendular bridges play a large role in both, granule growth and
granule deformability. As shown previously, they control the static yield stress of wet
agglomerates [Fig. 8, Eq. (2)]. Pendular bridges between particles of which a granule is
composed give rise to capillary and viscous interparticle forces, which allows friction to act
between point contacts (Fig. 24). Interparticle forces due to pendular bridges and their impact
on deformability warrant further attention. Note that capillary forces for small contact angle
attract particles (but repel for 0 > 90°), whereas viscous and frictional forces always act to resist
the direction of motion.

Consider two spherical particles of radius 4 separated by a gap distance 2k, approaching
one another at a velocity U (Fig. 24). The particles could represent two primary particles within
the granule, in which case we are concerned about the contribution of interparticle forces on
granule strength and deformability. Or they could represent two colliding granules, in which
case we are concerned with the ability of the pendular bridge to dissipate granule kinetic
energy and resist breakup forces in the granulation process. The two particles are bound by a
pendular bridge of viscosity p, density p, and surface tension y. The pendular bridge consists
of the binding fluid in the process, which includes the added solvent and any solubilized
components. In some cases, it may also be desirable to also include very fine solid components
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Figure 24 Interparticle forces and granule deformability. Interparticle forces include capillary forces, viscous
lubrication forces, and frictional forces. Source: From Ref. 4.

within the definition of the binding fluid, and, therefore, consider instead a suspension
viscosity and surface tension. These material parameters vary on a local level throughout the
process, and are also time dependent and a function of drying conditions.

For the case of a static liquid bridge (i.e.,, U = 0) with perfect wetting, surface tension
induces an attractive capillary force between the two particles due to a three-phase contact line
force and a pressure deficiency arising from interfacial curvature. (For a poorly wetting fluid, the
capillary pressure can be positive leading to a repulsive force.) The impact of this static pendular
bridge force on static granule strength has been studied and reported extensively (3,20-22). It is
important to recognize that in most processes, however, the particles are moving relative to one
another and, therefore, the bridge liquid is in motion. This gives rise to viscous resistance forces,
which can contribute significantly to the total bridge strength. The strengths of both Newtonian
and non-Newtonian pendular bridges have been studied extensively (4,43,44). For Newtonian
fluids (36), the dimensionless dynamic strength was shown to be given by:

F Fop = (2 — 2H,) sin* ¢
—a = Faw + Fyis = F, +3Ca/e  where F.s = 3Ca/e (22)
b Ca=pU/y

Forces have been made dimensionless with respect to a measure of the capillary force, or nya.
Feap is the strength of a static capillary bridge, which is a function of air-fluid interfacial
curvature H, and the filling angle ¢. In dimensional form, it is given by:

Fop = nya(2 — 2H,) sin® ¢ (23)
Fyis is the strength of a viscous, dynamic bridge, and is equivalent to the force between two
spheres approaching one another in an infinite fluid. This force is a function of binder viscosity
i, and the collision velocity U. Here, ¢ = 2h,/a is gap distance, and not granule voidage. In
dimensional form, the viscous force is given by:

F, = 6npUa/e (24)

From equation (22), one finds that the dynamic bridge force begins with the static bridge strength,
which is a constant independent of velocity (or Ca), and then increases linearly with Ca, which is
a capillary number representing the ratio of viscous (uUa) to capillary (ya) forces, and is
proportional to velocity. This is confirmed experimentally as illustrated in Figure 25 for the case of
two spheres approaching axially. Extensions of the theory have also been conducted for non-
Newtonian fluids (shear thinning), shearing motions, particle roughness, wettability, and time-
dependent drying binders. The reader is referred to Ennis (4,43) for additional details.
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For small velocities, small binder viscosity, and large gap distances, the strength of the
bridge will approximate a static pendular bridge, or F..p,, which is proportional to and increases
with increasing surface tension. This force is equivalent to the static pendular force previously
given in equation (23) as studied by Rumpf (20-22). On the other hand, for large binder
viscosities and velocities, or small gap distances, the bridge strength will approximately be
equal to F,;s, which increases with increasing binder viscosity and velocity. This viscous force
is singular in the gap distance and increases dramatically for small separation of the particles.
It is important to note that as granules are consolidated, resulting in decreases in effective
interparticle gap distance, and binders dry, resulting in large increases in binder viscosity, that
the dynamic bridge strength can exceed the static strength by orders of magnitude.

Lastly, the role of interpacticle friction can be large, though rigorous experimental studies
of the interaction between particle friction, granule porosity and binder viscosity, and surface
tension in controlling bulk dynamic yield stress have not been undertaken.

Dynamic Wet Mass Rheology and Granule Deformability

Granule deformability and the maximum critical size D, are strong functions of moisture.
Figure 26A illustrates the low-shear rate, stress-strain behavior of agglomerates during
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Figure 26 (A) The influence of sample saturation S on deformation strain (AL/L) and yield strength o,. Dicalcium
phosphate with 15 weight percent binding solution of PVP/PVA Kollidon®™ VA64. Fifty percent compact porosity.
(B) Typical compact stress response for fast compression versus crosshead compression velocity for glass
ballotini (dzo = 35 um). Source: From Refs. 45 and 46.
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compression as a function of liquid saturation. Deformability K is related to both the yield
strength of the material o, that is, the ability of the material to resist stresses, and the ability of
the surface to be strained without degradation or rupture of the granule, with this maximum
allowable critical deformation strain denoted by (AL/L).. In general, high deformability K
requires low yield strength o, and high critical strain (AL/L)., which is a measure of plastic
versus brittle deformation. Increasing granule saturation increases deformability by lowering
interparticle frictional. In most cases, granule deformability increases with increasing moisture
(or granule saturation to be more precise), decreasing binder viscosity, decreasing surface
tension, decreasing interparticle friction, and increasing average particle size (specifically ds,,
or the surface-volume mean size), as well as increasing bed agitation intensity.

The important contributions of binder viscosity and friction to granule deformability
and growth are illustrated by fractions of energy dissipated during a granule collision as
depicted in Figure 27. Note that 60% of the energy is dissipated through viscous losses, with
the majority of the remainder through interparticle friction. Very little is lost because of
capillary forces controlled by surface tension. Therefore, modern approaches to granule
coalescence rest in understanding the impact of granule deformability on growth, rather than
the original framework put for by Rumpf (20-22) regarding pendular and funicular liquid
bridge forces alone.

Figure 26A illustrates yield stress behavior for slow yielding. However, the dependence
of interparticle forces on shear rate clearly impacts wet mass rheology and, therefore,
deformability. Figure 26B demonstrates that the peak flow or dynamic yield stress increases
proportionally with compression velocity (45). In fact, in a similar fashion to dynamic liquid
bridge forces, the peak flow stress of wet unsaturated compacts is seen to also increase with Ca
(Fig. 28):

O_Peak _ 0o — 50-53
< =6,+ACa  where A=280-320, B=0.58-0.064 (25)
v/a Ca=ype ‘afly

There are several important points worth noting. First is the similarity between the yield
strength of the compact [Eq. (25)] and the strength of the individual dynamic pendular bridge
[Eq. (22)]; both curves are similar in shape with a capillary number dependency. As with the
pendular bridge, two regions may be defined. In region 1, for a bulk capillary number of
Ca < 107, the strength or yield stress of the compact depends on the static pendular bridge,
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and therefore on surface tension, particle size, and liquid loading. In region 2, for Ca > 1074,
the strength depends on the dynamic pendular bridge, and therefore on binder viscosity and
strain rate, in addition to particle size.

Second, Figure 28 does not explicitly depict the role of saturation and compact porosity,
these properties are known to affect strength. Decrease in compact porosity generally increases
compact yield stress through increases in interparticle friction, whereas increases in saturation
lowers yield stress (Fig. 26) (46,48). Hence, the curve of Figure 28 should be expected to shift
with these variables.

Third, the static granule or assembly strength [Eq. (1.2)] as originally developed by
Rumpf (20-22) is captured by the constant, low Ca value of the yield stress, with this yield

stress depending linearly on o} oc (y/a) or:

9(/1—¢e\F 9/1—¢
Peak ~ cap ~ |- —— —4
oy =~ ao(y/a) 3 ( c > P [ ( c ) cos 9} (y/a) for Ca< 10 (26)

Fourth, the mechanism of compact failure depends on strain rate and allowable critical
strain rate (AL/L).. Figure 28 illustrates schematically the crack behavior observed in
compacts as a function of capillary number. At low Ca, compacts fail by brittle fracture with
macroscopic crack propagation, whereas at high Ca, compacts fail by plastic flow. Large
critical strain helps promote plastic flow without rupture, referred to as the squish test among
process operators.

Within the context of granulation, small yield stresses at low Ca may result in
unsuccessful growth when these yield stresses are small compared with breakup forces. With
increased yield stress not only comes stronger granules but also decreased deformability.
Therefore, high strength might imply a low-deformability growth mechanism for low-shear
processes such as a fluid bed. On the other hand, it might imply smaller growth rates for high-
shear processes that are able to overcome this yield stress and bring about kneading action and
plastic flow in the process. Therefore, it is important to bear in mind that increased liquid
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saturation may initially lower yield stress, allowing more plastic deformation during granules
collisions. However, as granules grow and consolidate and decrease in voidage, they also
strengthen and rise in yield stress, becoming less deformable with time and withstanding
shear forces in the granulator. Hence, the desired granule strength and deformability is linked
in a complex way to granulator shear forces and consolidation behavior.

Low-Shear, Low-Deformability Growth

For those low-shear processes or formulations that allow little granule deformation during
granule collisions, consolidation of the granules occurs at a much slower rate than growth, and
granule deformation can be ignored to a first approximation. The growth process can be
modeled by the collision of two nearly stiff granules, each coated by a liquid layer of thickness
h, as illustrated in Figure 29. For the case of zero plastic deformation as developed by Ennis
(4,49), successful coalescence requires that the viscous Stokes number St, be less than St*, or:

4pupa

1
Sty = o < St* where St"= (l +e—r> In(h/h,) (27)

where St* is a critical Stokes number representing the energy required for rebound, uy is the
relative collisional velocity of the granules, and a is the harmonic average of granule diameter.
The Stokes number is one measure of normalized bed agitation energy, representing the ratio
of granule collisional kinetic energy to viscous binder dissipation. The binder layer thickness h
is related to liquid loading, e, is the coefficient of restitution of the granules, and &, is a measure
of surface roughness or asperities. This critical condition, given by equation (27), controls the
growth of low-deformability systems. This criteria has also been extended to capillary
coalescence (4), and for cases of small plastic deformation (50).

Binder viscosity, 1, is a function of local temperature, strain rate (for non-Newtonian
binders) and binder concentration dictated by drying rate and local mass transfer and local-
bed moisture. It can be controlled as discussed above through judicious selection of binding
and surfactant agents and measured by standard rheological techniques (51). The collisional
velocity is a function of process design and operating variables, and is related to bed agitation
intensity and mixing. Possible choices of 1, are summarized in Figure 23 and discussed more
fully regarding scale-up in chapter 25 and Ref. 52. Note that u, is an interparticle collisional
velocity, not necessarily the local average flow velocity. Three regimes of granule growth may
be identified for low-shear/low-deformability processes (4,49), as show for fluid-bed
granulation in Figure 30.

Noninertial Regime

For small granules or high binder viscosity lying within a noninertial regime of granulation, all
values of St, will lie below the critical value St* and all granule collisions result in successful
growth provided binder is present. Growth rate is independent of granule kinetic energy,
particle size, and binder viscosity (provided other rate processes are constant). Distribution of
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binding fluid and degree of mixing then control growth, and this is strongly coupled with the rate
process of wetting described in the previous section. As shown in Figure 30, both binders
have the same initial growth rate for similar spray rates, independent of binder viscosity. (Note
that binder viscosity can effect atomization and therefore nuclei distribution through the
wetting process.) Increases in bed moisture (e.g., spray rate, drop rate) and increases in granule
collisions in the presence of binder will increase the overall rate of growth. Bear in mind,
however, that there is a 100% success of these collisions, since dissipation of energy far exceeds
the collisional kinetic energy required for breakup/rebound.

Inertial Regime

As granules grow in size, their momentum increases, leading to localized regions in the
process where St, exceeds St*. In this inertial regime of granulation, granule size, binder
viscosity, and collision velocity determine the proportion of the bed in which granule rebound
is possible. Increases in binder viscosity and decreases in agitation intensity increase the extent
of granule growth—that is, the largest granule that can be grown [D. of Eq. (19)]. This is
confirmed in Figure 30 with the CMC binder continuing to grow whereas the PVP system with
lower viscosity slows in growth. Note that the rate of growth, however, is controlled by binder
distribution and mixing, and not binder viscosity. Increasing binder viscosity will not effect
growth rate or initial granule size, but will result in an increased growth limit.

Coating Regime

When the spatial average of St, exceeds St*, growth is balanced by granule disruption or
breakup, leading to the coating regime of granulation. Growth continues by coating of granules
by binding fluid alone. The PVP system with lower viscosity is seen to reach its growth limit
and therefore coating regime in Figure 30.

The exact transitions between granulation regimes depend on bed hydrodynamics. As
demonstrated by Ennis et al. (4,5,49), granulation of an initially fine powder may exhibit
characteristics of all three granulation regimes as time progresses, since St, increases with
increasing granule size. Implications and additional examples regarding the regime analysis
are highlighted by Ennis (4,5,49). Increases in fluid-bed excess gas velocity exhibits a similar
but opposite effect on growth rate to binder viscosity; namely, it is observed to not effect
growth rate in the initial inertial regime of growth, but instead lowers the growth limit in the
inertial regime.

Example: Extent of Noninertial Growth

Growth by coalescence in granulation processes can be modeled by population balances
(see chap. 24), where one specifies the mechanism and kernel of growth. For fine powders
within the noninertial regime of growth, all collisions result in successful coalescence provided
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binder is present. Coalescence occurs via a random, size independent kernel (i, v) = k that is
only a function of liquid loading y and mixing. In the presence of sufficient binding fluid, it
may be rigorously proven that the average granule size increases exponentially with time, or:

d = dye™ where k = k'f(y, mixing) (28)

This exponential increase in size with time is confirmed experimentally in Figure 31, where
increases in liquid loading increase growth rate. (Note that granule saturation S is connected to
liquid loading y and porosity.) On the basis of regime analysis work above, growth will
continue in a process while the conditions of equation (27) are met, that is, dissipation exceeds
collisional kinetic energy or St, < St'. Examples of these growth limits are seen in fluid beds,
drums (16-19), and mixers (Figs. 30-32). Combining Egs. (27) and (28), the maximum extent of
granulation kfy,,x occurring within the noninertial regime is given by (53):

1(dhmax) = (1), = 61n(St*/Sto)f (y) o 111(‘);0l d0> (29)

Sty is the Stokes number based on initial nuclei diameter d,. Extent kt.... is taken as the
logarithim of the growth limit in the first random stage of growth, or dmax. The maximum
diameters (Fig. 31A) are replotted as extents in Figure 31B, which is observed to depend
linearly on liquid loading y. Therefore, the maximum granule size depends exponentially on
liquid loading, as observed experimentally (Figs. 8 and 31C).

From equation (29), it is possible to scale or normalize a variety of drum granulation data to
a common drum speed and binder viscosity. Maximum granule size dpax and extent kfax
depend linearly and logarithmically, respectively, on binder viscosity and the inverse of agitation
velocity. Figure 31C illustrates the normalization of extent kty,.y for the drum granulation of
limestone and fertilizers, correcting for differences in binder viscosity, granule density, and
drum rotation speed, with the data collapsing onto a common line following normalization.
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High-Shear, Deformable Growth

For high agitation processes involving high-shear mixing or for readily deformable
formulations, granule deformability, plastic deformation, and granule consolidation can no
longer be neglected as they occur at the same rate as granule growth. Typical growth profiles
for high-shear mixers are illustrated in Figure 32. Two stages of growth are evident, which
reveal the possible effects of binder viscosity and impeller speed, as shown for data replotted
versus impeller speed in Figure 33. The initial, nonequilibrium stage of growth is controlled by
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Figure 32 High-shear mixer granulation, illustrating the influence of deformability on growth. Increasing binder
viscosity and impeller speed indicated by arrows. (A) Ten-liter melt granulation, lactose, 15 weight percent binder,
1400 rpm impeller speed, two different viscosity grades of polyethylene glycol binders. (B) Ten-liter wet
granulation, dicalcium phosphate, 15 weight percent binder solution of PVP/PVA Kollidon® VA64, liquid loading of
16.8 weight percent and chopper speed of 1000 rpm for varying impeller speed. Source: From Refs. 56 and 57.
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granule deformability, and is of most practical significance in manufacturing for high-shear
mixers. Increases in St due to lower viscosity or higher impeller speed increase the rate of
growth, since the system becomes more deformable and easier to kneed into larger granule
structures. These effects are contrary to what is predicted from the viscous Stokes analysis
based on rigid, low-deformability granules, where high viscosity and low velocity increase the
growth limit.

Growth continues until disruptive and growth forces are balanced in the process. This
last equilibrium stage of growth represents a balance between dissipation and collisional
kinetic energy, and so increases in St decrease the final granule size. Note that the equilibrium
granule diameter decreases with the inverse square root of the impeller speed, as it should
based on St, = St*, with uy=a(du/dx)=wa.

The viscous Stokes analysis is used to determine the effect of operating variables and
binder viscosity on equilibrium growth, where disruptive and growth forces are balanced. In
the early stages of growth for high-shear mixers, the Stokes analysis, in its present form, is
inapplicable. Freshly formed, uncompacted granules are easily deformed, and as growth
proceeds and consolidation of granules occur, they will surface harden and become more
resistant to deformation. This increases the importance of the elasticity of the granule
assembly. Therefore, in later stages of growth, older granules approach the ideal Stokes model
of rigid collisions. In addition, the Stokes number controls, in part, the degree of deformation
occurring during a collision since it represents the importance of collision kinetic energy in
relation to viscous dissipation, although the exact dependence of deformation on St, is
presently unknown.

The Stokes coalescence criteria of equation (27) must be generalized to account for
substantial plastic deformation occurring during the initial nonequilibrium stages of growth in
high-shear systems. In this case, granule growth and deformation are controlled by a
generalization of St,, or a deformation Stokes number Sty as originally defined by Tardos
and colleagues (42,54):

2 22
Stgef = Pty (impact) or p(duﬁ%dx)d(shear) (30)
y y

Viscosity has been replaced by a generalized form of plastic deformation controlled by the
yield stress 6, which may be determined by compression experiments. As shown previously,
yield stress is related to deformability of the wet mass, and is a function of shear rate, binder
viscosity and surface tension, primary particle size and friction, and saturation and granule
porosity. Critical conditions required for granule coalescence may be defined in terms of the
viscous and deformation Stokes number, or Sty and Stqes, respectively. These represent a
complex generalization of the critical Stokes number given by equation (27), and are discussed
in detail elsewhere (6,50). In general terms, as the yield stress of a material decreases, there is a
relative increase in Stger, which leads to an increase in the critical Stokes number St* required
for granule rebound, leading to an increase in maximum achievable granule size D..

An overall view of the impact of deformability of growth behavior may be gained from
Figure 34, where types of granule growth are plotted versus deformability in a regime map,
and yield stress has been measured by compression experiments (55). Growth mechanism
depends on the competing effects of high-shear promoting growth by deformation on one
hand, and the breakup of granules giving a growth limit on the other. For high velocities and
low yield stress (high Stgef), growth is not possible by deformation due to high shear, and the
material remains in a crumb state. For low pore saturation, growth is only possible by initial
wetting and nucleation, with surrounding powder remaining ungranulated. At intermediate
levels of moisture, growth occurs at a steady rate for moderate deformability, but has a delay
in growth for low deformability. This delay or induction time is related to the time required to
work moisture to the surface to promote growth. For high moisture, very rapid, potentially
unstable growth occurs. The current regime map, as presented, requires considerable
development. Overall growth depends on the mechanics of local growth, as well as the
overall mixing pattern and local/overall moisture distribution. Levels of shear are poorly
understood in high-shear processes. In addition, growth by both deformation and the rigid
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growth model are possible. Lastly, deformability is intimately linked to both granule porosity
and moisture. They are not constant for a formation, but depend on time and the growth
process itself through the interplay of growth and consolidation. Nevertheless, the map
provides a starting point, and is discussed in additional detail in chapter 25.

Example: High-Shear Mixer Growth

An important case study for high deformability growth was conducted by Holm et al. (48) for
high-shear mixer granulation. Lactose, dicalcium phosphate, and dicalcium phosphate/starch
mixtures (15% and 45% starch) were granulated in a Fielder PMAT 25 VG laboratory scale
mixer. Granule size, porosity, power level, temperature rise, and fines disappearance were
monitored during liquid addition and wet massing phases. Impeller and chopper speeds were
kept constant at 250 and 3500 rpm, respectively, with 7.0 to 7.5 kg starting material. Liquid
flow rates and amount of binder added were varied according to the formulation. Power
profiles and resulting granule size and porosity are depicted in Figures 35 and 36, respectively.
Note that wet massing time (as opposed to total process time) is defined as the amount of
time following the end of liquid addition, and the beginning of massing time is indicated in
Figure 35.

Clear connections may be drawn between granule growth, consolidation, power
consumption, and granule deformability. Noting from Figures 35 and 36 for lactose, there is
no further rise in power following the end of water addition (beginning of wet massing), and
this corresponds to no further changes in granule size and porosity. In contrast, dicalcium
phosphate continues to grow through the wet massing stage, with corresponding continual
increases in granule size and porosity. Lastly, the starch formulations have power increases for
approximately two minutes into the wet massing stage, corresponding to the two minutes of
growth; however, growth ceased when power consumption levels off. Therefore, power clearly
tracks growth and consolidation behavior. Lastly, power levels and granule size also tracked
temperature rise of the bowl and the level of remaining ungranulated fine powder.
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Further results connecting power and growth to compact deformability and rheology
are provided in Holm (48). The deformability of lactose compacts, as a function of saturation
and porosity, is shown to increase with moisture in a stable fashion toward reaching a large
critical strain (AL/L). required for plastic deformation. Therefore, growth rates and power
rise do not lag behind spray addition, and growth ceases with the end of spraying.
Dicalcium phosphate compacts, on the other hand, remain undeformable until a critical
moisture is reached, after which they become extremely deformable and plastic. This
unstable behavior is reflected by an inductive lag in growth and power after the end of spray
addition, ending with unstable growth and bowl sticking as moisture is finally worked to
the surface.
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Power, Deformability, and Scale-Up of Growth
In the work of Holm (48), split lots of lactose and dicalcium phosphate exhibited reproducible
power curves, suggesting the use of power as a control variable. While it is true that the power
is reflective of the growth process, it is a dependent variable in many respects. For small
variations in physical feed properties, specific power may be used for batch control, or for
scale-up, to the extent that the entire bowl is activated. In practice, however, different lots of
a formulation can possess different yield properties and deformability, and a different
dependence on moisture. Therefore, there may not be a unique relationship between power
and growth, or more specifically, unique enough to use power level to compensate for physical
property variations of the feed that the control rate processes. Specific power is required for
scale-up, where power is normalized by the active portion of the powder bed. The impact
of scale-up on mixing and distribution of power in a wet mass, however, is only partly
understood at this point. In many commercial, vertical high-shear designs, the active portion of
the bowl changes greatly with scale, and geometric similarity is not maintained with scale-up.
This is much less of a concern with horizontal plow shear designs.

Growth by a high-deformable mechanism requires deformation of wet mass, and
therefore work input. Work provides a more natural variable than time, demonstrated in
Figure 37, for plant scale wet granulation of a NSAID product with power curves versus time
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are replotted versus work input. Power curves from mixer scales of 1 to 1000 1 also collapse
onto one curve when replotted versus specific work. This is consistent with the work of Holm
(49), where granule size tracked thermodynamic temperature rise of the mixer bowl, a measure
of work input.

The work concept is taken a step further by Cuitino and Bridgwater (58), by plotting
growth curves versus specific energy (or work) normalized by yield stress of each formulation,
again with growth profiles collapsing onto a common line (Fig. 38). These trials used a high-
shear horizontal pin mixer, of varying mixer speed, temperature, and moisture content. Note
the equivalence between this normalized energy or work input, and the deformation number
of Tardos, or Stgt = pu2/ay ~ p(E/M)/ay.

Determination of St*

The extent of growth is controlled by some limit of granule size, either reflected by the critical
Stokes number, St*, or by the critical limit of granule size, D.. There are several possible
methods to determine this critical limit. The first involves measuring the critical rotation speed
for the survival of a series of liquid binder drops during drum granulation (5). A second
refined version involves measuring the survival of granules in a couette-fluidized shear device
(42,54). Both, the onset of granule deformation and complete granule rupture are determined
from the dependence of granule shape and the number of surviving granules, respectively, on
shear rate. The critical shear rate describing complete granule rupture defines St*, whereas the
onset of deformation and the beginning of granule breakdown defines an additional critical
value. The third approach is to measure the deviation in the growth rate curve from random
exponential growth (59). The deviation from random growth indicates a value of w*, or the
critical granule diameter at which noninertial growth ends. This value is related to D, (Fig. 39).
(See chap. 24 regarding modeling for further discussion.) The last approach is through the
direct measurement of the yield stress through compression experiments.

Summary of Growth Patterns

Figure 40 summarizes possible ideal profiles of the evolution of the granule size distribution,
and the impact of the discussed growth mechanisms. For nondeformable growth typical of a
fluid-bed or drum granulation, there is an increase in granule size, which is independent of
energy and viscous dissipation, and primarily a function of spray rate and contacting (e.g.,
mixing frequency). For fluid beds, this increase is often linear, whereas for drums, exponential
growth is possible on the basis of contact frequency. The demarcation between linear and
exponential growth likely depends on spray rate versus mixing rate. Here, attrition has been
neglected. In addition, bimodal distributions are possible, with part of the distribution related
to ungranulated powder, and the other portion to the granule phase.
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For nuclei less than D, the granule size distribution starts at some nuclei distribution,
which is a function of the wetting regime, and then widens with time in the nucleation regime.
Variance increasing in proportion to average granule diameter under the conditions of self-
preserving growth, as shown in the inset Figure 40A (60,61). When the largest granules reach
the limiting granule size D, [Egs. (27) and (29)], they slow down substantially in their rate of
growth as a balling regime is reached, now only able to grow by sticking to the smallest
granules of the distribution (based on a harmonic average granule size less than D.). However,
the smaller size portions of granules may grow with all granule size classes. The distribution,
therefore, narrows, as it pushes up against D, as shown in the inset Figure 40B. The limit of
growth increases with lowering shear rates and collisional velocities, or raising binder
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viscosity, or increasing bed moisture in this nondeformable growth regime governed by the
viscous Stokes number St,. (Here, we have assumed Sty = 0.)

As the yield stress of materials decrease, for example, by the introduction of more
moisture, or shear rates increase, the deformation Stokes number Stq.¢ increases as we enter
deformable growth. Growth rate increases as Stger increases, as illustrated in Figure 40.
However, two features remain for this growth mechanism. First, a growth limit is to expected,
depending on the yield properties of the formulation. Second, both widening and narrowing
regions for the granule variance are possible, depending on the critical growth limit for the
process. Lastly, for very stiff formulation, an induction period of no growth is possible, as
discussed previously.

Granule Consolidation
Consolidation of granules determines granule porosity or voidage, and hence granule density.
Granules may consolidate over extended times and achieve high densities, if there is no
simultaneous drying to stop the consolidation process. The extent and rate of consolidation are
determined by the balance between the collision energy and the granule resistance to
deformation. The voidage ¢ may be shown to depend on time as follows:
o= exp(—pr) where = fuy.St. Sty (1)
€0 — €min
Here, y is liquid loading, & and & are, respectively, the beginning and final minimum
porosity (62).

The effect of binder viscosity and liquid content are complex and interrelated. For low-
viscosity binders, consolidation increases with liquid content as shown in Figure 41 (63). This
is the predominant effect for the majority of granulation systems, with liquid content related
to peak bed moisture on average. Increased drop size and spray flux are also known to
increase consolidation. Drying effects peak bed moisture and consolidation by varying
moisture level as well as binder viscosity. For very viscous binders, consolidation decreases
with increasing liquid content (not shown, see ref. 62). As a second important effect,
decreasing feed particle size decreases the rate of consolidation because of the high specific
surface area and low permeability of fine powders, thereby decreasing granule voidage.
Lastly, increasing agitation intensity and process residence time increases the degree of
consolidation by increasing the energy of collision and compaction. The exact combined effect
of formulation properties is determined by the balance between viscous dissipation and
particle frictional losses, and, therefore, the rate is expected to depend on the viscous and
deformation Stokes numbers (62).
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GRANULE STRENGTH AND BREAKAGE

Overview

Dry granule strength impacts three key areas of pharmaceutical processing. These include
physical attrition or breakage of granules during the granulation and drying processes,
breakage of granule in subsequent material handling steps, such as conveying or feeding, and
lastly, deformation and breakdown of granules in compaction processes, such as tabletting.
Modern approaches to granule strength rely on fracture mechanics (63). In this context, a granule
is viewed as a nonuniform physical composite possessing certain macroscopic mechanical
properties, such as a generally anisotropic yield stress, as well as an inherent flaw distribution.
Hard materials may fail in tension, with the breaking strength being much less than the
inherent tensile strength of bonds because of the existence of flaws, which act to concentrate
stress.

Bulk breakage tests of granule strength measure both inherent bond strength and granule
flaw distribution and voidage (3,4,64). Figure 6, presented previously, illustrates granule
attrition results for a variety of formulations. Granule attrition clearly increases with increasing
voidage; note that this voidage is a function of granule consolidation discussed previously.
Different formulations fall on different curves, because of inherently differing interparticle
bond strengths. It is often important to separate the impact of bond strength versus voidage on
attrition and granule strength. Processing influences flaw distribution and granule voidage,
whereas inherent bond strength is controlled by formulation properties.

The mechanism of granule breakage is a strong function of material properties of the
granule itself, as well as the type of loading imposed by the test conditions (65). Ranking of the
product breakage resistance by ad hoc tests may be test specific, and in the worst case differ
from actual process conditions. Instead, material properties should be measured by
standardized mechanical property tests that minimize the effect of flaws and loading
conditions under well-defined geometries of internal stress, as described in the below section.

Mechanics of the Breakage
Fracture toughness, K., defines the stress distribution in the body just before fracture and is
given by:

K. = Yop/mic (32)

where ¢¢ is the applied fracture stress, c is the length of the crack in the body, and Y is a
calibration factor introduced to account for different body geometries (Fig. 42). The elastic
stress increases dramatically as the crack tip is approached. In practice, however, the elastic
stress cannot exceed the yield stress of the material, implying a region of local yielding at the

crack

strain free
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Figure 42 Fracture of a brittle material by crack propagation.
Source: From Ref. 64.
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crack tip. Irwin (66) proposed that this process zone size, rp, be treated as an effective increase in
crack length &c. Fracture toughness is then given by:

K. =Yog\/n(c+6c) with dc~rp (33)

The process zone is a measure of the yield stress or plasticity of the material in comparison
with its brittleness. Yielding within the process zone may take place either plastically or by
diffuse microcracking, depending on the brittleness of the material. For plastic yielding, r, is
also referred to as the plastic zone size. The critical strain energy release rate G, = K2 /E is the
energy equivalent to fracture toughness, first proposed by Griffith (67).

Fracture Measurements

To ascertain fracture properties in any reproducible fashion, specific test geometries must be
used as it is necessary to know the stress distribution at predefined, induced cracks of known
length. Three traditional methods are: (/) the three-point bend test, (ii) indentation fracture
testing, and (iif) Hertzian contact compression between two spheres of the material. Figures 43
and 44 illustrate a typical geometry and force response for the case of a three-point bend test.
By breaking a series of dried formulation bars under three-point bend loading of varying crack
length, fracture toughness is determined from the variance of fracture stress on crack length, as
given by equation (33) (64).
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Table 4 Fracture Properties of Agglomerated Materials

Material Id K, (Mpa/m'/2) Ge (J/m?) 8¢ (um) E (MPa) GJ/E (m)
Bladex 602 B60 0.070 3.0 340 567 5.29e-09
Bladex 90%2 B90 0.014 0.96 82.7 191 5.00e-09
Glean®? G 0.035 2.9 787 261 1.10e-08
Glean® Aged? GA 0.045 3.2 3510 465 6.98e-09
CMC-Na (M)° CcMC 0.157 117.0 641 266 4.39e-07
Klucel GF® KGF 0.106 59.6 703 441 1.35e—-07
PVP 360K PVP 0.585 199.0 1450 1201 1.66e—07
CMC 2% 1KNP caon 0.097 16.8 1360 410 4.10e-08
CMC 2% 5KNP C2/5 0.087 21.1 1260 399 5.28e-08
CMC 5% 1KNP C51 0.068 15.9 231 317 5.02e-08

2DuPont corn herbicides.
P50 um glass beads with polymer binder.
Source: From Ref. 64.

In the case of indentation fracture, one determines hardness, H, from the area of the
residual plastic impression and fracture toughness from the lengths of cracks propagating
from the indent as a function of indentation load, F (68). Hardness is a measure of the yield
strength of the material. Toughness and hardness in the case of indentation are given by:

K.=By/f4 and H~% (34)

Table 4 compares typical fracture properties of agglomerated materials. Fracture
toughness, K., is seen to range from 0.01 to 0.06 MPa/m'/?, less than that typical for polymers
and ceramics, presumably due to the high agglomerate voidage. Critical strain energy release
rates G, from 1 to 200 J/m?, typical for ceramics but less than that for polymers. Process zone
sizes, Oc, are seen to be large and of the order of 0.1 to 1 mm, values typical for polymers.
Ceramics, on the other hand, typically have process zone sizes less than 1 pum. Critical
displacements required for fracture may be estimated by G./E, which is an indication of the
brittleness of the material. This value was of the order of 10”7 to 10~® mm for polymer-glass
agglomerates, similar to polymers, and of the order of 10~° mm for herbicide bars, similar to
ceramics. In summary, granulated materials behave similar to brittle ceramics that not only
have small critical displacements and yield strains, but also are similar to ductile polymers that
have large process or plastic zone sizes.

Mechanisms of Breakage

The process zone plays a large role in determining the mechanism of granule breakage (64),
with such mechanisms previously presented in Figure 7. Agglomerates with process zones
smaller in comparison with granule size break by a brittle fracture mechanism into smaller
fragments, or fragmentation or fracture. On the other hand, for agglomerates with process zones
of the order of their size, there is insufficient volume of agglomerates to concentrate enough
elastic energy to propagate gross fracture during a collision. The mechanism of breakage for
these materials is one of wear, erosion, or attrition brought about by diffuse microcracking. In the
limit of very weak bonds, agglomerates may also shatter into small fragments or primary
particles.

Each mechanism of breakage implies a different functional dependence of breakage rate
on material properties. Granules generally have been found to have large process zones, which
suggests granule wear as a dominant mechanism or breakage or attrition. For the case of
abrasive wear of ceramics due to surface scratching by loaded indentors, Evans and Wilshaw
(69) determined a volumetric wear rate, V, of:

a4
=—L_— P4 (35)
AVARI A2
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Figure 45 Bar wear rate and fluid-bed erosion rate as a function of granule material properties. K; is fracture
toughness and H is hardness. Source: From Ref. 64.

where d; is indentor diameter, P is applied load, I is wear displacement of the indentor and A is
apparent area of contact of the indentor with the surface. Therefore, wear rate depends
inversely on fracture toughness.

For the case of fragmentation, Yuregir et al. (70) have shown that the fragmentation rate
of organic and inorganic crystals is given by:

H
Vv puta (36)

~ X2
where a is crystal length, p is crystal density, and u is impact velocity. Note that hardness plays
an opposite role for fragmentation than for wear, since it acts to concentrate stress for fracture.
Fragmentation rate is a stronger function of toughness as well.

Drawing on analogies with this work, the breakage rates by wear, B,,, and fragmentation,
By, for the case of fluid-bed granulation and drying processes should be of the form:

dl/z
By = ) (U = Upy) (37)
By ~ & p(U — Un)’a (38)

where d is granule diameter, d; is primary particle diameter, (U-Umf) is fluid-bed excess gas
velocity, and hy, is bed height. Figure 45 illustrates the dependence of erosion rate on material
properties for bars and granules undergoing a wear mechanism of breakage, as governed by
Egs. (33) and (37), respectively.

CONTROLLING GRANULATION PROCESSES

An Engineering Approach to Granulation Processes

Future advances in our understanding of granulation phenomena rest heavily on engineering
process design. A change in granule size or voidage is akin to a change in chemical species,
and so analogies exist between granulation growth kinetics and chemical kinetics and the unit
operations of size enlargement and chemical reaction. These analogies are highlighted in
Figure 46, where several scales of analysis must be considered for successful process design.
Let us begin by considering a small volume element of material A within a mixing process as
shown in Figure 47, and consider either the molecular or the primary particle/single granule
scale. On the granule scale of scrutiny, the design of chemical reactors and granulation processes
differ conceptually in that the former deals with chemical transformations whereas the latter
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Figure 46 Changes in state as applied to granulator kinetics and design.
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deals primarily with physical transformations controlled by mechanical processing' (71-73). Here,
the rate processes of granulation are controlled by a set of key physicochemical interactions.
These rate processes have been defined in the proceeding sections, including wetting and
nucleation, granule growth and consolidation, and granule attrition and breakage.

We now consider a granule volume scale of scrutiny, returning to our small volume element
of material A of Figure 47. Within this small volume for the case of chemical kinetics, we
generally are concerned with the rate at which one or more chemical species is converted into a
product. This is generally dictated by a reaction rate constant or kinetic constant, which is in turn

This approach was pioneered by Rumpf and others in the early 1960s at the Universitit Karlsruhe,
leading to development of mechanical process technology within chemical engineering in Germany, or
Mechanische Verfahrenstechnik. This was key to the founding of powder technology as a discipline.
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Figure 47 Granulation within a local volume element, as a subvolume of a process granulator volume, which

controls local size distribution.

a local function of temperature, pressure, and the concentration of feed species, as was
established from previous physicochemical considerations. These local variables are in turn a
function of overall heat, mass, and momentum transfer of the vessel controlled by mixing and
heating/cooling. The chemical conversion occurring within a local volume element may be
integrated over the entire vessel to determine the chemical yield or extent of conversion for the
reactor vessel; the impact of mixing and heat transfer is generally considered in this step at
the process volume scale of scrutiny. In the case of a granulation process, an identical mechanistic
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approach exists for design, where chemical kinetics is replaced by granulation kinetics.
The performance of a granulator may be described by the extent of granulation of a species. Let
(1, x2, ..., x,) represent a list of attributes such as average granule size, porosity, strength, and
any other generic quality metric and associated variances. Alternatively, (x1, X2, ..., x,,) might
represent the concentrations or numbers of certain granule size or density classes, just as in the
case of chemical reactors. The proper design of a chemical reactor or a granulator then relies on
understanding and controlling the evolution (both time and spatial) of the feed vector X to the
desired product vector Y. Inevitably, the reactor or granulator is contained within a larger plant
scale process chain, or manufacturing circuit, with overall plant performance being dictated by
the interaction between individual unit operations. At the plant scale of scrutiny, understanding
interactions between unit operation can be critical to plant performance and product quality.
These interactions are far more substantial with solids processing, than with liquid-gas
processing. Ignoring these interactions often leads processing personnel to misdiagnose sources
of poor plant performance. Tabletting is often affected by segregation or poor mixing.
Segregation becomes vital for preferential wetting and drug assay variation per size class, which
can be influenced by trace impurities in the production of drug or excipients.

There are several important points worth noting with regard to this approach. First, the
engineering approach to the design of chemical reactors is well developed and an integral part
of traditional chemical engineering education (74). At present, only the most rudimentary
elements of reaction kinetics have been applied to granulator design. Much more is expected to
be gleaned from this approach over the coming decade. Examples might include staged
addition of ingredients, micronization of processes, and tailored process designs based on
specific formulation properties. Second, an appreciation of this engineering approach is
absolutely vital to properly scale-up granulation processes for difficult formulations. Lastly,
this perspective provides a logical framework with which to approach and unravel complex
processing problems, which often involve several competing phenomena. Significant progress
had been made with this approach in crystallization (75) and grinding (76).

Many complexities arise when applying the results of the previous sections detailing
granulation mechanisms to granulation processing. The purpose of this section is to
summarize approaches to controlling these rate processes by placing them within the context
of actual granulation systems and granulator design. Additional details of modeling and
granulator design can be found in chapters 24-26.

Scale of a Granule Size and Primary Feed Particles

When considering a scale of scrutiny of the order of granules, we ask what controls the rate
processes, as presented in detail in the previous sections. This key step links formulation or
material variables to the process operating variables, and successful granulator design hinges
on this understanding. Two key local variables of the volume element, A, include the local-bed
moisture and the local level of shear (both shear rate and shear forces). These variables play an
analogous role of species concentration and temperature in controlling kinetics in chemical
reaction, with the caveat that granulation mechanisms are primarily path functions in the
thermodynamic sense, with work input as opposed to time controlling deformation
mechanisms. In the case of chemical reaction, increased temperature or concentration of a
feed species generally increases reaction rate. For the case of granulation considered here,
increases in shear rate and moisture result in increased granule/powder collisions in the
presence of binding fluid, resulting in an increased frequency of successful growth events and
increases in granule growth rate. Increases in shear forces also increase the granule
consolidation rate and aid growth for deformable formulations. In the limit of very high
shear (e.g., due to choppers), they promote wet and dry granule breakage, or limit the growth
at the least. Lastly, in the case of simultaneous drying, bed and gas phase moisture,
temperature control heat and mass transfer, and the resulting drying kinetics.

Scale of a Granule Volume Element

Next consider a scale of scrutiny of the level of a small bulk volume of granules, or volume
element of material, A, in Figure 46. This volume element has a particular granule
size distribution controlled by the local granulation rate processes are shown pictorially in
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Figure 47. In the wetting and nucleation rate process, droplets interact with fine powder to
form initial nuclei, either directly of through mechanical breakdown of pooled over-wetted
regions. It is generally useful to consider the initial powder phase and drop phase as independent
feed phases to the granule phase. In addition, the granule phase can be broken down into
separate species, each species corresponding to a particular granule mesh size cut. Nucleation,
therefore, results in a loss of powder and drop phases, and the birth of granules. Granules and
initial nuclei collide within this volume element with each other and with the surrounding
powder phase, resulting in both granule growth and consolidation due to compaction forces.
Granule growth by coalescence results in the discrete birth of granules to a new granule size class
or species, as well as loss or death of granules from the originating size classes. This is a rapid,
often exponential mechanism, with a widening of the distribution when below the limiting
granule size. On the other hand, granule growth by layering and granule consolidation result in
a slow differential increase and decrease in granule size, respectively. Granule breakage by
fracture and attrition (or wear) act in a similar, but opposite, fashion to granule coalescence and
layering, increasing the powder phase and species of smaller granules. Lastly, this volume
element of granules interacts with surrounding material of the bed, as granulated, powder, and
drop phases flow to and from surrounding volume elements. The rate processes of granulation
and the flows or exchanges with surrounding elements combine to control the local granule size
distribution and growth rate within this small volume element.

As illustrated in Figure 48, conducting an inventory of all granules entering and leaving a
given size class n(x) by all possible granulation mechanisms leads to a microlevel population
balance over the volume element given by:

% + a% (nalt;) = Go = By — D, (39)
where n(x,t) is the instantaneous granule size distribution, which varies with time and
position. G, B, and D are growth, birth, and death rates due to granule coalescence and granule
fracture. The second LHS term reflects contributions to the distribution from layering and

Number or Weight
per Size Cli‘f’s Population Balance
Gives the Net
Volume element Accumulation In a
n(x) n,=n(x,) Sieve Class
Net
accumulation
Breakage:
e on (xz) Attrition & fragmentation
Coalescence at D are n‘liereverse of
/ a layering & coalescence.
B,
Net
generation
Inlet ~{ Layering [ Outle
M‘/ ﬁ flux
A el @ |@ ® -
L
dx x Granule size
Wetting: Microdistributed balance:
Nucleation
dn,

d
ot +a—x,-(”auf)= G,= B,-D,

Figure 48 The population balance over a sieve class, or specific granule size class.
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wear, as well as interchanges of granules from surrounding volume elements. Nucleation rate
would be considered a boundary condition of equation (39), providing a source of initial
granules. Equation (39) governs the local growth rate within volume element A.

Solutions to this population balance are described in greater detail in chapter 24, as well
as in Refs. 6,75, and 76. Analytical solutions are only possible in the simplest of cases. Although
actual processes would require specific examination, some general comments are warranted.
Beginning with nucleation, in the case of fast drop penetration into fine powders and for small
spray flux, new granules will be formed of the order of the drop size distribution, and
contribute to those particular size cuts or granule species. If spray is stopped at low moisture
levels, one will obtain a bimodel distribution of nuclei size superimposed on the original feed
distribution. Very little growth may occur for these low moisture levels. This should not be
confused with induction type growth, which is a result of low overall formulation
deformability. In fact, the moisture level of the nuclei themselves will be found to be high
and nearly saturated. Moisture, however, is locked up within these nuclei, surrounded by
large amounts of fine powder. Therefore, it is important not to confuse granule moisture, local
moisture, and the overall average peak bed moisture of the process; they are very much not the
same but all are influenced by proper vessel design and operation. As moisture levels increase,
and the concentration of the ungranulated powder phase decreases, the portion of the granule
phase increases. As granules begin to interact more fully because of decreased surrounding
powder and greater chances to achieve wet granule interaction, granule coalescence begins to
occur. This, in turn, results in a decrease in granule number, and a rapid often exponential
increase in granule size as previously demonstrated. Coalescence generally leads to an initial
widening of the granule size distribution until the granule growth limit is reached, discussed
in detail in section “Summary of Growth Patterns” (Fig. 40). As larger granules begin to exceed
this growth limit, they can no longer coalesce with granules of similar size. Their growth rate
drops substantially as they can only continue to grow by coalescence with fine granules or by
layering with any remaining fine powder. At this point, the granule size distribution generally
narrows with time. This provides a local description of growth, whereas the overall
growth rate of the process depends greatly on mixing described next, as controlled by
process design.

Scale of the Granulator Vessel

The local variables of moisture and shear level vary with volume element, or position in the
granulator, which leads to the kinetics of nucleation, growth, consolidation, and breakage
being dependent on position in the vessel, leading to a scale of scrutiny of the vessel size. As
shown in Figure 47, moisture levels and drop phase concentration and nucleation will be high
at position D. Significant growth will occur at position B because of increased shear forces and
granule deformation, as well as increased contacting. Significant breakage can occur at position
C in the vicinity of choppers. Each of these positions or volume elements will have their own
specific, local granule size distribution at any moment in time.

Solids mixing (3,77) impacts overall granulation in several ways. First, it controls the
local shear. Local shear rates and forces are a function of shear-stress transfer through the
powder bed, which is in turn a function of mixer design and bed bulk density, granule size
distribution, and frictional properties. Local shear rates determine granule collisional
velocities. This first area is possibly one of the least understood areas of powder processing,
and requires additional research to establish the connection between operating variables and
local shear rates and forces. It is also a very important scale-up consideration, as discussed in
chapter 25 (3,6,77).

Second, solids mixing controls the interchange of moisture, powder phase, and droplet
phases among the local volume elements. Third, it controls the interchange of the granulated
phase. Within the context of reaction kinetics (74), one generally considers extremes of mixing
between well-mixed continuous, plug flow continuous or well-mixed batch processes. The
impact of mixing on reaction kinetics is well understood, and similar implications exist for
the impact of mixing on granulation growth kinetics. In particular, well-mixed continuous
processes would be expected to provide the widest granule size distribution (deep continuous
fluidized beds are an example), whereas plug flow or well-mixed batch processes should result
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in narrower distributions.” In addition, it is Igossible to narrow the distribution further by
purposely segregating the bed by granule size,” or staging the addition of ingredients, though
this is a less explored area of granulator design. Lastly, it should be possible to predict effects
of dispersion, back-mixing, and dead/stagnant zones on granule size distribution on the basis
of previous work regarding chemical reaction kinetics.

Equation (39) reflects the evolution of granule size distribution for a particular volume
element. When integrating this equation over the entire vessel, one is able to predict the
granule size distribution versus time and position within the granulator. Lastly, it is important
to understand the complexities of scaling rate processes on a local level to overall growth rate
of the granulator. If such considerations are not made, misleading conclusions with regard to
granulation behavior may be drawn. Wide distributions in moisture and shear level, as well as
granule size, and how this interacts with scale-up must be kept in mind when applying the
detailed description of rate processes discussed in the previous sections. With this
phenomenological description of granulation in place, we will now discuss controlling
wetting, growth and consolidation, and breakage in practice, as well as the implications for
two of the more common pharmaceutical granulation processes, namely fluid-bed and high-
shear mixer granulation.

Controlling Processing in Practice

Table 5 summarizes operating variables and their impact on fluid-bed and high-shear mixer
granulation. From a processing perspective, we begin with the uniformity of the process in
terms of solids mixing. Approaching a uniform state of mixing as previously described will
ensure equal moisture and shear levels and, therefore, uniform granulation kinetics
throughout the bed; on the other hand, poor mixing will lead to differences in local kinetics.
If not accounted for in design, these local differences will lead to a wider distribution in
granule size distribution and properties than is necessary, and often in unpredictable
fashions—particularly with scale-up.

Increasing fluid-bed excess gas velocity (U — U, will increase solids flux and decrease
circulation time. This can potentially narrow nuclei distribution for intermediate drop
penetration times. Growth rates will be minimally affected because of increased contacting,
however, the growth limit will decrease. There will be some increase in granule consolidation,
and potentially a large increase in attrition. Lastly, initial drying kinetics will increase. Impeller
speed in mixers will play a similar role in increasing solids flux. However, initial growth rates
and granule consolidation are likely to increase substantially with an increase in impeller
speed. The growth limit will decrease, partly controlled by chopper speed.

Fluidized beds can be one of the most uniform processes in terms of mixing and
temperature. Powder frictional forces are overcome as drag forces of the fluidizing gas support
bed weight, and gas bubbles promote rapid and intensive mixing. In the case of mixers,
impeller speed, in comparison with bed mass, promote mixing, with choppers eliminating any
gross maldistribution of moisture and over growth.

With regard to bed weight, forces in fluid beds and, therefore, consolidation and granule
density generally scale with bed height. As a gross rule of thumb, ideally the power input per
unit mass should be maintained with mixer scale-up, related, in part, to swept volume per unit
time, as studied by Kristensen and coworkers. However, cohesive powders can be ineffective
in transmitting stress, meaning that only a portion of the bed may be activated with shear at
large scale, whereas the entire bowl may be in motion at a lab scale. Therefore, mixing may not
be as uniform in mixers as it is in fluidized beds. Equipment design also plays a large role,
including air distributor and impeller/chopper design for fluid bed and mixers, respectively.

2All else being equal, plug-flow continuous and batch well-mixed processes should produce identical size
distributions in the absence of back-mixing. It is very difficult to achieve uniform mixing in practice, with
properly operating fluidized bed possibly coming the closest.

®Pan granulation is a specific process promoting segregation by granule size. Since large granules interact
less with smaller granule size classes, layering can be promoted at the expense of coalescence, thereby
narrowing the granule size distribution.
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Table 5 Impact of Key Operating Variables in Pharmaceutical Granulation

Effect of changing key
process variables

Fluidized beds (including

coating and drying) High-shear mixers

Increasing solids mixing, Increasing excess gas velocity: Increasing impeller/chopper speed:

solids flux, and bed
agitation

Increasing bed weight

Increasing bed moisture
(note: increasing bed
temperature normally
acts to lower bed
moisture due to drying),
increasing residence time

improves bed uniformity, increases
solids flux, decreases solids
circulation time, potentially improves
nucleation, no effect on noninertial
growth rate, lowers growth limit,
some increase in granule
consolidation, increases granule
attrition, increases initial drying
kinetics.

Distributor design: impacts
attrition and defluidization.

Increasing bed height: increases
granule consolidation,
density and strength.

Increases rates of nucleation, growth
and consolidation giving larger,
denser granules with generally a
wider distribution. Distribution can
narrow if growth limit is reached.
Increases chances of defluidization.

improves bed uniformity, increases
solids flux, decreases solids
circulation time, potentially improves
nucleation, increases growth rate,
lowers growth limit, increases
granule consolidation, increases
granule attrition.

Impeller/chopper design: improvements

needed to improve shear
transmission for cohesive powders.

Increasing bed weight: generally lowers

power per unit mass in most mixers,
lowering growth rate. Also increasing
nonuniformity of cohesive powders,
and lowers solids flux and increases
circulation time.

Increases rates of nucleation, growth

and consolidation giving larger,
denser granules with generally a
wider distribution. Distribution can
narrow if growth limit is reached.
Increases chances of overmassing

and bowl buildup.

Less effected: poorly wetting powders
and longer penetration time possible.
For fast penetration: decreases
growth rate, decreases spread of size
distribution, decreases granule
density and strength. For slow
penetration: mechanical dispersion of
fluid, little effect of distribution,
however, slowing rate of addition
minimizes lag in growth rate.

Increase in growth rate, increase in
granule consolidation and density.

Increasing spray
distribution: lower liquid
feed or spray rate, lower
drop size, increase
number of nozzles,
increase air pressure
(two-fluid nozzles),
increase solids mixing
(above)

Largely effected: wettable powders
and short penetration times
generally required. For fast
penetration: decreases growth
rate, decreases spread of size
distribution, decreases granule
density and strength. For slow
penetration: poor process choice
and defluidization likely.

Increasing feed particle size
(can be controlled by
milling).

Requires increase in excess gas
velocity, minimal effect of growth
rate, increase in granule
consolidation and density.

Increasing bed moisture and residence time increase overall growth and consolidation.
However, it also increases the chances of bed defluidization or overmassing/bowl buildup in
fluid beds and mixers, respectively. Increasing bed temperature normally acts to lower bed
moisture due to drying. This acts to raise effective binder viscosity and lower granule
consolidation and density, as well as initial growth rates for the case of high-shear mixers. This
effect of temperature and drying generally offsets the inverse relationship between viscosity
and temperature.

Spray distribution generally has a large effect in fluid beds, but in many cases, a small
effect in mixers. In fact, fluid-bed granulation is only practical for wettable powders with short
drop penetration time, since otherwise defluidization of the bed would be promoted by local
pooling of fluid. Mechanical dispersion counteracts this in mixers. There may be benefit,
however, to slowing spray rate in mixers for formulation with inductive growth behavior, as
this will minimize the lag between spray and growth, as discussed previously.

In summary for the case of fluid-bed granulation, growth rate is largely controlled by
spray rate and distribution and consolidation rate by bed height and peak bed moisture. For
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the case of mixers, growth and consolidation are controlled by impeller and chopper speed.
From a formulation perspective, we now turn to each rate process.

Controlling Wetting in Practice

Typical changes in material and operating variables that improve wetting uniformity are
summarized in detail elsewhere (1,3). Improved wetting uniformity generally implies a tighter
granule size distribution and improved product quality. Egs. (7) and (9) provide basic trends of
the impact of material variables on wetting dynamics and extent, as described by the
dimensionless spray flux and drop penetration time.

Since drying occurs simultaneously with wetting, the effect of drying can substantially
modify the expected impact of a given process variable and this should not be overlooked. In
addition, simultaneously drying often implies that the dynamics of wetting are far more
important than the extent.

Adhesion tension should be maximized to increase the rate and extent of both binder
spreading and binder penetration. Maximizing adhesion tension is achieved by minimizing
contact angle and maximizing surface tension of the binding solution. These two aspects
work against one another as surfactant is added to a binding fluid, and in general, there is an
optimum surfactant concentration for the formulation (31). Surfactant type influences
adsorption and desorption kinetics at the three-phase contact line. Inappropriate surfactants
can lead to Marangoni interfacial stresses, which slow the dynamics of wetting (28). Additional
variables, which influence adhesion tension include (i) impurity profile and particle habit/
morphology typically controlled in the particle formation stage such as crystallization,
(if) temperature of granulation, and (iii) technique of grinding, which is an additional source of
impurity as well.

Decreases in binder viscosity enhance the rate of both binder spreading and binder
penetration. The prime control over the viscosity of the binding solution is through binder
concentration. Therefore, liquid loading and drying conditions strongly influence binder
viscosity. For processes without simultaneous drying, binder viscosity generally decreases with
increasing temperature. For processes with simultaneous drying, however, the dominant
observed effect is that lowering temperature lowers binder viscosity and enhances wetting due
to decreased rates of drying and increased liquid loading.

Changes in particle size distribution affect the pore distribution of the powder. Large
pores between particles enhance the rate of binder penetration, whereas they decrease the final
extent. In addition, the particle size distribution effects the ability of the particles to pack within
the drop as well as the final degree of saturation (78).

The drop distribution and spray rate of binder fluid have a major influence on wetting.
Generally, finer drops will enhance wetting, as well as the distribution of binding fluid. The
more important question, however, is how large may the drops be or how high a spray rate is
possible. The answer depends on the wetting propensity of the feed. If the liquid loading for a
given spray rate exceeds the ability of the fluid to penetrate and spread on the powder,
maldistribution in binding fluid will develop in the bed. This maldistribution increases with
the increasing spray rate, increasing drop size, and decreasing spray area (due to, for
example, bringing the nozzle closer to the bed or switching to fewer nozzles). The
maldistribution will lead to large granules on one hand and fine ungranulated powder on
the other. In general, the width of the granule size distribution will increase and generally the
average size will decrease. Improved spray distribution can be aided by increases in agitation
intensity (e.g., mixer impeller or chopper speed, drum rotation rate, or fluidization gas
velocity) and by minimizing moisture losses due to spray entrainment, dripping nozzles, or
powder caking on process walls.

Controlling Growth and Consolidation in Practice

Typical changes in material and operating variables, which maximize granule growth and
consolidation, are summarized else in detail elsewhere (1,3). Also discussed are appropriate routes
to achieve these changes in a given variable through changes in either the formulation or in
processing. Growth and consolidation of granules are strongly influenced by rigid (especially
fluid beds) and deformability (especially mixers) Stokes numbers. Increasing St increases
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energy with respect to dissipation during deformation of granules. Therefore, the rate of
growth for deformable systems (e.g., deformable formulation or high-shear mixing) and the
rate of consolidation of granules generally increases with increasing St. St may be increased by
decreasing binder viscosity or increasing agitation intensity. Changes in binder viscosity
may be accomplished by formulation changes (e.g., the type or concentration of binder) or by
operating temperature changes. In addition, simultaneous drying strongly influences the
effective binder concentration and viscosity. The maximum extent of growth increases with
decreasing St and increased liquid loading, as reflected by equation (29). See section
“Summary of Growth Patterns” and Figure 40 for additional discussion. Increasing particle
size also increases the rate of consolidation, and this can be modified by upstream milling or
crystallization conditions.

Controlling Breakage in Practice

Typical changes in material and operating variables, which are necessary to minimize
breakage are summarized in detail elsewhere (1,3). Also discussed are appropriate routes to
achieve these changes in a given variable through changes in either the formulation or
processing. Both fracture toughness and hardness are strongly influenced by the compatibility
of the binder with the primary particles, as well as the elastic/plastic properties of the binder.
In addition, hardness and toughness increase with decreasing voidage and are influenced by
previous consolidation of the granules. While the direct effect of increasing gas velocity and
bed height is to increase breakage of dried granules, increases in these variables may also act to
increase consolidation of wet granules, lower voidage, and, therefore, lower the final breakage
rate. Granule structure also influences breakage rate, for example, a layered structure is less
prone to breakage than a raspberry shaped agglomerate. However, it may be impossible to
compensate for extremely low toughness by changes in structure. Measurements of fracture
properties help define expected breakage rates for a product and aid product development of
formulations.
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INTRODUCTION

It is well established that the properties of granules, as well as the finished products, are
significantly affected by certain properties of the raw materials employed. Characterization
of drug substances and excipients is therefore an integral preformulation step. A good
knowledge of different test methods is necessary to enable the selection of the most
appropriate methods for the wide range of raw materials. The usefulness of the tests to give
information on the properties of the raw materials and their effects on the manufacture,
functionality, and esthetics of the granules and finished products should be carefully
considered to avoid unnecessary testing and additional cost. This chapter aims to provide an
overview of the more important properties of raw materials for granulation and the test
methods that are available to evaluate these properties. Readers are strongly encouraged to
refer to the appropriate references for in-depth discussion of the related scientific theories.

PARTICLE SIZE, SHAPE, AND SURFACE AREA

Particle size is an important physical characteristic of the raw material used in granulation. It
has significant influence on the dissolution and bioavailability of the drug in the granules, as
well as the flow, packing, and compaction behavior of the bulk powder in the production of
granules (1). Segregation of different components in a powder mixture is often attributed to
the variation in particle size between the components (2). Particle shape is another important
parameter, which can have a significant effect on the bulk properties of a powder. It is well
known that spherical particles flow better, pack better, and have a lower surface area to
volume ratio than nonspherical particles. In recent years, increasing attention is paid to particle
surface area because of its significant influence on drug-carrier interaction in dry-powder
inhalation formulations. Particles of the same size may not have the same surface area if the
roughness of their surfaces differs significantly. The extent of interaction between particles
may not be adequately accounted for by the size of the particles as their surface area also
plays an important role. In view of the above effects of particle size, shape, and surface area, it
is easy to understand their significant influence on the granulation process and properties of
granules produced.

Particle Size

Among the physical characteristics of particles, size is perhaps the most obvious descriptor.
Also, particle size can influence many processing operations in product manufacture as well as
end product quality. Thus, information on particle size of the raw material is important, and
the various methods for assessment of particle size have been extensively studied.

Microscopy

One of the oldest methods for determining particle size involves the examination of the
particles placed on a microscope slide using a light microscope with a calibrated scale in
the eyepiece. The slide is moved in an orderly manner to avoid repetitive measurements of the
same particles. Fine particles, which tend to aggregate, are usually dispersed in a nonsolvent
liquid medium for measurement. Popular liquids used are silicone and paraffin oils. It is better
to prepare the dispersion directly on the microscope slide used for measurement, and care
should be taken to minimize any change to the particle shape and agglomeration in the
preparation of the dispersion. The liquid medium used should not cause any dissolution of
the particles as this will result in underestimation of the particle size. For small particles,
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(A)
Figure 1 Commonly used particle diameters are the
Feret's diameter (A), which is the longest horizontal
dimension of the particle image; the Martin’s diameter
(B), which is the particle diameter that comprises a
theoretical horizontal line that passes through the center
of gravity of the particle image; and the projected area
diameter (C), which is the diameter of a theoretical circle
(B) with the same projected area as the particle image.

especially those in the micron range, the scanning electron microscope may be employed to
produce sharper images. In the latter method, the sample is prepared by dispersing the
particles on double-sided tape and sputter coating with gold. Statistically, at least 625 particles
should be measured for accurate results (3), but larger number of particles has been
recommended (4). Thus, the microscopy method is tedious and less preferred unless it is used
with an image analyzer capable of measuring the particle size from its projected image (5).
Examples of projected dimensions are shown in Figure 1.

The microscopy method has several intrinsic drawbacks. There is a natural tendency for
the operator to pay greater attention to large particles as they are less likely to be missed. In
addition, small particles tend to clump, and this will cause an overestimation of particle size
(6). Problem with clarity of image will occur as the particle size approaches the limits of the
light microscope optics, which is about 1 pm. Depending on the quality of the lenses, particles
may be oversized slightly because of fringe effects. Image resolution may, however, be
improved by employing various microscope accessories and dyes to increase the contrast
between the particle and its background. Besides the above, the measurement is taken from the
top view of the particle, which normally rests in its most stable orientation. As such, it does not
give an accurate assessment of the size of particles that deviate from spherical shape.

Recent advances in high-speed digital camera and computer technologies have enabled
the development of automated image analysis instruments that are capable of capturing two-
dimensional images of particles that are either stationary or mobile when presented in front of
the detector. Particles in a dynamic image analysis are distributed within a finite depth defined
by the design of the instrument. The test powder is placed in a vibratory chute and then
accelerated to a high speed by a Venturi tube located in the sample dispersion line. Images of
the particles are captured by a high-speed camera with a synchronized light source. For
imaging with sufficient optical contrast, the aperture is modified for the imaging objective to
allow only light rays that are parallel to the optical axis to reach the camera. Motion blurring
during image acquisition is minimized by the use of a pulsed light source with very short
exposure time, of approximately one nanosecond. The images captured are analyzed and
converted to the corresponding particle size distributions.

Sieving

Sieving was initially employed for particle classification. Conceptually, particle sizing by sieving
is easily understood as the different sieve meshes classify the particles to different weight-
based size fractions, giving rise to the weight percent frequency distribution. The typical dry
sieving process involves a nest of sieves, usually five to eight, arranged from the coarsest mesh
at the top to the finest at the bottom, followed by a receiving pan. The sample is placed in
the topmost sieve, which is covered with a lid. The whole assembly is then placed on a sieve
shaker, which may gyrate, oscillate, or vibrate the sieves until there is no further change in the
weight of material retained on each sieve. The amount of sample used should be sufficient so
that the size fraction collected on each sieve can be accurately determined.

The introduction of high-quality standardized woven-wire sieves in a v/2 progression
starting from 75 pm has helped to establish sieving as a widely used particle sizing method,
especially for larger particles. Various types of sieves with different aperture sizes are
available. These include sieves with aperture size down to about 30 pm, electroformed
micromesh sieves (100 pm to a few pm), and sieves with screens that have accurately drilled or
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punched circular holes (about 500 pm and larger). Wet sieving is more suitable than the
traditional dry sieving for sizing powders that are fine and cohesive. In this method, sieving of
the sample starts with the finest mesh to remove the fines with a volume of liquid. The
particles retained are resuspended in liquid and then classified using sieves with the largest to
smallest aperture sizes. Wet sieving is very tedious as it requires additional drying of the size
fractions collected. Air jet sieving is preferred for sizing particles below 75 um. It involves the
use of a vacuum pump to remove air from the underside of a sieve. Air current is also supplied
from the underside of the sieve through a rotating arm of jets, which help to unclog the mesh.
A collecting cyclone is usually attached in the vacuum line to collect the fines. The sample is
sieved using a single mesh and the procedure is repeated using fresh samples of the powder
and sieves with different aperture sizes to obtain different size fractions.

Size analysis using sieves has a number of limitations. It is a relatively slow process, and
there may be problems with dust pollution. The safety of the operator has to be considered
particularly when drug actives are used. In addition, particles tend to pass through the
apertures via their narrower cross-sectional area. Hence, the aperture size of a given sieve is
not an absolute cutoff value for particle sizing. Inaccurate results will be obtained if the wire
mesh used is stretched because of repeated use, the sieve apertures are blanked because of
inadequate washing, and small particles aggregate because of cohesive or electrostatic charge.
Inadequate sieving time will also produce unreliable data, while too vigorous sieving may
cause size reduction, especially with weak agglomerates.

A common point of discontent with size analysis using sieves is that the process requires
quite a bit of preparatory work, weighing and subsequent washing. Because of limited
availability of sieves of various aperture sizes, a typical analysis would yield seven to eight
points on the size distribution plot. This may not be sufficiently discriminating for
characterizing powders. Nevertheless, sieving is a straightforward and robust technique for
classifying powders and is suitable for a wide variety of fine to very coarse powders.

Sedimentation

Sedimentation technique for particle sizing is based on the settling of particles in a fluid under
the influence of gravity, as described by Stoke’s law. For a particle of diameter d and density p,
subjected to acceleration due to gravity g, in a fluid of viscosity # and density p,, the gravitational
force experienced at its terminal velocity, v, is balanced by the viscous drag and

_d’g(p1 = o)
187

The Andreasen pipette introduced in the 1920s is commonly used for sampling from a
sedimenting suspension of the test particles in a suitable liquid. Size determination is based on
the following principle. As the terminal velocity of a particle varies with its size, the density of
the sampled particle suspension will change with time, which enables the calculation of size
distribution of the particles. As Stoke’s law applies only to spherical particles, the particle size is
expressed as Stoke’s equivalent diameter. The typical size range measurable by this method is
from 2 to 60 um. The upper limit depends on the viscosity of liquid used, while the lower limit
is due to the failure of very small particles to settle as these particles are kept suspended by
Brownian motion.

Several innovations have been introduced to improve the speed and sensitivity of the
sedimentation sizing method. These include the use of sedimentation onto sensitive weighing
pan, turbidity measurements using light or X ray as well as centrifugation to enhance
sedimentation of smaller particles. In general, sedimentation sizing method has limited use in
pharmaceutical applications.

Electrical Sensing

The electrical sensing zone principle, which is more commonly known as the Coulter
principle, is based on the phenomenon where the resistance at the aperture between two
compartments containing an electrolyte is proportional to the electrical conducting area of
the aperture (Fig. 2).
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zone Figure 2 Electrical zone sensing sizer.

By drawing electrolyte from one compartment to the other, particles streaming through
will decrease the conducting area of the aperture. Using fast time-based tracing of the resistance
pulses, the number of particles passing through the aperture is obtained. The amplitude of
the pulse is proportional to the volume of the particle. The electrical sensing zone sizer can
analyze a large number of particles within a short time. Particle size range detectable depends
on the aperture tube used. Each tube is effective over a size range of about 2% to 60% of
its nominal aperture diameter. Apertures of sizes from 10 to 4000 um are available. Before use, it
is necessary to calibrate the equipment with standard latex containing monosized spherical
particles of mean size within 5% to 20% of the aperture diameter.

Blockage of small apertures is commonly encountered. Settling of large particles in the
electrolyte will give rise to sizing errors, thus setting the upper limit for coarse particles. It is
important that the material for sizing is nonconductive and nonporous. The size of porous
particles determined has been found to be much smaller than that derived by visual inspection.
It is necessary to ensure a low background count of the electrolyte used. Care must be taken to
ensure proper dispersion of the test particles, which should not flocculate or dissolve to any
extent in the electrolyte (6). The concentration of particles must be within the acceptable range
(up to 10,000 particles per second) for the instrument.

Laser Scattering, Light Obscuration, and Photon Correlation Spectroscopy

In recent years, light-scattering and light obscuration techniques have gained popularity as
methods for determining particle size down to about 1 um using Mie theory or Fraunhofer
theory. The measurement of submicron particles had been difficult until the introduction of
photon correlation spectroscopy for particle sizing. This latter technique enables particles from
nanometers to a few microns to be measured.

As a small particle passes through a beam of light in a laser diffraction sizer, it will
diffract light, which will be focused onto a diode array detector directly opposite the incident
light (Fig. 3).

The detector has a series of photodiodes arranged outward from a central photodiode
detector. Since the intensity of the light diffracted decreases as the scatter angle increases,
photodiode elements are generally larger as they are further from the center. Calculations
for particle size and size distribution involve rather complex mathematics. Simply put, the
calculation is based on the angle of diffracted light, with smaller particles diffracting at
wider angles than larger particles. Thus, from the scattered light angles and intensities,
information on the size distribution of the particles can be obtained through a series of
complex calculations.
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Figure 3 Schematic diagram for the light-scattering particle sizing.

In the light obscuration technique, the passage of each particle across the light beam
reduces the amount of transmitted light, which is detected by a sensor directly opposite the
incident light. The pulses are then classified to give the frequency of size distribution. The test
sample in the light obscuration method is dispersed in an appropriate liquid medium for
measurement.

Sizing by the laser diffraction technique may be carried out for powders using the dry-
powder module or as dispersions using the wet module. The dry-powder module is used for
free-flowing powders, while the wet module is recommended for cohesive powders. The
powder sample for the dry module is fed by a vibrating tray and purged by an air jet prior to
entering the chamber for measurement. The powder sample for the wet module is dispersed
in an appropriate liquid medium, such as alcohol or oil, and is sonicated just prior to
measurement (7,8). The complete dislodging of smaller particles adhering on larger ones can
be an extremely difficult task, and with different dispersing efforts, different results may be
obtained. Moreover, particulate interactive forces, including electrostatic, intermolecular, and
capillary forces, could hold particles together, acting as soft aggregates. This would lead to
overestimation of particle size and inaccurate size distribution measurement.

Alteration in shape and size of particles should be avoided for powders to be measured,
and thus, they are best measured in their dry state. This advantage is particularly important in
the case of powders made up of a combination of hydrophilic and lipophilic components, one
of which is likely to dissolve partially in the liquid medium used when sizing is carried out
with the wet module. However, as previously discussed, the sizing of powders dry with laser
diffraction sizer can be fraught with problems. Possible causes of poor reproducibility are the
poor control of ambient humidity, cohesive nature of the powder, powder particles breaking
down, large size span of the particles, variable rate of feed powder introduction during the
measurement period, possible segregation of powders during introduction, and stray powder
particles depositing on the lens. The sizing of a powder composed of very large and very small
particles can be problematic as a portion of the small particles will adhere onto the larger
counterparts and will not be easily dislodged.

Detailed and reproducible particle size information can be obtained in a short
measurement time for both the laser diffraction and light obscuration methods. Compared
with the microscopy method, the laser diffraction method gives statistically more reliable data
for the small particles, especially at the end of the size distribution curve (9), provided that
there is little agglomeration or flocculation of particles in the liquid. However, it tends to
overestimate the breadth of size distribution for nonspherical particles. On the other hand, the
results obtained by the light obscuration method can be affected by the degree of light
diffraction, opacity, and orientation of the particles as they pass the beam of light.
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In photon correlation spectroscopy, fluctuations in the scattered light intensity are
determined. These fluctuations are due to Brownian motion of the test particles suspended in a
liquid medium. Larger particles will move more slowly than smaller ones, and therefore, the
rate of decay in intensity of the scattered light at a particular measuring point will depend
on the size of the particle. The particle size distribution is computed using complex
calculations based on the different intensity of scattered light (normally at 90° to the incident
beam) and rate of decay. Multiple angle measurements are sometimes applied to improve the
quality of the size parameters obtainable.

Time of Flight

This is a relatively new method that is less widely used. The “aerosizer” has been around for
quite some time. The test sample is dispersed in air to create an aerosol beam. The resulting
individual suspended particles are then accelerated in an airflow. The time of flight (TOF),
which refers to the time taken by the particle to travel a specific distance, is then measured by
triggering two laser beams and converted to the corresponding particle size (10). The density
should be taken into account when the size determined by TOF is converted to a geometric
size. The results obtained have been reported to be affected by the feed rate and shear force
exerted on the particles by the accelerating airflow. Thus, it is necessary to validate the
measurement conditions employed (11).

There are many methods for measuring the size of particles. As discussed, the various
methods are based on different principles, and each has its merits and limitations. A
preliminary microscopic examination of the test sample is recommended as it will provide
useful information, such as approximate particle size range and extent of cohesiveness, for the
selection of a method that is appropriate for the test sample. Comparison of different methods
is shown in Table 1.

Particle Shape

Despite the well-recognized importance of particle shape, the method of shape determination
has not been clearly defined owing to the complexity and variability of the three-dimensional
particles. In general, shape measurement methods are only able to define accurately the shape
if the latter can be correctly predicted on the basis of a two-dimensional model. Shape of
particles may be assessed descriptively by terms such as spherical, elongated, acicular,
angular, and a host of other terms. These descriptive terms convey a general idea of the particle
shape. Without a comparative quantitative measure, it may be difficult to assess the effects of
particle shape on a process or product.

Table 1 Comparison of Different Sizing Methods

Sizing range (um)

Suitable shapes for Measurement Particle
Method measurement Lower  Upper condition concentration
Dynamic image Spherical, cubic, acicular 0.05 3,500 Wet and dry Low
analysis
Electrical sensing Spherical, cubic, acicular 0.4 1,600 Wet Low
Laser diffraction Spherical, cubic 0.01 5,000 Wet and dry Low
Light obscuration Spherical, cubic 0.5 5,000 Wet Low
Photon correlation Spherical, cubic, acicular, 0.001 10 Wet Low
spectroscopy bladed, fibrous
Sieve analysis Spherical, cubic 5 10,000 Wet and dry High
Scanning electron Spherical, cubic, bladed, 0.001 1,000 Dry Low
microscopy fibrous
Light optical Spherical, cubic, acicular, 1 10,000 Wet and dry Low
microscopy bladed, fibrous
Time of flight Spherical, cubic, acicular, 0.3 500 Wet and dry Low

bladed
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Shape has been quantified by the following parameters based on the length, L, breadth, B,
projected area, A, perimeter, P, and diameter, d, of the particle (5,12-15) where

elongation ratio or aspect ratio = L/B,
circularity = (4nA)/P7,

roundness = P?/(4rA) or (nd?)/4A, and
bulkiness factor = A/(L+B).

The elongation ratio or aspect ratio is very useful for assessing deviation from a spherical
shape to an elongated form. The circularity, commonly also referred to as shape factor or form
factor, gives a measure of sphericity, with a perfect sphere having a circularity value of unity.
This shape descriptor provides the combined properties of surface roughness and shape.
Roundness is the inverse of circularity. The bulkiness factor gives an indication of solidity,
with large indentations on the particle giving rise to low values.

To date, particle shape is predominantly determined by image analysis. Indirect methods
using techniques such as laser diffraction and photon sedimentation have been studied
(16-19). However, these methods are seldom used in practice and hence will not be discussed
here. Particle sizing by image analysis has already been discussed in an earlier section. Similar
measurement procedures are employed to obtain the outlines of the particles for computing
the various shape descriptors.

Particle Surface Area

Compared with particle size and shape, less attention has been paid to particle surface area.
The methods for assessing this particle property are also relatively limited. Surface area
measurement is usually carried out by either gas permeability or adsorption.

Gas Adsorption

Gas adsorption is carried out by placing a powder sample in a chamber and evacuating the air
within. The latter process is commonly referred to as degassing. Upon achieving a very high
vacuum, known volumes of an adsorbing gas are introduced. From the knowledge of pressure
and temperature before and after introduction of the adsorbing gas, usually nitrogen,
calculations of total sample surface area can be made. The surface area determination by gas
adsorption is based on a simple principle. From Avogadro’s number, a known volume of air at
a certain temperature and pressure contains a determinable number of molecules. When
various volumes of gas are introduced to a degassed sample, the small pressure changes in the
chamber are recorded, and using a calculation technique known as the Brunauer, Emmett,
and Teller (BET) method, the initial amount of gas molecules that are adsorbed onto the
surface forming a monolayer can be calculated. Thus, the surface area covered by the gas
molecules can be determined by multiplying the number of molecules needed with the surface
area occupied per molecule. Samples are usually cooled to a low temperature using liquid
nitrogen. There are variations in the technique for gas adsorption by different instrument
manufacturers.

Gas Permeability

In the gas permeability method, the test powder is packed into a bed through which a gas,
usually nitrogen, is passed. It is essential that the bed is uniformly packed. From the
volumetric flow rate of the gas and the pressure drop across the bed, solid density, and packed
bed porosity, the specific “envelope” surface area of the powder can be calculated using
Kozeny-Carman equation. The measurement of specific surface area by gas permeability does
not take into account the very small pores or fissures since the flow of gas is not hindered as it
passes over them. More accurate measurements can be made by measuring gas flow under
reduced pressure, but still, the accuracy cannot match that obtainable by gas adsorption if the
total area to be determined includes those of the fine pores. Although gas permeability gives a
lower specific area for a powder compared with gas adsorption, the value obtained is
sometimes more useful in explaining factors like lubricity and flow, which would not involve
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the pores present within the particles. This measurement may be variously referred to as the
Blaine method or methods using Fisher sub-sieve sizer or Rigden apparatus.

DENSITY

Density is an important parameter because of its influence on particle mechanical properties
(20), powder porosity (21), and powder fluidization (22). The bulk density of a mixed excipient
powder used for tablet preparation has been found to affect the disintegration time of the
tablet in the mouth (23). Similarly, it can affect the disintegration of granules. On the other
hand, the true density can serve to assure the formulator of the identity of the material.
Determination of particle density is not straightforward as it can be carried out by many
different techniques, with differing interpretations.

Bulk Density

A graduated cylinder is filled with the test sample, followed by slight tapping. The filled
volume of the sample is noted, and its mass is determined by weighing. It is a good practice to
sieve in the powder when filling the cylinder. Bulk density is obtained by dividing the mass of
the sample by its volume.

Tap Density

A graduated cylinder is filled with the test sample and tapped until the volume of the sample
in the cylinder does not change. The mass of the sample is determined by weighing. Tap
density is obtained by dividing the mass of the sample by its final tapped volume.

True Density

A calibrated pycnometer is used to determine the true volume of the test sample. The true
density is obtained by dividing the mass of the sample by its true volume. Samples used for
true density measurements should be very dry as vapor pressure of volatiles at low pressure
can introduce measurement errors (24,25).

SOLUBILITY

The solubility of drugs and excipients constitutes an important physicochemical property as it
affects the rate of drug release into the dissolution medium, bioavailability of the drug, and,
consequently, the therapeutic efficacy of the pharmaceutical product. Factors affecting the
solubility include nature of solvent, temperature, crystal characteristics, particle size and
surface area of the material, pH, and presence of additives.

It must be borne in mind that a drug must first be in solution to be absorbed into the
blood circulation. If the solubility of the drug is less than desirable, steps must be taken to
improve its solubility or to use another more soluble drug form. Excipients that are poorly
soluble in water might retard the release of a drug. Hence, the determination of drug and
excipient solubility constitutes an important aspect of formulation study.

The solubility of a material is usually determined by the equilibrium solubility method,
in which a saturated solution of the material is obtained by stirring an excess of the material in
the solvent for a prolonged period of time at a constant temperature until equilibrium is
attained. As a guide, stirring the dispersion overnight is usually adequate for achieving
equilibrium solubility. The saturated solution can also be obtained by warming the solvent
with an excess of the material and allowing the mixture to cool to the required temperature.
This, however, may produce a supersaturated solution for some materials, and therefore, this
method is less desirable. A portion of the saturated solution obtained by either method is then
removed with the aid of a syringe through a membrane filter at different time intervals for
assay. The determination is completed only if at least two successive samples produce the
same results. The final value thus obtained is the solubility of the material. The sample may be
assayed by a variety of methods, such as ultraviolet spectrophotometry, electrical conductivity
measurement, gravimetric or volumetric analysis, and chromatographic methods.

The solution precipitation method is also employed to determine aqueous solubility. It is
preferred when the amount of material available for use is low. In this method, a stock solution
of the material in dimethylsulfoxide (DMSO) is prepared. The solution is diluted by an
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aqueous medium until precipitation occurs. The material in the liquid mixture is then assayed.
Precipitation is more accurately detected by the use of a nephelometer or polarized light
microscope (26). Solubility values obtained by the solution precipitation method are often
higher than the corresponding values obtained by the equilibrium solubility method. This
could be attributed to the solubilization effect of DMSO and inadequate incubation time and
effect of solid state in the equilibrium solubility method. Large discrepancy in the solubility
values obtained is often due to the difference in the physical state of materials in the test. It was
reported that the solubility of the crystalline state of a compound could be lower than that of
the amorphous state by up to 100-fold (27), while the difference is 2- to 5-fold among crystal
polymorphs (28).

CRYSTALLINITY AND POLYMORPHISM

Materials may occur as amorphous substances without any internally ordered structure or as
crystalline particles with a definite structure and somewhat regular external shape. Some
materials may exist in more than one crystalline form (polymorph) and are described as
exhibiting polymorphism. The type of crystal formed depends on the conditions, such as
temperature and type of solvent, under which crystallization is induced. At a specific
temperature or pressure, more than one polymorph can exist, but only one will be
thermodynamically stable. The less stable or metastable form will be converted to the stable
form with time.

The different crystalline forms of a material generally differ in many physical
characteristics, such as solubility, melting point, optical and electrical properties, density,
hardness, and stability. The use of metastable polymorphs frequently results in higher
solubility and dissolution rates, while the stable polymorphs are often more resistant to
chemical degradation. It is obvious that any change in the crystalline form will affect the
therapeutic efficacy of a pharmaceutical product. Drug polymorphism is especially important
because it may affect the chemical stability, dissolution rate, bioavailability, efficacy, and safety
of the drug. Therefore, knowledge of the crystalline form of the drug and changes to its
crystalline form during processing is very important.

Dissolution Study

An amount of the material in excess of its solubility is added to the dissolution medium, and
aliquot samples are removed and assayed at appropriate time intervals. The concentration of
the material in solution as a function of time is then plotted. The crystalline form that
constitutes the material is reflected by the shape of the dissolution curve (Fig. 4).

(A) (B)
s o Metastable
s c
3 Metastable 3 polymorph
% polymorph g—

o I}

© o

kS s

E c

2 o

g Stable g

= =

@ polymorph e

g e Stable
=, S

O O polymorph

Figure 4 Typical dissolution profiles.



68 Chan et al.

Intensity

20 degrees Figure 5 Typical X-ray diffractogram.

The concentration of the metastable polymorph typically increases much more rapidly
in the initial period of the dissolution study and then drops to that of the stable polymorph. For
the stable polymorph, the dissolution profile increases gradually to a plateau. The solubility of
the metastable form is indicated by the peak of its dissolution curve. In some cases, the
metastable polymorph does not revert readily to the stable form. The dissolution curve of such
a metastable form lies above that of the stable form, indicating that the former is more soluble.
The plateau of each curve indicates the solubility of the respective polymorph.

X-ray Diffractometry

X-ray diffractometry may be carried out using a powder X-ray or a single-crystal
diffractometer. The latter is used to elucidate the crystal structure, while powder X-ray
diffractometer is for general purpose. The polymorphs of a material have different crystal-
packing arrangements and thus produce different X-ray diffractograms with characteristic
peaks, which are related with lattice distances (Fig. 5).

The extent of conversion of a crystalline drug to the amorphous form during processing
can be determined by comparing the magnitude of their characteristic peaks (29). A powder
X-ray diffractometer is nondestructive and requires a very small sample of the material, which
can be examined without further processing. For structural determination, good single crystals
are used in a single-crystal diffractometer. Synchrotron sources have been employed to obtain
high-resolution electron diffraction patterns for very small crystals or crystals of complex
compounds. Very sensitive charge-coupled detectors have enabled electron diffraction
patterns to be recorded in a few seconds using very low electron currents. In addition,
microdiffractometers with two-dimensional area detectors have been developed for quick data
acquisition (30).

Thermal Analysis

In this method, the polymorphs are identified by their thermal behaviors. The change in
energy or related property of the polymorph as it undergoes transformation when it is heated
is recorded as a thermogram (Fig. 6).

The thermogram consists of characteristic peaks, including melting point (Ty,) and glass
transition temperature (Ty). The peaks pointing downward indicate endothermic changes,
such as melting, sublimation, and desolvation. The different polymorphs of a material will
exhibit different thermograms, which allow them to be identified. Differential scanning
calorimetry (DSC) and differential thermal analysis (DTA) are two methods of thermal
analyses that are commonly used. The sample is sealed in an aluminum pan and placed inside
the test chamber where it is subjected to different heating rates. In DSC, the change in heat
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energy resulting from the crystalline transformation is recorded as a function of temperature.
In DTA, the energy is expressed by differential temperature (sample vs. inert substance).

Conventional DSC has a major limitation; if a glass transition temperature occurs in the
same temperature range as another transition, for example, water or solvent loss, the two
events cannot be separated. This limitation may be overcome by employing modulated
temperature DSC (MTDSC), where the measurements are conducted using sine wave
temperature programs defined by underlying heating rate, amplitude, and period. The heat
capacity change associated with the glass transition temperature can be separated from the
heat flow changes caused by melting, drying, and solvent loss. By use of the phase angle curve
produced from the MTDSC data analysis, very small changes in specific heat can be detected,
thereby increasing the sensitivity of the method. On the basis of thermal behavior, MTDSC is
able to differentiate the amorphous and polymorphic forms of a material with much greater
clarity. One of the disadvantages of this method is that the data analysis and interpretation are
more difficult than that for DSC. In addition, the experiment process can be much prolonged as
much lower heating rates are used.

One of the latest techniques is hyperDSC (high-speed or high-performance DSC) where
higher measurement sensitivity is achieved by using controlled fast heating and cooling rates
of 50°C to 500°C. This is particularly useful for quantification of low levels of amorphous
content (31). Microthermal analysis, which combines microscopy with thermal analysis, is
another technique introduced recently. Mounted on a three-axis piezoelectric actuator, the
microthermal analysis probe functions like an atomic force microscope probe in contact mode,
scanning the surface of the sample to determine its topology. As the probe goes over the
surface, changes in thermal properties will be recorded and converted to thermal conductivity
images that are characteristic of the different polymorphs. The typical scanned surface is
100 um by 100 pm because the z actuator only has a dynamic range of about 20 um. As such,
microthermal analysis requires relatively flat samples.

Vibrational Spectroscopy
Infrared Spectroscopy
As mentioned earlier, the polymorphs of a material show different crystal-packing arrange-
ments and produce different X-ray diffractograms. The crystal-packing arrangement also
affects the energy of molecular bonds and results in different infrared (IR) spectra that are
characteristic of the polymorphs. IR analysis can be used for both qualitative and quantitative
determinations, especially in the region of near infrared (NIR). It is based on the principle that
the peaks in the IR spectrum arise from the stretching or bending vibrations of a particular
functional group. The disappearance of a characteristic peak or the appearance of new peak in
the IR spectrum of the mixture can be attributed to chemical interaction between the
components of the mixture. It is important to use only materials in the solid form as the
polymorphs of a material in solution have identical IR spectra.

A combination of NIR spectroscopy and digital imaging technologies allows identifica-
tion and quantification of the components present in a sample using the spectroscopy element,
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Figure 7 Near infrared chemical imaging instrument. Source: Courtesy of Malvern Instruments, Worcestershire,
U.K.

but additionally, it is possible to visualize the distribution of the components using the
imaging capability (Fig. 7).

The technique is used to investigate the heterogeneity of the distribution within solid
samples, visualizing both pharmaceutical excipients and the active. Thus, it is not only possible
to gain information about the morphology of the particles or component domains within a
sample, but using the NIR spectroscopy element of the data, it is also possible to initially
segregate the sample on the basis of chemical differences and then calculate the morphological
information for the separate species. This provides numerical metrics for quantitative
comparison of different samples (32,33).

Raman Spectroscopy
Raman spectroscopy provides molecular information about the crystalline as well as the
amorphous forms of a material. In this method, the material is subjected to a laser beam and a
spectrum of the scattered light obtained. The spectrum shows vibrational bands of the material
at their characteristic frequencies. The amorphous and polymorphic forms of a material can be
distinguished by their characteristic spectra.

Raman spectroscopy and IR spectroscopy complement each other. The former measures
a change in polarization, whereas the latter measures a change in dipole moment. IR-inactive
vibrations can be strong in Raman spectra, and vice versa. For example, vibrations in the wave
number region of 10 to 400/cm are more easily studied by Raman than by IR spectroscopy.
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One advantage of the Raman spectroscopy method is that no sample preparation is required,
thus, the likelihood of inducing phase changes through sample preparation is avoided.
However, representative sampling is critical for quantitative analysis. The results are affected
by the particle size of the material. The use of Fourier transform Raman spectrometers with a
longer wavelength laser of 1064 nm eliminates the problem of any fluorescent background.
With the utilization of fiber optics, real-time crystallization can be monitored. Thus, this
method is useful for in-line monitoring of pharmaceutical processes.

Solid-State Nuclear Magnetic Resonance

Solid-state nuclear magnetic resonance (SSNMR) spectroscopy is a more advanced method for
differentiating the polymorphs of a material. The sample is placed in a strong magnetic field
and subjected to radiofrequency radiation. The individual nuclei experience different magnetic
environments and thus show different changes in resonant frequency characterized by
chemical shifts. The polymorphs are differentiated by their characteristic spectra. This method
is suitable for characterization of solid-state forms that cannot be crystallized and studied by
the X-ray diffraction method. It is also useful for quantifying components of heterogeneous
mixtures. In contrast to IR and Raman spectroscopy, the results are less affected by the particle
size of the test material.

Moisture Sorption

Moisture sorption is performed in a climatic chamber. A balance measures weight changes of
the sample exposed to a defined humidity program. In comparison with crystalline materials,
the amorphous state is characterized by a higher potential to absorb moisture. This leads to a
higher mass increase of amorphous materials in comparison with crystalline materials (34).

Hot-Stage Microscopy

The polarizing microscope fitted with a hot stage is very useful for identifying the crystalline
forms of a material. In this method, the polymorph is heated to a temperature at which it
undergoes a change in birefringence and/or appearance that is characteristic of the
polymorph.

A wide range of methods can be employed to assess polymorphism of materials. In
some cases, it is necessary to use a combination of methods to avoid erroneous conclusions
obtained from the use of a single method. The detection limits of the different methods are
10% for DSC, 1% to 10% for X-ray diffraction, 1% for Raman spectroscopy, and 0.5% for
SSNMR (35).

OTHER PHYSICAL PROPERTIES

It is undoubted that the type of physical characterization tests for a drug or excipient depends
very much on the material concerned as well as the processing involved. Material testing can
be broadly divided into two types, namely physical testing and functionality testing. Physical
testing, which is used to determine properties, such as size, shape, surface area, solubility, and
crystal form, is generally more direct, and the procedures are better established. Functionality
testing, which evaluates properties, such as flowability, compressibility, and packing property,
is less well established. However, such tests may yield useful information about the raw
materials and their potential effects on the processing.

Flow Properties

Powder flowability is important for delivery of the powder from the hopper to the die during
the tabletting process. Erratic flow of the powder will result in unacceptable variation in the
weight of the tablets produced. In addition, uneven powder flow could lead to excess
entrapped air within the powder, which, in some high-speed tabletting conditions, may
promote capping or lamination. Similarly, powders with poor flowability will move with
greater difficulty in the granulation chamber, and this will affect the granulation process and
the properties of the granules produced. Knowledge of the flowability of powders, especially
of the bulk excipients, is therefore important so that the necessary steps can be undertaken to
avoid problems during processing. The Hausner ratio, Carr index, angle of repose, and angle
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of slide are parameters that are commonly used to quantify flowability of powders. For poorly
flowing powders, the Jenike-type shear test is used.

Hausner Ratio and Carr Index
The tapped density (p) and bulk density (py) of the test sample are determined by the methods
described previously.

Hausner ratio = pi/py,
Carr index = (p; — pp)/pt

A higher Hausner ratio (36) indicates poorer flow. On the other hand, a higher Carr index
(37,38) indicates better flow. A Carr index value of 1.12 to 1.18 indicates very good flow; 1.19 to
1.25, fair flow; and 1.46 to 1.59, very poor flow.

Angle of Repose

A funnel is mounted vertically and at a distance from a horizontal plate. It is filled with the test
sample, which is then allowed to flow down freely to form a conical heap on the plate. A metal
tube may also be used in place of the funnel. The tube is placed vertically on the plate and
filled with the test sample to a height of about 4 cm. It is then slowly lifted vertically, leaving a
conical heap of powder on the plate (5). Using either method, the height of the heap (%) is
determined by measuring the distance between the plate and the tip of the heap. The radius of
the heap (r) is determined by dividing the diameter of its circular base by 2. The angle of
repose is obtained from the inverse tangential of the ratio between I and r (5,39). A smaller
angle of repose indicates better flow.

Angle of Slide

This is employed to quantify the flowability of a powder bed. A small amount (about 10 mg) of
sample is placed on a stainless steel plane, which is then tilted by screwing a supporting
spindle vertically upward until powder slide occurs. The angle of slide is equal to the angle
between the tilted plane and the horizontal base at this point (5).

Flowability Determined by Annular Ring Shear Tester

The test powder is overfilled into a shear cell, and the excess is scrapped off with a spatula so
that the powder surface is flushed with the upper edge of the shear cell. The powder bed is
then subjected to a shear test. Failure of the powder bed is indicated by a sudden drop in shear
stress, and the flowability of the powder is calculated using the instrument software (40).

Avalanche Behavior

A flow analyzer is used to study the avalanche behavior of powder. The behavior of a powder
under dynamic conditions is a better indicator of its flowability during processing. The
flow analyzer consists of a transparent acrylic drum that is rotated along its horizontal axis
(Fig. 8).

The drum is partially filled with the test powder and programmed to rotate at different
rates. By rotating the drum, the test powder bed is subjected to increased angles of inclination
up to an unstable position from which it will avalanche. Detection of the sudden shifts brought
about by powder avalanches is achieved by the degree of obliteration of a light source shone
across the length of the drum onto an array of photocell located at the opposite end. A metal
mesh collar is fitted onto the inner circumference of the drum to prevent the powder from
sliding along the circumferential wall instead of avalanching along the free powder surface.
The time periods between consecutive avalanches throughout the test duration are recorded,
and the data are presented in the form of a discrete phase space map known as a strange
attractor plot. The center of this plot is represented by the average time required for a complete
avalanche. Spread of points around the center is denoted by the scatter, which refers to the
standard deviation of the time between avalanches. The strange attractor plots provide a visual
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comparison of the flow properties of powders. The test is repeated at different drum speeds.
From the data, the avalanche flow index (AFI) of the test powder is calculated as follows:

AFl =1/m

where m is the gradient of the graph for average time required for a complete avalanche
against drum speed. A larger AFI value indicates better flow. Free-flowing powders generate
strange attractor plots that are dense and closer to the origin, and their AFI values are
correspondingly small (41).

Compatibility

Although excipients have traditionally been thought of as being inert, experience has shown
that they can interact with a drug. Readers are encouraged to refer to the literature on drug-
excipient interactions and their effects on drug absorption (42). Incompatibility may occur
between drug and excipient, as well as between the excipients themselves, and affect the
potency, stability, and, eventually, therapeutic efficacy of the product. It is therefore essential
to avoid incompatibility, and this can be achieved by carrying out studies to detect potential
chemical interactions between the different components used in the formulation.

Stability Study

This is the traditional method of detecting incompatibility. Mixtures of the drug and excipients
are prepared and stored under exaggerated conditions of heat, light, and humidity. The
mixtures are examined for any physical change, and aliquot samples are withdrawn for assay
of the intact drug at varying time intervals. Incompatibility is reflected by various signs such as
appearance of precipitate and decrease in the concentration of the intact drug.

Chromatography

Chromatography was first used for the separation of leaf pigments. The operation of
chromatography is based on the distribution of a material between a stationary phase and a
mobile phase. The stationary phase can be a solid or a liquid supported on a solid, while the
mobile phase can be a gas or a liquid, which flows continuously around the stationary phase.
As a result of differences in their affinity for the stationary phase, the different components in a
mixture can be separated and identified.
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In addition to its application in the separation and identification of materials,
chromatography is also employed to detect potential interactions between materials. Both
thin-layer chromatography and liquid chromatography are commonly employed for this
purpose. In thin-layer chromatography, the stationary phase consists of a powder adhered
onto a glass, plastic, or metal plate. The powders commonly used are silica, alumina,
polyamides, celluloses, and ion exchange resins. Solutions of the drug, excipient, and drug-
excipient mixture are prepared and spotted on the same baseline at one end of the plate. The
plate is then placed upright in a closed chamber containing the solvent, which constitutes the
mobile phase. As the solvent moves up the plate, it carries with it the materials. Materials that
have a stronger affinity for the stationary phase will move at a slower rate. The material is
identified by its R¢ value, which is defined as the ratio of the distance traveled by the material
to the distance traveled by the solvent front. The position of the material on the plate is
indicated by spraying the plate with certain reagents or exposing the plate to ultraviolet
radiation. If there is no interaction between the drug and excipient, the mixture will produce
two spots whose Ry values are identical with those of the individual drug and excipient. If
there is interaction, the complex formed will produce a spot whose R; value is different from
those of the individual components.

In liquid chromatography, the affinity of the material for the solid stationary phase in a
column governs the time taken by the material to elute from the column. The time of elution is
used to identify the material. Solutions of the drug, excipient, and drug-excipient mixture are
prepared and injected separately into the column. The concentration of the material that elutes
from the column is detected and plotted against time to give a chromatogram. If there is
interaction between the drug and excipient, the complex formed will exhibit an elution time
different from those of the individual components (Fig. 9). Similarly, gas chromatography may
be used for volatile components.

Thermal Methods
DSC offers a relatively simple approach for the investigation of potential interaction between a
drug and an excipient (43,44). The drug, individual excipients, and binary mixtures of the drug
and excipient are separately scanned at a standard rate over a temperature range that
encompasses all the thermal features of the drug and excipients. Each mixture consists of
equal proportions of drug and excipient to maximize the likelihood of an interaction. The
thermograms of the mixtures and the individual components are compared (Fig. 10).

Interaction is deduced by changes in the thermal features such as disappearance of
characteristic peaks or appearance of a new peak in the thermogram of the mixture. Changes in
shape, onset, and relative height of the peaks may also indicate interaction. However, it should
be cautioned that these changes could also arise from physical mixing of the components or
dissolution of components in the first molten substance.

A big advantage of the DSC method over the traditional stability test is the speed of
determination. However, like all methods, DSC has its own limitations. It is not applicable
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if the test materials exhibit properties that make data interpretation difficult, such as formation
of eutectic mixture, coincident melting, and dissolution of one component in the melt of the
other. The DSC method has received specific criticism (44) that it subjects drug and excipient to
elevated temperatures that are unrealistically high. In addition, the ratio of drug to excipient
employed in the test mixture is not likely to be encountered in practice. Furthermore,
DSC thermograms do not provide information about the nature of the interaction; they only
indicate the likelihood of an interaction. It is therefore not advisable to rely on the DSC method
alone to determine incompatibility. Instead, it should be used to supplement stability tests by
eliminating the incompatible excipients and reducing the number of samples for stability
testing.

Microthermal analysis has also been employed to study interaction. This method is a
derivative of atomic force microscopy, whereby the probe is replaced with a miniaturized
thermistor, allowing the temperature at the tip of the probe to be both controlled and
measured. Different techniques have been employed to study interaction between two
materials on the basis of microthermal analysis. In the nanosampling technique, the tip is
placed on the surface of one of the test materials, which is heated to soften the surface so that
the tip is partially covered with the material. The tip, which is then withdrawn, retains some of
the material in the nanogram-to-picogram range. In another technique, known as thermally
assisted particle manipulation, the tip is used to pick up a particle of one of the test materials
that have been softened by heat. By employing either technique, the tip (laden with the first
test material) is placed on the surface of the second test material, which is then subjected to a
heating program. Interaction between these two test materials is deduced from the thermal
profiles obtained (45).

Other Methods

IR, particularly Fourier transform IR spectrometry, can also be employed to study interaction
(44). In the same way, modifications in the spectra obtained by Raman spectroscopy indicate
that chemical interactions have occurred. The Raman spectra can be processed to give
unambiguous identification of both drugs and excipients, and the relative intensity of the drug
and excipient bands can be used for quantitative analysis. This method is very useful, but the
equipment is expensive. More information about the different Raman techniques can be
obtained from the literature (46).

Unlike most other methods, SSNMR is applicable to materials of varying complexity,
from pure drugs and excipients to their solid dispersions (47). Selective investigation of the
individual components of the solid dispersions does not usually require any chemical or
physical treatment of the sample. However, the complexity and high cost of SSNMR restrict its
application as a routine characterization method.
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CONCLUSION

The greatest difficulty for any process technologist is to decide on the type and extent of
material characterization to be undertaken. The methods used should be able to provide
accurate results, easy to carry out and cost effective. Often, it is the problem from the
production run that necessitates further material characterization to be carried out either for
the purpose of resolving the problem or to prevent future occurrences. This chapter serves to
identify the more common material characterization methods that can be carried out and the
potentially useful information that can be inferred from the tests. It is hoped that the discussion
of the many methods of material characterization can help in the choice of characterization
methods for material testing.
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4 | Binders in Pharmaceutical Granulation
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INTRODUCTION

Granulation processes are among the most widely practiced unit processes in pharmaceutical
finished form manufacturing. Granulation (also referred to as agglomeration) can be used to
improve powder flow properties and reduce fine dust through size enlargement and
densification, thus improving tableting operations. Frequently, granulation provides the
means to intimately combine a thermoplastic binder with other formulation components, thus
improving compactibility of tablet formulations (1). Granulation is also used to prevent
powder segregation, thereby ensuring uniform drug distribution. This is especially important
in low-dose, high-potency drugs. Lastly, granulation is used to improve solubility and
dispersibility of powders and tablets in water. This may also be referred to as “instantizing” or
“hydrophilizing.”

Granulation may be practiced by only adding a solvent as a binder fluid, but in the
majority of cases, binders (usually polymeric) are also included, either by being “fully
activated,” that is, predissolved in a suitable granulating fluid, or by preblending (“dry
addition”) with the other formulation components. This step is followed by wet massing with a
suitable granulation solvent. Dry binder addition is also the method of binder incorporation in
dry granulation processes such as roller compaction and in the emerging field of hot melt
granulation.

The general function of a binder is to promote bonding between the primary particles of
the formulation, thereby assuring granule strength and density so that integrity is not
compromised on further handling and processing. Additionally, for granules that are intended
for compaction into tablets, it is equally important that the binder provides the necessary
thermoplasticity and toughness to improve formulation compactibility without compromising
tablet dissolution and disintegration times. Very frequently, drugs and other formulation
components possess nonideal compaction properties, such as excessive brittleness and
elasticity, leading to capping tendencies, high friability, and generally poor tablet performance.
This is especially true when compressed at the high strain rates that are typical of commercial,
high-speed tablet presses. The ideal tablet and granule binder will therefore provide the
necessary thermoplastic character to overcome the unfavorable mechanical properties of the
formulation yielding a dense compact, while minimizing the amount of applied force. The
various modes of consolidation during tablet formation are shown in Figure 1.

While binder selection has traditionally been empirical and often dependent on
formulator experience and preference, significant progress has been made over the last two
decades in bringing quantitative and mechanistic particle engineering and materials sciences
approaches to bear on this important aspect of pharmaceutical powder technology. The
purpose of this chapter is therefore to review the major binders in current pharmaceutical use,
and to discuss practical considerations in binder selection and use in the context of their key
physical and chemical properties. Recent advances in the understanding of granulation
technology and particle design will be discussed in detail, specifically the importance of
selecting binders with a focus on end product stability, wetting and surface energetics of the
granulation system, and thermomechanical properties.

COMMONLY USED BINDERS IN CURRENT PHARMACEUTICAL PRACTICE

Many different types of materials have been used as binders in the past, including natural
polymers such as gelatin, gum acacia, gum tragacanth, starch, and sugars, such as sucrose and
glucose. With exception of starch and acacia, these more traditional materials have for the most
part been supplanted in current pharmaceutical practice by various derivatives of cellulose,
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Table 1 Commonly Used Wet Binders
Binder Typical use level ~ Comments
Hydroxypropylcellulose 2—6% Used with water, hydroalcoholic and neat polar organic solvents;

equally effective in wet and dry addition because of high
plasticity and wetting.

Methyl cellulose 2-10% Used with water or hydroalcoholic solvents; dry addition typically
requires higher use levels than wet addition.

Hypromellose 2-10% Used with water or hydroalcoholic solvents; dry addition requires
higher use levels.

Ethyl cellulose 2-10% Used with polar and nonpolar organic solvents; not soluble if

water exceeds 20% of total solvent. Hydrophobic coating can
slow down drug release for less soluble drugs; thus, it is best
used for high-dose, highly soluble drugs and
moisture-sensitive drugs.

Povidone 2-10% Used with water, hydroalcoholic and neat polar organic solvents;
dry addition requires higher use levels. Ultra low-viscosity
grades allow high solution concentrations (20%).

Copovidone 2-8% Used with water and hydroalcoholic solvents; more thermoplastic
than PVP; dry addition requires higher use levels.
Pregelatinized starch 5-15% Can only be used with water; also acts as a disintegrant; effective

use levels are mostly higher than other binders (8-20%).

polyvinylpyrrolidone (PVP), and modified starch. These binders have found increasing favor
as they tend to be less variable and have presented less aging issues than some of the more
traditional materials.

Among the most frequently used binders are povidone (PVP) and copovidone (PVA-
PVP), modified starches such as partially pregelatinized starch (PGS) and various cellulose
ethers such as hydroxypropylcellulose (HPC), methyl cellulose (MC), hypromellose (HPMC),
and less frequently ethyl cellulose (EC) and sodium carboxymethyl cellulose (NaCMC). These
binders will be the focus of this chapter. Table 1 lists some of the most frequently used binders,
typical use levels, and suitable solvents.

Hydroxypropyicellulose

HPC is manufactured by reacting alkali cellulose with propylene oxide at elevated pressure
and temperature. It is a highly substituted cellulose ether, with 3.4 to 4.1 moles of hydroxypropyl
substituent per mole of anhydroglucose backbone units (2). The hydroxypropyl substituent
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Table 2 Selected Commercial Binder Grades

Diirig

Binder

Trade name/grade/supplier

Nominal viscosity

Hydroxypropylcellulose

Hypromellose

Methyl cellulose

Ethylcelluose

Klucel®™ hydroxypropylcellulose ELF, EF,
and LF Pharm also available as fine
particle grades EXF and LXF Pharm

Nisso® HPC SL and L also available as
fine grades

Methocel™ E3, ES5, E6, and E15 Premium
LV Hypromellose

Benecel® Hypromellose E3, E5, E6, and
E15 Pharm

Pharmacoat™ 603, 605, 606, and 615
hypromellose

Methocel A15 Premium LV methyl
cellulose

Benecel A15 LV Pharm methyl cellulose

Aqualon®™ ethyl cellulose N7, N10, N14,
and N22 Pharm

Ethocel™ Standard Premium ethy!
cellulose NF

2% viscosities at 5, 8, and 12 cps

2% viscosities at 5 and 8 cps

2% viscosities at 3, 5, 6, and 15 cps
2% viscosities at 3, 5, 6, and 15 cps
2% viscosities at 3, 5, 6, and 15 cps
2% at viscosity 15 cps

2% viscosity at 15 cps

5% viscosities at 4, 7, 10, 14, and

22 cps
5% viscosities at 4, 7, 10, and 20 cps

NaCMC Aqualon NaCMC 7L2P and 7LF Pharm 2% viscosities at 20 and 50 cps
Blanose®™ NaCMC 7L2P and 7LF Pharm 2% viscosities at 20 and 50 cps
Povidone Kollidon™ 25,30 and 90F Povidone 5% viscosities at 2, 2.5 and 55 cps
Plasdone™ K12, K17, K25, K29/32 and 5% viscosities 1, 1.8, 2.0, 2.5, and 55
K90 povidone
Copovidone Kolidon VA 64 copovidone 5% viscosity at 2.5 cps
Plasdone S630 copovidone 5% viscosity at 2.5 cps
Pregelatinized starch Starch 1500™ partially pregelatinized N/A
starch
Lycatab® pregelatinized starch partially N/A

pregelatinized starch

Abbreviation: NaCMC, sodium carboxymethyl cellulose.

Klucel™, Benecel®, Aqualon®™, and Blanose™ are registered trademarks of Ashland Aqualon Functional Ingredients.
Nisso® is a registered trademark of Nippon Soda Company. Pharmacoat® is a registered trademark of Shin-Etsu
Corporation. Methocel™ and Ethocel™ are trademarks of the Dow Chemical Company. Kollidon™ is a registered
trademark of BASF Corporation. Plasdone® is a registered trademark of ISP. Starch 1500® is a registered
trademark of BPSI. Lycatab® is a registered trademark of Roquette Fréres.

groups therefore comprise up to 80% of the weight of HPC. This high level of substitution
renders HPC more thermoplastic and less hygroscopic than other water-soluble cellulose
ethers. HPC has compendial status in the National Formulary (USP/NF), European
Pharmacopoeia (Ph. Eur.), Japanese Pharmacopeia (JP), and Food Chemicals Codex (FCC).
HPC is fully soluble in water and polar organic solvents such as methanol, ethanol, isopropyl
alcohol, and acetone. Water solubility is temperature dependent with a cloud point around
45°C. HPC is a true thermoplastic polymer and has shown equivalent binder efficiency and
good compactibility when added as a solution or in dry, powder form, before granulation (3).
Various molecular weight (MW) grades are available ranging from 60 to 1000 kDa; however,
low MW grades are most typically used as binders (Table 2). Moreover, for dry addition, fine
particle size grades (60-80 pm mean diameter) are preferred because of faster hydration and
uniform mixing and distribution. Coarse grades are preferred for solution addition as they
disperse more easily without lumping than dry grades. Lump-free aqueous solutions are best
prepared by dispersing the powder in 30% of the required final volume of water at 65°C. After
10 minutes of hydration the remaining water can then be added cold while continuing to stir.
Because of its high binder efficiency, HPC tends to be particularly well suited for high-dose,
difficult-to-compress tablets, where only small amounts of binder can be added. In general, use
levels above 8% are not recommended as they tend to cause excessive slowing of disintegration
and dissolution times. HPC is also frequently used in film coating and melt extrusion.
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Methyl Cellulose

MC is the reaction product of methyl chloride and alkali cellulose. In contrast to HPC, it is less
heavily substituted, with methoxy groups comprising 27% to 32% by weight of the polymer.
MC is soluble in hot water up to about 55°C and will reversibly gel at elevated temperatures.
This indicates slightly higher water solubility than HPC. MC is also soluble in polar organic
solvents like ethanol, methanol, and isopropyl alcohol, as long as a small amount of water
(10%) is added as a cosolvent. Like all cellulose ethers, MC is available in a wide range of MW
grades, but almost exclusively the low MW grade with nominal viscosity of 15 cps at 2%
concentration is used as a tablet binder (Table 2). Low -molecular weight MC is a versatile
binder with good thermoplastic flow and wetting ability. It is also a good film former.
While MC can be added dry to a granulation blend before wet massing, it is generally more
effective when predissolved and added as a solution (3). Aqueous solutions can be prepared
in analogous fashion as described above for HPC. MC is listed in the USP/NF, Ph. Eur., JP,
and FCC.

Hypromellose

HPMC is one of the most widely used excipients in general and is also frequently used as a
tablet binder. It is also known as hydroxypropyl methyl cellulose (HPMC) and is formed by
reacting alkali cellulose with methyl chloride and propylene oxide to yield a mixed
substitution cellulose ether. Various substitution ratios and MW grades are available.
Primarily low-viscosity grades with substitution type “2910” (28-30% methoxy groups by
weight and 4-12% hydroxypropyl groups) are used as tablet binders (Table 2). These grades
are also very popular for film coating formulations. HPMC is listed in the USP/NF, Ph. Eur.,
JP, and FCC.

The properties of HPMC are largely similar to those of MC with the exception that
HPMC is less thermoplastic and somewhat more hydrophilic. Although a good film former,
unplasticized films are more brittle than MC and HPC and cloud points are higher. For
example, HPMC type 2910 has a cloud point in the range of 65°C, which necessitates higher
water temperatures for solution preparation. As with MC, HPMC is soluble in hydroalcoholic
solvents with a minimum of 10% alcohol. It can be used in solution or added dry, but is less
efficient in the latter form (3).

Povidone

Povidone, which is alternately referred to as PVP, is recognized as a versatile excipient that is
used in complexation, solubilization, and film applications in addition to being one of the most
widely used granulation and tablet binders. PVP is manufactured by radical polymerization of
N-vinylpyrrolidone. PVP is available in multiple MW grades ranging from 2 to ~1500 kDA.
The high MW grades have been reported to have very high binder efficiency, however,
medium and low MW grades are most often used as granulation and tablet binders since high
MW grades may impede dissolution behavior (Table 2). PVP is listed in the USP/NF, Ph. Eur.,
and JP (4). Much of its versatility derives from favorable solution behavior. Povidone is highly
soluble in water and freely soluble in many polar organic solvents such as ethanol, methanol,
isopropyl alcohol, and butanol. It is insoluble in nonpolar organic solvents. PVP is generally
used in the form of a solution, where its low viscosity allows solids concentrations as high as
15% to 20%. PVP can also be added dry to a powder blend and then granulated with just the
solvent, but as with MC and HPMC, binder efficiency is significantly lower in this case (3).
Although use levels in the literature are reported as 2% to 5% (4), higher levels up to 10% may
have to be used in challenging, poorly compactable formulations. PVP is highly hygroscopic,
and at 50% RH, typical equilibrium moisture content exceeds 15% by weight (Fig. 2). It is
therefore advisable to take precautions against uncontrolled and unnecessary exposure to
atmospheric moisture.

Copovidone
Copovidone (PVA-PVP) is the 60:40, random, linear copolymer of N-vinyl-2-pyrrolidone and
vinyl acetate. It is therefore a derivative of PVP. Vinyl acetate somewhat reduces the
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Figure 2 Equilibrium moisture contents at 25°C for selected polymeric binders.

hydrophilicity and hygroscopicity of the PVP homopolymer. At 50% RH, the typical
equilibrium moisture content is approximately 10% (Fig. 2). The addition of vinyl acetate
also increases the plasticity of the polymer, thus lowering the glass transition temperature and
improving compactibility and adhesiveness. In addition to being used as a wet and dry binder,
PVA-PVP can also be incorporated into film coating formulations together with HPMC (5).
PVA-PVP can be used in wet granulation either in dissolved form or added dry to the powder
blend, followed by wet massing. Binder effectiveness is approximately equivalent for these
two methods of incorporation. Copovidone is soluble in water and polar organic solvents and
is listed in USP/NF and Ph. Eur., and also has a monograph in the JPE.

Pregelatinized Starch

Pregelatinized starch (PGS) is classified as a modified starch. Chemical and mechanical
treatment is used to rupture all or part of the native starch granules. Pregelatinization enhances
starch cold-water solubility and also improves compactibility and flowability. PGS is marketed
as a multifunctional excipient, providing binding, disintegration, good flow, and lubrication.
PGS monographs can be found in the USP/NF, Ph. Eur., and JPE (6). It is typically used from
solution in wet granulation; it can also be dry added, but this reduces efficiency significantly.
Furthermore, at 15% to 20%, use levels are usually higher for PGS relative to other binders.
PGS is not compatible with organic solvents and thus is used only in aqueous binder systems.
While it tends to have high equilibrium moisture levels (Fig. 2), starch is known to hold water
in different states, that is, only a portion of the sorbed water will be available as “free” water.
This property can be exploited by using starch as a stabilizer or moisture sequestrant. Partially
pregelatinized starch is the most frequently used form of PGS, but fully pregelatinized starch is
also available. The degree of pregelatinization determines cold water solubility. Commercial,
partially pregelatinized starch typically has around 20% pregelatinized or water-soluble
content. The cold water—soluble part acts as a binder, while the remainder aids tablet
disintegration. For this reason, fully pregelatinized starches tend to have higher binder
efficiency, but not necessarily good disintegrant properties.

Starch

Starch has traditionally been one of the most widely used tablet binders, although today PGSs
are often preferred. Starch is polysaccharide carbohydrate consisting of glucose monomers
linked by glycosidic bonds. The main sources for excipient-grade starch are maize and potato
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starch. References to wheat, rice, and tapioca starch can also be found in the literature. Starch is
a GRAS-listed material with monographs in the USP/NF, Ph. Eur., and JP. Starch is not cold
water or alcohol soluble; traditionally, it is used by gelatinizing in hot water to form a paste.
Starch paste can be prepared by heating a starch suspension up to the boiling point with
constant stirring. Binder use levels for starch are usually relatively high (5-25%). The high
viscosity of starch paste can make granulation, efficient binder distribution, and substrate
wetting somewhat problematic, however, an advantage of starch is that it tends to enhance
tablet disintegration.

Gum Acacia

Gum acacia is also known as gum arabic; it is a natural material made of hardened exudate
from Acacia senegal and Acacia seyal. Commercial gum arabic is largely harvested from wild
trees in the Sahel region of Africa. It is a complex mixture of polysaccharides and glycoproteins
that is today used primarily in the food industry as an emulsion stabilizer. Acacia is a highly
functional binder, in that it is known to form strong tablets and granules; however, dissolution
times are often impeded. Additional reasons why today this binder is used rarely with
exception of nutritional supplement applications where organic origin is include solution
susceptibility to enzymatic and bacterial degradation, large natural variability, and sporadic
supply shortages.

PRACTICAL CONSIDERATIONS IN BINDER SELECTION AND USE

Use Levels and Binder Efficiency

While the binder use levels in Table 1 serve as a general guide, the reader will appreciate that
use levels tend to be drug and formulation specific and may deviate significantly from the
typical values cited. In general, increased binder concentration leads to an increase in mean
granule size and strength, and decreased granule friability. An increase in binder concentra-
tion strengthens bonds between the substrate particles as there is more binder per bond (7).
Binder efficiency may be defined as the minimum binder use level that is required to achieve a
certain benchmark tablet crushing strength and friability. With regard to binder efficiency
there is no absolute standard for these criteria. The strongest tablets and granulations may not
always be the most desirable; rather the minimum amount of binder necessary to achieve a
minimum acceptable strength or maximum acceptable friability is often chosen. This will
minimize cost and tablet size because stronger granules and tablets tend to be correlated with
slower drug release. In terms of maximum acceptable friability, as a general rule, friability
needs to be low enough to allow handling and coating in commercial-scale tablet coating pans
(e.g., 48- and 60-in diameter pans). The friability for smaller tablets (500 mg or less) should
therefore be less than 0.8%. Larger tablets (1000 mg) should have friabilities below 0.3% to
allow for problem- and blemish-free handling and commercial-scale coating.

Stability and Compatibility

It is well known that chemical or physical incompatibility between actives and excipients or
their impurities can compromise drug stability and safety. Binders are brought into intimate
contact with actives during mixing, wet massing, and codrying; therefore, final formulation
stability is a primary consideration in binder selection. Like all excipients, binders are
generally designed to be “inert;” thus, direct chemical reactions between the functional groups
of binder and drug molecules are relatively rare. More frequently, the interaction involves
impurities that can be introduced into the final drug product by the drug, excipients, or
packaging materials (8). The majority of such impurity-induced incompatibilities in solid
dosage forms can be attributed to a select group of small molecules including water,
electrophiles such as aldehydes, and the often related carboxylic acids and peroxides.

Binder Hygroscopicity and Water Content

Water is well known as a major environmental destabilizing factor for drug products. The
destabilizing interaction may be chemical such as hydrolysis. Examples of physical
interactions involving water are plasticization (lowering glass transition temperatures),
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triggering of recrystallization, tablet hardening or softening, and slower dissolution behavior
(8-11). Water can be found in most drugs and excipients. Water may be associated with solids
in various states including loosely held surface water, intermediate bound water, which is not
freely available, as well as very tightly bound water of crystallization, which can only be
released as part of transition in crystal structure. Water is also the most frequently used solvent
in granulation processing and film coating. Finally adsorption of atmospheric moisture is a
well-known pathway for water to enter finished dosage forms.

Binders with high equilibrium water content and high hygroscopicity (especially if
used in quantities exceeding 5%) can therefore be problematic. The hygroscopicity of various
binders is illustrated in Figure 2. Typically, manufacturing environments are humidity
controlled to be at 50% relative humidity or less. At these levels PVP and NaCMC equilibrium
moisture levels are approximately 18 and 15 weight percent, respectively. Copovidone and
PGS have equilibrium moisture levels of 10%, whereas the remaining cellulose ethers, HPMC,
MC, HPC, and EC are at 5% moisture content or less. Most notably, EC is the least hygroscopic
binder.

Examples of where hygroscopic binders are a problem include reports of tablet softening
and reduction in disintegration time due to excessive moisture uptake by ranitidine tablets
comprising PVP as a wet granulation binder (9). It has been observed that PVP is
predominately in the glassy state at room temperature and at relative humidity below 55°C.
At higher humidities, the glass transition temperature is significantly reduced, resulting in
conversion to the rubbery state where molecular mobility is increased, resulting in hardening
of tablets prepared from glass ballotini and PVP (10). In a further example, Fitzpatrick et al.
(11) reported a significant decrease in dissolution rate for a tablet formulation of a new
chemical entity when wet granulated with PVP and stored at accelerated conditions (40°C and
75% relative humidity). Tablets stored at lower temperatures, for example, 30°C, and 60%
relative humidity and tablets made with HPC as a wet binder remained stable and did not
show the decreased dissolution rate. The change was correlated to a decrease in the glass
transition temperature with increased moisture sorption.

Aldehydes and Carboxylic Acids

Low-molecular weight aldehydes and carboxylic acids are found in many excipients including
sugars, polymers, and unsaturated fats (8). The most common reactive species of concern in
solid dosage forms tend to be formaldehyde and its corresponding acid, formic acid. Table 3
lists typical levels of these impurities for various binders, granulation aids, and tableting
excipients. Others include acetaldehyde, glyoxal, furfural, glyoxalic, and acetic acid.
Carboxylic acids could be introduced because of not only carryover from manufacturing but
also autoxidation of excipients, which, for example, leads to formation of formaldehyde, which

Table 3 Levels of Formic Acid and Formaldehyde in Selected Binders and Tableting Excipients

Level (ppm)
Excipient Supplier Lot Formic acid Formaldehyde
Lactose A 1 1.0 <0.2
Microcrystalline cellulose, 50 um average size D 1 9.3 <0.2
Microcrystalline cellulose, 100 um average size D 2 23.9 0.9
Microcrystalline cellulose, 100 um average size D 3 11.8 1.0
Starch 1500" E 1 3.0 <0.2
Povidone K-25 H 1 3080.3 <0.2
Povidone K-90 H 2 630.0 <0.2
Povidone K-25 | 1 1990.5 0.4
Hypromellose J 1 58.3 11.1
Hypromellose J 2 86.4 15.7
Polyethylene glycol 4000 N 3 14.0 3.6
Polyethylene glycol 400 (0] 2 469.0 85.8

Source: From Ref. 12.
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Table 4 Total Peroxide Content in Selected Excipients

Excipient Number of lots tested Average level (nmol/g)
Povidone 5 7300
Polyethylene glycol 400 4 2200
Polysorbate 80 8 1500
Hydroxypropylcellulose 21 300
Polyethylene glycol solid 4 20
Microcrystalline cellulose 5 <10
Lactose 5 <10

Source: From Ref. 14.

is then further oxidized to form formic acid. The presence of these impurities needs to be
considered in acid-labile drugs as well as drugs with nucleophilic functional groups, for
example, primary and secondary amines and hydroxyl groups (8,12). Formaldehyde and
formic acid have been identified as being of particular concern when using polysorbate,
povidone, and polyethylene glycol (13).

Peroxides

Peroxides are oxidizing materials. They can be found in a number of excipients including
binders. Peroxides occur as “organically” bound peroxide (ROOH), where R is a carbon atom,
or hydrogen peroxide (H,O,), which is the more mobile, freely available, and volatile form.
Peroxides can react directly with drugs sensitive to oxidation as well as generate radicals,
which initiate radical chain reactions, or themselves react with the active ingredient (8,14).

Excipients most often associated with peroxide impurities can be divided into two
general groups, although peroxides may be found in many other excipients, albeit usually at
lower levels. The first group comprises polymeric ethers, including polyethylene glycols,
polyethylene oxides, and polysorbates. In general, only high-molecular weight polyethylene
glycol is occasionally used as a binder, although polysorbates are frequently used as wetting
agents in binder solutions. These polymers frequently have some peroxide content as supplied,
but can also form greater amounts because of autoxidation. Frequently, these materials are
supplied with small amounts of antioxidants added as stabilizers.

The second group chiefly consists of PVP and PVP-related polymers, such crospovidone
and copovidone. PVP-based excipients typically contain relatively high levels of peroxides.
Table 4 lists total peroxide (hydrogen peroxide and organically bound peroxide) for a series of
common tablet binders and related tableting excipients. PVP undergoes autoxidation, and
greater amounts can form under high-shear conditions typical of granulation and tableting (8).
A number of reports correlating drug-excipient incompatibilities to peroxide levels in PVP
have been published (15,16). In the case of raloxifene, peroxide impurities associated with PVP
resulted in the formation of high levels of an N-oxide derivative of raloxifene. Hartauer et al.
(16) were able to identify the critical destabilizing levels of peroxide, thus allowing for a
peroxide limit test that assures product stability. Additionally peroxides can also be formed,
albeit at lower levels, in cellulose ethers such as HPC.

Wettability and Surface Energetics

The ability to wet the porous powder substrate, to penetrate rapidly into the powder bed and
spread across the surfaces of the host particles, and to distribute uniformly throughout the
powder bed is important in granulation process control. Poor wettability and spreadability of
the binder are frequently associated with porous, weak, low-density granules with nonuniform
binder distribution and broad particle size distributions. During the initial wetting and
nucleation phase, the binder fluid disperses mainly by wetting and capillary action. This
crucial stage of granule formation is therefore strongly dependent on formulation and binder
selection. It is the binder fluid characteristics (surface tension, viscosity) and the substrate
characteristics (surface free energy) that determine the interaction between the binder fluid
and the substrate, which can be characterized by substrate surface wetting (contact angles),
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Figure3 Schematic showing wetting, nucleation, consolidation, and granule growth processes. Source: Adapted
from Ref. 19.

Figure 4 Broken PVP bonds within granules of (A) hydrophilic glass beads showing fracture within the PVP
bonding film and (B) hydrophobic glass beads showing adhesive failure at the glass—PVP film interface.
Abbreviation: PVP, polyvinylpyrrolidone. Source: Adapted from Ref. 7.

spreading ability (spreading coefficients) of the binder over substrate, and the resultant
granule characteristics (17,18). Once nuclei are formed, the binder is predominantly dispersed
by the mechanical shear forces of the mixer during the consolidation and growth phases of the
granulation. This phase is mainly dependent on process parameters, the amount of binder
fluid added, and the rheological characteristics of the wet mass (19,20). Depending on
operating shear forces and strength and toughness of wet granules, granule break up and
attrition can occur simultaneously with growth and consolidation in the later stages of a
granulation process. Figure 3 depicts some of these key aspects.

The consequences of good and poor substrate wetting were highlighted in a seminal
study by Cutt et al. (7) and further analyzed by Rowe (17), and are shown in Figure 4A, B. and
Table 5. Aqueous PVP solutions were able to spread easily over hydrophilic glass beads
(positive or high spreading coefficient of the binder over the substrate), resulting in a
continuous and strongly adhering film, which led to strong and dense granules with binder film
bonds at all contact points between substrate particles. In these granules with good adhesion
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Table 5 Properties of Glass Granules with 2.72% Polyvinylpyrrolidone Binder

Glass bead type Friability (%) Strength (load at failure, g)
Hydrophilic 5.2 202
Hydrophobic 13.8 115

Source: From Ref. 7.

between binder and substrate, failure occurs within the binder film or bond (i.e., cohesive
failure) (Fig. 4A). By contrast, in the case of hydrophobically modified glass beads, where the
spreading coefficient of the binder solution over the substrate was negative, no continuous
binder film was formed; rather the binder is distributed in discontinuous “patches” (17). This
leads to a more open and porous granule structure and lower granule strength, as illustrated in
Figure 3 and Table 4. The low binder-substrate adhesion in these weaker granules causes failure
to occur at the interface between the substrate particles and the binder film as illustrated in
Figure 4B.

Wetting Fundamentals
A number of techniques can be used to measure wetting and spreading abilities for binder
solutions to ensure that an appropriate binder is chosen for a particular substrate.

Typically, this involves calculation of surface free energies and the works of cohesion,
adhesion, and spreading (also referred to as spreading coefficient) from measurements of
solution contact angles on the substrate of interest and measurement of the liquid-vapor
surface energy of the wetting liquid, which is usually referred to as surface tension.

The contact angle, 0, is a measure of the affinity of the fluid for a solid as described in the
Young’s equation:

Ysv = Vs1 = Viv €COS ¢

where s, is the solid-vapor surface or interfacial energy, y4 is the solid-liquid surface energy,
and yyy is the liquid-vapor surface energy, which is more commonly referred to as the surface
tension of the liquid. A fluid is said to wet a solid when the contact angle is less than 90°; this
occurs when solid-vapor surface energy exceeds the solid-liquid surface energy. The extent of
wetting is, therefore, determined by 7, cos 0, the product of the binder solution surface tension
and the contact angle, which is known as adhesion tension (18).

Knowledge of the surface energies is important as it allows calculation of the works of
adhesion, cohesion, and spreading. The work of cohesion for a solid can be written as:

W=z,
Similarly for a liquid:

We, =27y,
The work of adhesion for a solid-liquid interface can be written as:

Wa = Ysv + Tiv = Vsl = ylv(l + cos 9)

W, represents the work that is done when a particle adheres to a liquid surface, in the process
replacing air-particle and air-liquid interfaces with a particle-liquid interface.
The work of spreading, also known as spreading coefficient, can be calculated as:

Wy =W, — W, = 7,,(cosf — 1)

The work of spreading represents the work that is done by a liquid spreading over a particle
surface, thereby replacing the particle-air interface with a liquid-air and particle-liquid
interface. In addition, it is possible to divide the respective surface energies into their polar and
dispersive components (17).
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Finally, Hapgood et al. (19) introduced the concept of liquid binder drop penetration
time, t,, as a measure of wetting and powder penetration kinetics for a liquid of viscosity, 7,
where:

_n
Y1y cOS @

Binder fluid drop penetration time can therefore be decreased by ensuring lower solution
viscosity and by maximizing adhesion tension of the binder fluid, which, in practice, requires
selection of a low-viscosity fluid that yields a contact angle as close to 0 as possible. For drop-
controlled nucleation, both a fast (small) drop penetration time and a relatively low spray flux
are required (19). Readers who are interested in a more detailed review and treatment of the
above topics are directed to Refs. 17 to 19 and 21.

Direct measurement of contact angles on nonporous substrate surfaces can be made
using the sessile drop technique and a contact angle goinometer. An important aspect of this
technique is that the substrate needs to be rendered into a nonporous form, which often is done
by sintering, or melting, or alternately forming very hard and smooth compacts by
compression.

Alternatively, the penetration kinetics of liquid into a powder bed can be measured using
the Washburn method (22,23), which has the advantage of mimicking the binder penetration
by capillary action and wetting processes that occur in wet granulation. In this technique,
binder solution uptake by capillary action into a packed column of substrate powder is
measured. The following equations describe this event:

n

t=Am?, A=——"1
" Cp?y,, cosf

where t is the time after the solid and the liquid are brought into contact, m is the mass of the
liquid drawn into the solid, A is a constant dependent on the liquid properties (viscosity #,
density p, the liquid /vapor interfacial surface tension yy, and the solid-liquid contact angle 0),
and C is a material constant dependent on the porous architecture of the powder bed.

Additional techniques include floatation tests where the penetration kinetics of the
substrate into liquid is measured and inverse gas chromatography, which allows calculation of
surface energies by measuring preferential adsorption of various well-characterized probe
gases onto the substrate particles (18).

Wetting Studies as Formulation Tools
Krycer et al. (24) were among early workers to highlight the importance of binder fluid wetting
and spreading abilities over the substrate in relation to granule friability and ultimately
compressed tablet strength and capping tendencies. Studying relative binder efficiencies of
HPMC, PVP, starch, acacia, and sugar for a model acetaminophen system, they concluded that
important factors for optimum granulation included wetting of the substrate by the binder,
binder-substrate adhesion, and binder cohesion. They also investigated the mechanical properties
of binder films in detail. It is important to note that in addition to the surface interactions between
binders and substrates, the mechanical properties of various binders will exert a strong influence
on final granule and tablet strength. Granule and tablet characteristics are therefore a function of
binder-substrate interactions and also mechanical properties of the binder and substrate mixture.
The thermomechanical properties of binders will be discussed in more detail in the Thermal and
Mechanical Properties section of this chapter. Table 6 shows the correlation between wetting
characteristics and the acetaminophen granule friability and tablet crushing strength. In general,
there is a good rank order correlation between the surface tensions, contact angles and spreading
coefficients, and granule friability and tablet strength, the exception being the friability of sucrose
granules, which may be attributable to the significant brittleness of sucrose, which could result in
reduced granule toughness and abrasion resistance.

Using independently measured and calculated values for surface free energies, Rowe (17)
was able to also show good correlation between spreading coefficient and the experimental
data of Krycer et al. (24) (Fig. 5). A practical example where the spreading coefficients were
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Table 6 Properties of 4% (w/v) Binder Solutions and Resultant Granule and Tablet Properties in a APAP Model
System (24)

Surface tension Contact angle Work of spreading ~ Granule Tablet
Binder solution (dyne/cm) on APAP (°)  (dyne/cm) friability index  strength (N)?
Hypromellose 45.2 27.4 -5.07 14.8 180
Acacia 50.6 30.3 —6.92 19.8 162
Sucrose 50.4 32.8 —8.01 87.6 98
Polyvinylpyrrolidone 53.6 42.2 —-13.9 26.5 57
Starch 58.7 47.3 -18.9 45.3 37
Water 70.3 59.6 -110 - -

@Diametral crushing strength for tablets compressed at 120 MPa.
Abbreviation: APAP, acetaminophen.

200
- Granule Friability Index HPMC
175 | |-=-Crushing Strength for Tablets
compressed at 120 MPa Acacia
150
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100 ~
75
50 Starch
25 Figure 5 Relationship between
spreading coefficients calculated by
0 T T T T Rowe and tablet and granule strength
-3 -1 1 3 5 7 data reported by Krycer et al. Source:
Spreading Coefficient (mN/m) Adapted from Refs. 17 and 24.

used to select optimal binder solutions for a particular granulation substrate is illustrated in
Figure 6, which shows spreading coefficients and granule friabilities improving, for two
experimental drug formulations, when PVP solutions are replaced with lower surface tension
HPC solutions. Further improvements occur when water is replaced by a less polar
hydroalcoholic solvent (25).

In a further example of the general applicability of wetting measurements to the selection
of binder solutions, Lusvardi et al. (23) used the Washburn approach to study the wetting
kinetics of selected binders on two low soluble drugs (ibuprofen and naproxen) and correlated
these to final granulation and tablet characteristics. Figure 7 depicts the mass uptake of various
binder solutions into a column packed with ibuprofen powder. The HPC solution rapidly wets
the ibuprofen as shown by the fast rate of adsorption. HPMC solution has an intermediate
adsorption rate while the PVP solution shows only a slight improvement over water, which
was not absorbed at all.

On the basis of the slopes of the uptake profiles and the measured solution characteristics
(viscosity, surface tension, density), the wetting contact angles were calculated for the various
binder solutions. As shown in Table 7, HPC solutions provided the best wetting for both drugs,
followed by HPMC and PVP. Naproxen was perfectly wetted by HPC solutions as indicated by
the contact angle of 0.

Using Zisman’s approach, one can estimate the surface energy of the solid from Young's
equation and the contact angle data (26,27). Figure 8 illustrates this approach. Extrapolating to
a cosine of 1 (cos 0°) provides an estimate of ~40 mN/m for the surface energy of naproxen,
which is consistent with the surface tension measured for HPC solutions. Extrapolating
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Table 7 Binder Solution Wetting Characteristics on Drugs with Different Degrees of Hydrophobicity, Ibuprofen,
and Naproxen

Surface Contact Spreading Contact  Spreading

tension  Viscosity angle on  coefficient for angle on coefficient for
Wetting solution (mN/m)  (cps) ibuprofen  ibuprofen (mN/m) naproxen naproxen (mN/m)
n-hexane 18.4 0.3 0° 0 0° 0
Hydroxypropylcellulose 40.0 2.3 68° —25.0 0° 0
Hypromellose 48.4 1.9 81° —40.8 37° -9.7
Polyvinylpyrrolidone 53.6 1.5 88° —-51.7 63° —29.3
Water 721 1.0 >90° >72.1 85° —65.0

Source: From Ref. 23.
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to 0 (cos 90°) indicates that liquids with surface tensions higher than ~75 mN/m can be
expected to have contact angles greater than 90°, indicating that there will be no spontaneous
wetting or penetration into the powder bed. Modification of the binder fluid through selection
of a binder with lower surface tension or use of a less polar solvent or surfactants is therefore
necessary to ensure good binder distribution.

The relevance of the wetting data to binder performance is shown in Figure 9, where the
tablet strength of wet-granulated ibuprofen and naproxen tablets is plotted as a function of
the calculated spreading coefficients.

The studies reviewed here allow the general conclusion that binder choice is an
important tool in assuring optimal wetting for granulation. The polarity of the binder directly
affects binder solution surface tension, which in turn affects adhesion tension and spread
ability on the substrate. In general, better wetting is assured by choosing lower surface tension
binder solutions. For reference, the surface tensions for common binder-water solutions are
summarized in Tables 6 and 7.
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THE ROLE OF SOLVENT

As indicated, a primary factor in good granulation is the wetting and spreading ability of
the binder over the substrate. One of the obvious ways to modulate these properties is
modification of the solvent composition to influence polarity and wetting properties in the
desired direction. In addition to choosing binders with lower surface tensions, one may add
surfactants to reduce surface tension or alternately add a less polar organic solvent to water or
completely replace the aqueous solution with a less polar, organic solvent. The report of Krycer
et al. (24) was among the first reports that showed improved granule properties by adding a
surfactant to PVP. Their work showed that sodium lauryl sulfate (SLS) addition markedly
improved the spreadability coefficient of the PVP solution and with it granule friability was
also significantly decreased. However, tablet crushing strength was only modestly influenced
(Table 8). Surfactants such as sodium lauryl sulfate or polysorbate are now frequently added to
binder solutions as wetting agents; however, caution needs to be exercised as an excessive film
of surfactant on the granule surface can lead to poor binding. Most surfactants generally have
poor compressibility and binding characteristics.

An alternate approach to modify the surface energies of the binding solution is to
incorporate less polar, organic solvents. Among the frequently used solvents for granulation
are hydroalcoholic solutions of methanol, ethanol, IPA, and acetone.

Figure 6, shown earlier, illustrates the effect of the granulation solvent on the granule
friabilities for two experimental drugs granulated using either PVP or HPC and water or
ethanol/water combinations. It is clear that granule friability decreases markedly as the
spreadability coefficient increases by switching from water to an ethanol:water blend. An
obvious limitation of this approach to enhancing wetting is binder polymer solubility in the
solvent system. For instance, starches and NaCMC are generally not soluble at all in organic
solvents, and MC and HPMC require a minimum of about 10% to 15% water to be soluble in
polar organic solvents such as methanol, ethanol, isopropyl alcohol, and acetone. HPC, PVP,
PVA-PVP, and EC are fully soluble in these solvents. An additional complication that needs to
be considered is that binder solutions with the same binder concentration may vary
considerably in different solvent systems. Table 9 shows the variation in PVP solution viscosity

Table 8 Properties of 4% (w/v) Binder Solutions and Resultant Granule and Tablet Properties for a PVP-
acetaminophen Model System

Work of Granule
Surface tension Contact angle on spreading friability ~ Tablet
Binder solution (dyne/cm) acetaminophen (°) (dyne/cm) index strength (N)?
PVP + sodium lauryl 441 441 -0.9 20.8 58
sulfate (90:10)
PVP + glycerol (90:10) 43.8 40.1 -10.7 255 80
PVP 53.6 42.2 —-13.9 26.5 48

@Diametral crushing strength for tablets compressed at 120 MPa.
Abbreviation: PVP, polyvinylpyrrolidone.
Source: From Ref. 24.

Table 9 Effect of Solvent Composition on PVP Binder Solution Properties and PVP Acetylsalicylic Acid
Granulations and Tablet Strength

Viscosity Surface tension  Wettability Bulk density  Tablet Tablet
Binder solution (cps) (dyne/cm) (rxcosfx 1074 (g/mL) strength (kP)  friability (%)
100% water 67 69.5 41 0.48 6.6 3.5
25% ethanol 194 42.6 12.16 0.44 6 4
50% ethanol 287 33.6 15.9 0.43 5.8 4.6
75% ethanol 240 30.1 18.68 0.425 8 3.4
100% ethanol 186 26.35 16.4 0.42 - 25

Abbreviation: PVP, polyvinylpyrrolidone.
Source: From Ref. 28.
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when the water:alcohol ratio is varied. Similar behavior occurs for most polymers including
HPC and HPMC.

Among the more detailed studies on solvent effects is the study by Wells and Walker
(28). These workers studied the effect of solvent choice on PVP acetylsalicylic acid granulations
by varying the ratios of ethanol and water in the granulation fluid. In somewhat contradictory
fashion, granule bulk density was found to decrease with decreased surface tension (increased
ethanol). However, tablet crushing strength and tablet friability were found to be correlated
with lowest surface tension (100% ethanol). These results would indicate that a lower polarity
and surface tension allow for stronger and denser tablets to be ultimately formed. The authors
also pointed out that aspirin solubility is increased in this optimal solvent range, thus possibly
contributing to bond formation through greater dissolution and recrystallization of aspirin.

THERMAL AND MECHANICAL PROPERTIES

As indicated in section “Stability and Compatibility,” the characteristics of granules and their
resultant tablets are dependent on not only the interaction and surface energies of the binder
solution and the substrate, but also the mechanical properties of the binder films that are
formed around and between the substrate particles. In their seminal study, Krycer et al. (24)
concluded that in addition to having a favorable spreading coefficient on acetaminophen,
HPMC also was a superior film former when compared with PVP, acacia, and starch in that it
produced soft but tough films in relation to those materials. Reading and Spring (29)
investigated these concepts further using MC, PVP, starch, and gelatin as film-forming wet
binders and sand as a hydrophilic, but otherwise inert, substrate. As shown in Table 10, MC
film strength and deformation ability are significantly greater than those of the other binders.
Simultaneously, MC films are softer, showing the lowest Brinell (indentation) hardness. These
properties correlate with significantly larger, less friable granules, and stronger tablets.

The studies of Krycer et al. and Reading and Spring therefore suggest that binders that have
good wettability and also form films with high toughness (toughness is the work of failure as
measured by the area under the stress-strain curve) and high percent elongation at break, which
together are indicators of plastic flow, will likely produce more robust granules and tablets.
However, these studies do not directly address the compaction behavior of tablet binders when
subjected to high-speed, uniaxial compaction, which occurs in commercial tableting.

Figure 10 shows the deformation behavior of pure binder tablets (100% polymer)
when subjected to diametral compression on a universal testing machine. These binder tablets
were prepared by compressing the dry binder powders, of similar fine particle size, on a rotary
press at high speed, thus replicating the strain rates typically encountered by the binder and
other formulation components in commercial tableting presses. HPC exhibits significantly
greater plasticity and toughness (area under the curve) as compared with the other binders,
which uniformly show an increased tendency to undergo brittle fracture. PVA-PVP, MC, and
microcrystalline cellulose (MCC) tablets achieve high peak loads during compression testing,
but these tablets fracture at very low deformation (0.28-0.46 mm). In contrast, HPC tablets do
not show this brittle behavior. The HPC tablets were deformed beyond 2.6 mm without

Table 10 Selected Free Film, Granule, and Tablet Properties for MC, PVP, Gelatin, and Starch
Binders. Sand Was Used as the Binder Substrate. Films Were Dried at 60°C.

Property MC PVP Gelatin Starch
Film tensile strength (MPa) 70 18 27 33
Percent elongation at break 37 5.3 3.1 3.2
Film toughness (J/m® x 10°) 192 8 9 10
Film Brinell hardness, 12% RH (MPa) 7.5 9.17 18.7 15.6
Percent granule friability 5.0 11.0 14.6 20.4
Mean granule size (um) 680 445 365 200
Tablet crushing strength® (kPa) 345 240 200 70

3Tablets compressed at 120 MPa compression force.
Abbreviations: MC, methyl cellulose; PVP, polyvinylpyrrolidone.
Source: Adapted from Ref. 29.
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Table 11 Glass Transition Temperature at Equilibrium Moisture Content as Received, Detected by Modulated
Temperature Differential Scanning Calorimetry

Binder Equilibrium moisture content (%) Glass transition temperature (°C)
Hydroxypropylcellulose 3.2 —2.6
Methyl cellulose 4.7 145
Hypromellose (type 2910) 3.1 160
McC 4.9 ~105
Copovidone 4.8 101
Polyvinylpyrrolidone 8.0 164

Source: Adapted from Ref. 30.
Abbreviation: MCC, microcrystalline cellulose.

fracturing, while absorbing applied energy, providing much greater toughness. Relative to the
other materials tested, the HPMC and PVP tablets were the least deformable and fractured at
low peak loads.

The greater toughness and deformability of HPC also coincides with higher
thermoplasticity as measured by thermal analysis. In contrast to other polymers, HPC at a
typical equilibrium moisture content (~3%) exhibited a high-intensity glass transition in the
low temperature range (—3-0°C) (Table 11) (30,31). Increased molecular mobility and plasticity
are generally associated with lower glass transition. Overall, these results confirm a higher
state of plasticization for HPC in relation to the other binders.

Consistent with the results for pure polymer tablets and the earlier reports on binder film
mechanical properties, Joneja et al. (32) showed that for wet-granulated acetaminophen
formulations, binder toughness and a high degree of plastic flow were key determinants in
assuring robust tablets. They studied four binders, HPC, MC, PVP, and PGS, at 6% use levels.
HPC yielded stronger, more deformable, and therefore tougher tablets. The differences in
terms of tablet friability and strength were further accentuated when the tablet press speed
was increased to simulate the speeds typically encountered in commercial production (Figs. 11
and 12). Further studies evaluated whether comparable properties could be achieved by
varying the various binder levels.

It is notable that the results from this study are consistent with the studies of Krycer et al.
(24), as also Lusvardi et al. (23) discussed in section “Stability and Compatibility,” and also
correlate with the results of Reading and Spring (29) indicating that binder performance rank
order can be predicted on the basis of thermal and mechanical properties such as binder
plasticity and toughness.
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Figure 12 Tablet strength and toughness for wet-granulated acetaminophen tablets comprising 6%
hydroxypropylcellulose, methyl cellulose, polyvinylpyrrolidone, or pregelatinized starch binder. Tablets were
compressed on a Manesty Betapress at 37.5 rpm turret speed at 15 kN compression force. Tablet strength and
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However, it is important to recognize that the results also correlate well with measures of
binder wettability and spreading such as aqueous surface tensions, binder solution contact
angles on the substrate, and spreading coefficients. It is not possible to easily separate the
contributions of surface interaction from those of the inherent mechanical properties of the
binders. However, on the basis of the consistent evidence from binder studies involving a
variety of substrates, one can conclude that both binder solution-substrate wetting and the
mechanical and compressive properties of the binder and binder films are key determinants of
granule properties such as density and strength, as well as tablet strength and robustness.
Furthermore, it is clear that significant differences exist among currently available binders in
terms of functionality, in particular wettability and surface tension, plasticity, and toughness.

REGULATORY ACCEPTANCE AND SUPPLIER RELIABILITY
Formulators and scientists are generally well attuned to focusing on technical aspects of a
formulation development project, but regulatory acceptance and supplier reliability for the
binders and formulation components that one chooses to work with are just as important to
assure project success.

It is sometimes not appreciated that most excipients including binder polymers are
manufactured in large chemical plants, rather than pharmaceutical manufacturing
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environments. Apart from the massive difference in scale compared with typical pharmaceu-
tical manufacturing (a typical binder lot size may be 20-30,000 kg), it is also important to
understand that similar polymer grades may also be manufactured for industrial use.
Frequently, pharmaceutical grades represent only a small portion of the output of a typical
polymer plant. When working with a particular binder or excipient in general, it is therefore
important to ensure that the chosen supplier has the necessary excipient GMP manufacturing
capabilities and has an audit history with the FDA or similar authorities. It should also
be understood that excipient GMP differ from drug product manufacturing GMP or API
manufacturing.

In terms of choice of binders it is important to work with materials that are well
established as pharmaceutical excipients with established pharmacopeial monographs. Ideally
the binder will be represented in all the major pharmacopeias, that is, USP/NF, Ph. Eur., and
JP. For nutritional supplements it is also important that the binder has a monograph in the
Food Chemicals Codex, or that the binder has GRAS status or is listed as a direct food additive
by FDA or the relevant authorities in the country of interest. It is then also important for the
formulator to ensure that the particular grade chosen to work is compliant with the relevant
monographs and standards.

Last, to comply with the directives on quality by design, it will be important for the
scientist to test the impact of varying the excipient quality parameters within and sometimes
outside the specification limits. This is best accomplished by working with three to five lots of
the chosen binder at an early stage to elucidate critical functional differences. Frequently,
suppliers will also accommodate requests for samples made at the specification or process
limits. Where possible and if available, it can also be useful to study multiyear lot histories for
the various quality parameters.
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INTRODUCTION
Spray drying is one of the oldest forms of drying and one of the few technologies available for
the conversion of a liquid, slurry, or low-viscosity paste to a dry solid (free-flowing powder) in
one unit operation (1).

Figure 1 shows a general spray drying process schematically. The simplicity and flexibility
of the spray drying process make it ideal for handling a wide variety of pharmaceutical products.

Background

The first detailed description of the drying of products in spray form was mentioned in a
patent of 1872 entitled “Improvement of Drying and Concentration Liquid Substances by
Atomizing” (2). However, this process found its first significant applications in the milk and
detergent industries in the 1920s (3). In current times, spray drying is utilized extensively in
many aspects of our daily life, from food products, cosmetics, and pharmaceuticals to
chemicals, fabrics, and electronics. Typical pharmaceutical examples include spray-dried
enzymes (such as amylase, protease, lipase, and trypsin), antibiotics (such as sulfathiazole,
streptomycin, penicillin, and tetracycline) and many other active pharmaceutical ingredients,
vitamins (such as ascorbic acid and vitamin B12), and excipients for direct compression (such
as lactose, mannitol, and microcrystalline cellulose). A recent review article has reported the
advances in spray drying technology and its applications (4).

Advantages and Limitation
There are several reasons why the technology of spray drying has found many applications in
numerous industries. It is a continuous process. As long as liquid feed can continue to be
supplied to the drying system, the spray-dried product will continue to be produced. In some
instances, this process has been operated for months without interruption. The physical
properties of the resulting product (such as particle size and shape, moisture content, and flow
properties) can be controlled through the selection of equipment choices and the manipulation
of process variables. The actual spray drying process is almost instantaneous as the major
portion of the evaporation takes place in as short time as milliseconds or a few seconds,
depending on the design of the equipment and process conditions. This makes spray drying
well suited for heat-sensitive products. In addition, corrosive and abrasive materials can be
readily accommodated because the contact between the mechanical parts and materials is
minimal as compared with other granulation processes. Also, spray dryers have few moving
parts. In fact, careful selection of various components can result in a system having no moving
parts in direct contact with the product. Operation requirements of small and large dryers are
the same. This makes spray drying a labor cost-effective process, especially for high-volume
products. Last, the spray drying process can be fully automated. Commercial-scale spray
dryers are controlled by programmable logic controllers (PLCs) or solid-state controllers.
These control systems monitor exhaust air temperature or humidity and provide an input
signal that, by way of a set point, modulates the energy supplied to the process (5).

Like all other granulation processes, spray drying also has some limitations. For example,
it is not typically well suited for producing granules with mean particle size less than 200 pm
as shown in Figure 2. It also has poor thermal efficiency at lower inlet temperatures, and the
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Figure 1 A schematic representation of a general spray drying process with primary and secondary product
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Figure 2 Range of mean particle sizes achievable by control of atomizer operation at low to medium feed rates.

exhaust air stream contains heat, which often requires sophisticated heat exchange equipment
for removal.

SPRAY DRYING PROCESS STAGES

The spray drying process is carried out in three fundamental stages as shown schematically
in Figure 3. The first stage is atomization of a liquid feed into fine droplets. In the second
stage, spray droplets mix with a heated gas stream, and the dried particles are produced by
the evaporation of the liquid from the droplets. The final stage involves the separation of the
dried powder from the gas stream and collection of this powder in a chamber. The second
stage (i.e., the mixing and drying step) has also been considered as separate steps (6). The
following section details each of these stages, their process parameters, and related equipment
details.
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Figure 3 Schematic of spray drying process shown in stages: stage 1: atomization; stage Il: spray-air contact

and evaporation; and stage llI: product separation. Source: Adapted from Ref. 6.

Atomization

Atomization is the process by which a liquid is disintegrated into many fine droplets. The
formation of a spray with high surface/mass ratio is highly critical for optimum liquid
evaporation conditions and, consequently, the desired properties of the resulting product.
Although ideally the sizes of all droplets should be the same, in practical terms, formation of

droplets with a narrow size distribution would be satisfactory.

Atomizer Types and Designs

Formation of the atomized spray requires application of a force. The commercially available
systems employ one of the following in order to create an atomized spray: centrifugal energy,

pressure energy, kinetic energy, or sonic energy and vibrations.
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Figure 4 Common rotary atomizers (courtesy GEA
Pharma Systems).

Centrifugal atomizers. Centrifugal atomizers utilize either a rotating disk or wheel to
disintegrate the liquid stream into droplets (7). Examples of rotary atomizers are shown in
Figure 4. These devices form a low-pressure system, and a wide variety of spray characteristics
can be obtained for a given product through combinations of feed rate, atomizer speed, and
atomizer design. The droplet size distribution is fairly narrow for a given method and process
conditions but the mean droplet size can be varied from as small as 15 pm to as large as
250 pm, depending on the amount of energy transmitted to the liquid. Larger mean sizes
require larger drying chamber diameters. Wheels are well suited for producing sprays in the
fine to medium-coarse size range while disks are used to produce coarse sprays.

Rotary atomizers normally operate in the range of 5000 to 25,000 rpm with wheel
diameter of 5 to 50 cm. The mean size of the droplet produced is inversely proportional to the
wheel speed and directly proportional to the feed rate and its viscosity. Solid content and
surface tension are other factors having minor effects on the droplet size. For example, an
increase in feed rate may slightly increase the particle size, but the use of a variable-speed
drive on the centrifugal atomizer facilitates correction to the specified size.

Centrifugal atomizer designs include wheels with vanes or bushings and vaneless disks.
Vaned atomizer wheels produce sprays of high homogeneity and are the most commonly
used as compared with other designs. In this type of atomizer, liquid fed onto a wheel moves
across the surface until contained by the rotating vane. The liquid flows outward under the
influence of centrifugal force and spreads over the vane, wetting the vane surface as a thin
film. At very low liquid vane loadings, the thin film can split into streams. No liquid slippage
occurs on a wheel once the liquid has contacted the vanes. Whether radial or curved, the
vanes prevent transverse flow of liquid over the surface. Abrasive materials are best handled
using atomizer wheels with bushings. Since the feed material is in direct contact with rotating
parts, the bushings feature wear-resistant surfaces and require additional maintenance.
Vaneless (disk) designs are often applied when coarse powders are required at high
production rates.

Bulk pharmaceutical excipients and fine chemicals, such as antacids, are often produced
using centrifugal atomizers. The particles produced by this technique are generally free
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flowing and, unless intentionally produced with very fine atomization, dust free. The porous
structure of the particles provides increased solubility, and the relatively low density and
friability of these particles result in generally good compaction properties. Also, the batch-to-
batch reproducibility and dryer-to-dryer transferability of this technique are excellent. As
mentioned earlier, if larger spray-dried particles are desired, larger production drying
chambers must be employed.

Kinetic energy nozzles. Kinetic energy is applied in the form of two-fluid or pneumatic
atomization. This is the most commonly used atomization technique within the pharmaceu-
tical industry. Here, atomization is accomplished by the interaction of the liquid with a
second fluid, usually compressed air. High air velocities are generated within the nozzle for
effective feed contact, which breaks up the feed into a spray of fine droplets. Neither the
liquid nor the air requires very high pressure, with 200 to 350 kPa being typical. A typical
two-fluid nozzle is shown in Figure 5. Particle size is controlled by varying the ratio of the
compressed airflow to that of the liquid. The main advantage of this type of atomization is
that the liquid has a relatively low velocity as it exits the nozzle; therefore, the droplets
require a shorter flight path for drying. Because many pharmaceutical applications use
relatively small spray dryers, pneumatic nozzles are often used. Another advantage is the
simple design that lends itself to easy cleaning, sterile operation, and minimal contamination.
Pneumatic nozzles can be designed to meet the most stringent requirements for sterile or
aseptic applications. Special consideration must be given to supplying a sterile source of
compressed air for atomization.

Another type of kinetic energy nozzle is the three-fluid nozzle. The spray characteristics
obtained by two- and three-fluid nozzles are similar when atomizing low-viscosity feeds at up
to intermediate feed rates. Use of the second air stream with three-fluid nozzles causes a waste
of energy, except for high feed rates of low-viscosity feeds.

Pressure nozzles. The second most common form of atomization for pharmaceutical
applications is hydraulic pressure nozzle atomization. Here the feed liquid is pressurized by
a pump and forced through a nozzle orifice as a high-speed film that readily disintegrates into
fine droplets. The feed is made to rotate within the nozzle, resulting in a cone-shaped spray
pattern emerging from the nozzle orifice. Rotary motion within the nozzle can be achieved
by use of swirl inserts or spiral grooved inserts (Fig. 6). The swirl inserts have comparatively
larger flow passages and enable such nozzles to handle high-solid feeds without causing any
wear or clogging.

Because the liquid spray exits the nozzle with a relatively high velocity, a spray drying
chamber of at least 2.5 m in diameter and 3.0 m in cylinder height is usually required to
operate with pressure nozzles.

The differential pressure across the orifice determines the mean droplet diameter.
The distribution about the mean is similar to, but in most cases is narrower than, two-fluid
atomization. In contrast, sprays from pressure nozzles handling high feed rates are generally less
homogeneous and coarser than sprays from vaned wheels. At low feed rates, spray
characteristics from nozzles and wheels are comparable. Mean size of spray is directly
proportional to feed rate and inversely proportional to pressure.

Pressure nozzles are generally used to form coarse spray-dried particles (120 to 300 pm
mean particle size) with good flow properties. Antibiotics are a typical application for such a
dryer.
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Sonic energy atomizers. The use of sonic energy and vibrations for atomization in spray
drying has found growing interest in the last two decades. However, this type of atomizer has
not yet found significant commercial applications. The advantages of sonic nozzles operating
at low pressure and having wide flow channels suggest they may be suitable for abrasive and
corrosive materials, but it is most likely that sonic nozzles will continue to be developed as
atomizers for special applications, such as very fine sprays of mean size 20 pm, where the
nature of the spray angle and cone minimizes droplet coalescence (8).

Atomizer Selection
The function of any atomizer is to produce as homogeneous a spray as possible. The nature of
the feed, the characteristics of the spray, and the desired properties of the resulting dried
product play very important roles in the selection of the atomizer type. With proper design
and operation, nozzles and rotary atomizers can produce sprays having similar droplet size
distribution. In all atomizer types, the size of droplets can be altered by either increasing or
decreasing the atomization energy (e.g., increased atomization energy results in smaller
droplet size). For a given amount of energy, the viscosity and surface tension values of the feed
influence the size of the droplet (e.g., higher values of these feed fluidity properties result in
larger spray droplets).

In general, rotary atomizers are utilized to produce a fine to medium-coarse product with
a mean size of 20 to 150 um, although larger spray-dried particles can also be obtained if a very
large drying chamber is used. Nozzle atomizers are used to produce spray-dried product with
a coarse mean particle size of 150 to 300 pm (9).

For a given spray drying application, the selection between rotary and nozzle atomizers
involves the following considerations (10):

The feed capacity range of the atomizer for which complete atomization is attained,
Atomization efficiency

The droplet size distribution at identical feed rates

Spray homogeneity

The operational flexibility

The suitability of dryer chamber design for atomizer operation

Feed properties

The atomizer experience available for the product in question

PN LN =
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Spray-Air Contact and Evaporation

Once the liquid is atomized, it must be brought into intimate contact with the heated gas for
evaporation to take place equally from the surface of all droplets. This contact step takes place
within a vessel called the drying chamber. The heated gas is introduced into the chamber by an
air dispenser, which ensures that the gas flows equally to all parts of the chamber.

Spray-Air Contact
The way in which spray contacts the drying air is a critical factor in spray drying operations.
Spray-air contact is determined by the position of the atomizer in relation to the air inlet.

Inlet air is introduced to the drying chamber via an air disperser, which uses perforated
plates, or vaned channels through which the gas is equalized in all directions. It is critical that
the air entering the disperser is well mixed and has no temperature gradient across the duct
leading into it; otherwise, the drying will not be even within the chamber. The air disperser is
normally built into the roof of the drying chamber and the atomization device is placed in or
adjacent to the air disperser. Thus, instant and complete mixing of the heated drying gas with
the atomized clouds of droplets can be achieved.

Spray droplet movement is classified according to the dryer chamber layout and can be
designated as cocurrent, countercurrent, or mixed flow, although this designation is not a true
representation of actual conditions.

1. Cocurrent flow is the configuration in which the spray and drying air pass through
the dryer in the same direction. This arrangement is widely used and is ideal for heat-
sensitive products. Spray evaporation is rapid, the drying air cools accordingly, and
overall evaporation times are short. The particles are not subject to heat degradation.
In fact, low-temperature conditions are achieved throughout the entire chamber in
spite of very hot air entering the chamber.

2. Countercurrent flow is the configuration in which the spray and air enter at the
opposite ends of the dryer. This arrangement has excellent heat utilization.
Countercurrent flow is used with nozzle atomization and is well suited for meeting
the final spray-dried properties of non-heat-sensitive materials.

3. Mixed flow is the configuration in which both co- and countercurrent flows are
incorporated. The advantage of this type of arrangement is that coarse free-flowing
products can be produced in relatively small drying chambers. In mixed-flow
systems the powder is subjected to higher particle temperature. A mixed-flow system
can be integrated with a fluid-bed drying chamber when lower particle temperatures
are necessary.

The spray-air contact design can be selected according to the required particle size and the
temperature to which the dried particle can be subjected. For example, if a low product
temperature must be maintained at all times, a cocurrent rotary atomizer is selected for
producing fine particles while a countercurrent pressure atomizer is preferred for obtaining
coarser particles. If coarse particles with predetermined porosity and bulk density properties
are desired, a countercurrent pressure nozzle atomizer is well suited as high product
temperature can be maintained for obtaining the desired porosity and bulk density of the
resulting product. For obtaining coarse spray-dried particles of heat-sensitive materials, a
mixed-flow nozzle system can be selected. Integration with a fluid bed is recommended for
agglomerated or granulated powders.

Drying

The largest and most obvious part of a spray drying system is the drying chamber. This vessel
can be tall and slender or have a large diameter with a short cylinder height. Selecting these
dimensions is based on two-process criteria that must be met. First, the vessel must be of
adequate volume to provide enough contact time between the atomized cloud and the heated
gas. This volume is calculated by determining the mass of air required for evaporation and
multiplying it by the gas residence time, which testing or experience dictates.



Spray Drying and Pharmaceutical Applications 105

The second criterion is that all droplets must be sufficiently dried before they contact a
surface. This is where the vessel shape comes into play. Centrifugal atomizers require larger
diameters and shorter cylinder heights. In contrast, nozzle atomizer systems must have
narrower and taller drying chambers. Most spray dryer manufacturers can estimate, for a
given powder’s mean particle size, what dimensions are needed to prevent wet deposits on the
drying chamber walls.

Drying Gas

In pharmaceutical applications of spray drying, the feedstock can be prepared by suspending
or dissolving the product to be spray-dried in water. However, the utilization of a wide variety
of organic solvents in feedstock preparations is also common. Alcohols, such as ethanol,
methanol, and isopropanol, are preferred organic solvents in spray drying of pharmaceuticals,
although other organic solvents such as ketones are also used in other industries; often the
synthesis process upstream from the drying step determines the solvent selection. The drying
characteristics of the solvents are also important. For example, a solvent with a low boiling
point may be the only choice for heat-sensitive materials.

Although evaporating organic solvents by a spray drying process is very efficient
because of the resulting shorter residence time, as compared with the evaporation of water, the
risk of explosion makes the use of these solvents very hazardous. Therefore, an inert gas,
usually nitrogen, instead of air must be used as drying gas for the evaporation of the solvents.
Use of inert gas requires the use of a closed-cycle system for spray drying to recover the
solvent and to limit the gas usage. However, for small drying tests and laboratory work,
the nitrogen can be used without recirculation, using a carbon bed on the exhaust gas to collect
the solvent.

Dried Powder Separation
Powder separation from the drying air follows the drying stage. In almost every case, spray
drying chambers have cone bottoms to facilitate the collection of the dried powder.

Two systems are utilized to collect the dried product. In the first type of system, when
coarse powders are to be collected, they are usually discharged directly from the bottom of the
cone through a suitable airlock, such as a rotary valve. The gas stream, now cool and containing
all of the evaporated moisture, is drawn from the center of the cone above the cone bottom and
discharged through a side outlet. In effect, the chamber bottom is acting as a cyclone separator.
Because of the relatively low efficiency of collection, some fines are always carried with the gas
stream. These must be separated in high-efficiency cyclones followed by a wet scrubber or in a
fabric filter (bag collector). Fines collected in the dry state (bag collector) are often added to the
larger powder stream or recycled. When very fine powders are being produced, the side outlet
is often eliminated and the dried product together with the exhaust gas is transported from the
chamber through a gooseneck at the bottom of the cone. The higher loading of entrained
powder affects cyclone design but has little or no effect on the bag collector size.

In the second type of system, total recovery of dried products takes place in the
separation equipment. This type of system does not need a product-conveying system;
therefore, the separation efficiency of the equipment becomes very critical. Separation of dried
product from air influences powder properties by virtue of the mechanical handling involved
during the separation stage. Excessive mechanical handling can produce powders with a high
percentage of fines.

PROCESS LAYOUTS

The most widely used spray drying process layout is open-cycle layout in which the air is
drawn from the atmosphere, passed through the drying chamber, and exhausted back to the
atmosphere. This layout is used for aqueous feedstock and employs air as the drying gas.
There are numerous variations of open-cycle layout systems, two of which are common in
pharmaceutical applications (Fig. 7) (11). The most common and cost-effective layout utilizes a
high-efficiency cyclone and scrubber (Fig. 7A). In this layout, the loss of very fine particles to
atmosphere cannot be prevented. If the desired particle size of the spray-dried product is too



106 Gelik and Wendell

: M
4‘ 5 2 A.
a—> 1] 3 | Cyclone/
Scrubber
—
1

B.
‘l Bag Filter

by

p

Figure 7 Typical layout of the open-cycle spray dryer system: (A) cyclone/scrubber and (B) bag filter. a, air;
f, feed; p, spray-dried product. 1, spray dryer chamber; 2, cyclone; 3, wet scrubber; 4, bag filter/collector. Source:
Adapted from Ref. 11.
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Figure 8 Typical layout of the closed-cycle spray dryer system. Abbreviations: ¢, coolant (diluent); f, feed;
I, solvent recovery; p, spray-dried product; 1, dried powder; 2, cyclone; 3, liquid-phase indirect heater; 4, heat
exchanger; 5, scrubber-condenser. Source: Adapted from Ref. 12.

small to be recovered by cyclone and scrubber systems, then the use of a layout employing a
bag filter is recommended (Fig. 7B).

Closed-cycle layouts are mainly used for nonaqueous (i.e., organic solvents) feedstock
and generally require the use of inert gas as the drying medium. They are also employed when
flammable, explosive, or toxic products are used in the spray drying process or atmospheric
pollution is not permitted. Figure 8 illustrates the flow diagram of a closed-cycle layout
schematically (12). These systems require a good control of the scrubbing-condensing stage at
precise temperatures.

In addition to open- and closed-cycle systems, there are semiclosed-cycle layouts that
are not strict in terms of type of drying medium and are operated under slight vacuum
conditions.
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THEORY OF SPRAY DRYING FUNDAMENTALS

Droplet Formation

Rotary Atomizer

During rotary atomization, bulk liquid feed is accelerated to a high centrifugal velocity.
During this acceleration, the liquid feed forms a thin film over the rotating surface. For
smooth disk atomizers, the film or liquid feed disintegrates into droplets at the edge of the
wheel by one of three mechanisms: (i) direct droplet formation, (ii) ligament formation, and
(iii) sheet formation, as shown in Figure 9, respectively. The type of droplet formation
mechanism that occurs during processing is a function of the surface tension and viscosity of
the feed as well as the wheel speed and feed rate (13). Direct droplet formation occurs at low
wheel speeds when surface tension and viscosity dominate the atomization mechanism. The
other variables that could potentially affect direct droplet formation are inertia and air
friction. However, because of liquid slippage on the surface of the wheel, inertia is limited
and the low release velocities minimize air friction effects, so that the effect of these
variables is minimized at low wheel speeds. As wheel speeds and feed rates increase,
the amount of feed in each vane increases giving rise to ligaments instead of droplets on the
periphery of the wheel. These ligaments disintegrate into droplets with larger droplets
forming from feeds with higher viscosity and higher surface tension. While the first two
atomization mechanisms are partially controlled by the physical properties of the feed, sheet
formation is a result of inertial forces becoming predominant over these properties. At high
wheel speeds and feed rates, the ligaments join to form a liquid sheet that extends beyond
the edge of the wheel. The liquid sheet disintegrates into a broad droplet distribution as it
extends from this edge. To produce a narrow droplet distribution from this mechanism, high
wheel speeds are combined with low wheel loading, which is often achieved with a
decreased feed rate.

In contrast, a vaned wheel directs the flow of the liquid feed across the surface of an inner
liquid distributor in which liquid slippage over the surface of the distributor occurs until there
is contact with the vane or channel. The feed then flows outward because of centrifugal force
and forms a thin film across the surface of the vane. As the liquid film leaves the edge of the
vane, droplet formation occurs as a result of the radial and tangential velocities experienced.
Atomizer wheel characteristics that influence droplet size include speed of rotation, wheel
diameter, and wheel design, for example, the number and geometry of the vanes.

Two-Fluid Nozzle
Using the two-fluid nozzle type, also referred to as a pneumatic nozzle, atomization is
achieved by impacting the liquid feed with high-velocity air, which results in high frictional

(A)

Figure 9 Smooth disk atomizer droplet formation mechanisms:
(A) direct droplet formation, (B) ligament formation, and (C) sheet
formation. Source: Adapted from Ref. 13.
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forces that cause the feed to disintegrate into droplets. To achieve optimal frictional conditions,
this high relative velocity between liquid and air can be accomplished by either expanding the
air to sonic velocities or destabilizing the thin liquid film by rotating it within the nozzle prior
to spray-air contact.

There are several two-fluid nozzle designs available to produce the conditions necessary
for liquid-air contact. A common design is one in which the liquid and air come into contact
outside the nozzle. This nozzle is often referred to as an external mixing nozzle and its main
advantage is the greater control available over the atomization through the independent
control of both the liquid and air streams. Other two-fluid nozzle designs include: (a) an
internal mixing design with the air and liquid contacting within the nozzle head, (b) a
combined internal-external mixing design created by using two airflows in the nozzle head
(also called three-fluid), and (c) a pneumatic cup design with liquid-air contact occurring at the
rim of a rotating nozzle head.

In general, two-fluid nozzles are capable of producing small droplet sizes over a wide
range of feed rates. These droplets are then carried away from the nozzle by the momentum of
the spray and the expanding atomizing air. The most important variable involved in the
control of droplet size is the mass ratio of airflow to feed rate, which is also known as the air-to-
feed ratio. An increase in this ratio causes a decrease in droplet size. This ratio generally ranges
from 0.1 to 10. At ratios approaching 0.1, atomization is difficult even for low-viscosity feeds
while a ratio of 10 approaches the limit above which atomization occurs using excess energy
without an appreciable decrease in particle size (14).

Sprays formed by two-fluid nozzles are symmetrical with respect to the nozzle axis and
have a cone-shaped pattern. The angle of this cone is called the spray angle and, for two-fluid
nozzles, it is narrow and cannot be varied greatly by adjusting the air-to-feed ratio. The
maximum spray angle available is 70° to 80°, which can be obtained by employing the
maximum feed rate and airflow in a high-throughput nozzle. In general, an increase in air
pressure will increase the spray angle if the feed rate is maintained at a constant level as long
as the maximum angle has not been obtained. Spray angles are maintained if an increase in
airflow is accompanied by an increase in feed rate resulting in a similar air-to-feed ratio.

Droplet Drying Mechanisms

Evaporation of water from a spray is often characterized using a curve that describes the
change in drying rate as a function of time. This drying rate curve or evaporation history is a
function of temperature, humidity, and the transport properties of the droplet formulation, as
well as the air surrounding the droplet. However, many characteristics of droplet evaporation
can be characterized using a general drying rate curve (Fig. 10).

Drying Rate

Initial Constant Rate Falling Rate
Period Peried : Period

Time

Figure 10 General drying rate curve. Source: Adapted from Ref. 16.
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The general drying rate curve has three main phases: an initial drying phase, a phase in
which the rate of drying is mainly constant, and a final phase during which the rate of
drying decreases (falling-rate phase) (15). During the main phase, the removal of
moisture from the droplet is at a near-constant rate representing the highest rate achieved
during the evaporation history. This constant evaporation rate results in a near-constant
droplet surface temperature with the wet bulb temperature representing the droplet
temperature. During this phase, the majority of the droplet moisture is removed. The
droplet surface is maintained at saturation by moisture migration from within the droplet
to the surface. In contrast, during the falling-rate phase, the rate of moisture migration is
rate-limiting to the drying rate causing a decrease in the overall rate of drying. The
surface moisture content is no longer maintained and the droplet temperature rises.

The general drying rate curve is directly applicable to the spray drying process. The
initial drying phase begins during the spray-air contact phase immediately upon contact of the
droplet with the drying air. During this initial phase, as the drying rate increases toward
equilibrium, a slight increase in droplet surface temperature occurs. The drying rate continues
to increase until equilibrium across the droplet-air interface is established and the drying rate
becomes constant. In the later phase, the solid layer of the spray-dried particle becomes rate
limiting to mass transfer and drying rate decreases. The evaporation rate continues to decrease
until the droplet reaches equilibrium moisture content with the surrounding air stream unless
the product is removed from the spray dryer before equilibrium moisture content is reached.
In addition, all evaporation histories, regardless of material type or spray dryer configuration,
have two main points in common: the majority of the evaporation is completed in an extremely
short time interval, usually less than 1.5 seconds, and the temperature of the drying air
decreases rapidly during evaporation.

While the general evaporation history is representative of the processes occurring during
spray drying, the actual rate of moisture migration is affected by several factors including the
temperature of the surrounding air. If the inlet temperature is so high that the evaporation rate
is higher than the moisture migration rate needed to maintain surface wetness, then the
constant-rate drying phase is very short. This is because a dried layer forms instantaneously at
the droplet surface that acts as a barrier to additional moisture transfer and retains moisture
within the droplet causing the surface temperature to be much higher. In contrast, lower inlet
temperatures actually yield a lower initial drying rate with a surface temperature equal to wet
bulb temperature for a longer period of time.

It is important to note that the drying curve is only representative. In reality, there are no
defined points during an evaporation history. Some phases may not even occur or will be very
short depending on the process conditions. One example of this is a spray drying process for a
heat-sensitive material where the inlet temperature is low. In this case, the initial phase may
extend until a critical point where moisture migration becomes rate limiting, effectively
eliminating the constant-rate drying period. In reality, the actual evaporation rate is dependent
on several factors including the droplet shape, composition, physical structure, and solid
concentration. The actual drying time is a sum of the constant-rate period and the falling-rate
period until a desired moisture content is achieved.

Effect of Formulation on Droplet Drying Mechanisms

Droplet composition also plays a significant role in droplet evaporation history. Typically,
sprays are differentiated into three main types: pure liquids, feeds containing undissolved
solids, and feeds containing dissolved solids (17).

Pure Liquid Sprays

For sprays comprised of pure liquids, the droplet evaporates away completely. While this type
of spray is not useful for pharmaceutical formulations, its behavior is representative of very
dilute feed materials. The evaporation of pure liquids is dependent upon the dryer
configuration. For low-velocity sprays in a low-velocity air stream (countercurrent dryer) or
for low-velocity sprays in a high-velocity air stream (cocurrent dryer), the evaporation of the
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pure liquid spray causes the air temperature and evaporation rate to decrease. Pure liquid
sprays having a wide droplet distribution evaporate more quickly than narrow distributions
having the same mean droplet size because of the smaller droplets in the wide distribution. In
addition, the size distribution of the droplet changes during evaporation. If the initial spray is a
homogeneous or very narrow distribution, the mean droplet diameter decreases during
evaporation. In contrast, if the initial spray is nonhomogeneous or a wide distribution, then the
mean droplet diameter initially increases prior to decreasing. In general, a distribution is the
best representation of a spray since the mean of this distribution may not adequately describe
all characteristics of the distribution. For dryer configurations of high relative velocities such as
coarse atomization in cocurrent or fountain-type dryers, the droplets travel farther before a
given fraction is evaporated. The relative velocity between droplet and drying air affects
evaporation rates more significantly at higher velocities and higher drying temperatures.

Feeds Containing Insoluble Solids

For droplets containing insoluble solids, the droplet temperature is equal to the wet bulb
temperature of the pure liquid droplet during the constant-rate phase since insoluble solids
have negligible vapor pressure lowering effects. The total drying is the sum of the two drying
periods. The drying time for the first period is short compared with the falling-rate period. The
falling-rate period depends on the nature of the solid phase and can be estimated given the
specific gravity of the feed slurry, the density of the dried product, and the thermal conductivity
of the gaseous film around the droplet, where gaseous film temperature is the average between
the exhaust temperature and droplet surface temperature. The droplet surface temperature is
equal to the adiabatic saturation temperature of the suspension spray.

Feeds Containing Dissolved Solids

Droplets containing dissolved solids have lower evaporation rates than pure liquid droplets of
equal size. The dissolved solids decrease the vapor pressure of the liquid, thus reducing the
driving forces for mass transfer. Drying results in the formation of a solid crust on the droplet
surface, which does not occur for pure liquid droplets. Vapor pressure lowering causes droplet
temperature to increase over wet bulb temperature from the previous two examples. Formation
of dried solid during evaporation has a significant effect on the subsequent evaporation
history. During evaporation, spray-air contact and constant-rate period occur but may be
shorter. The main effect of dissolved solids is seen when the first period of drying ends and
droplet moisture content falls to critical value representing the formation of the solid phase on
the surface. During the falling-rate period, the migration of moisture decreases because of
resistance to mass transfer caused by increasing solid phase. Lastly, the heat transfer is greater
than the mass transfer and the droplet temperature increases. Vaporization of the moisture
within the droplet during this phase may occur if the transfer is sufficiently high.

The relationship between mass transfer and heat transfer for droplets containing
dissolved solids can lead to the formation of many different particle morphologies depending
on process conditions and material characteristics. Charlesworth and Marshall (18) have
defined these morphologies as falling into two groups dependent on the temperature of the
drying air relative to the boiling point of the droplet solution during the majority of the
evaporation period (Fig. 11).

If the air temperature exceeds the boiling point of the droplet solution, then a vapor will
be formed. As the solid crust forms around each droplet, vapor pressure within the droplet is
formed and the resultant effect of this pressure is dependent on the nature of the crust. A
porous crust will release the vapor, but a nonporous crust may rupture resulting in fractured
particles or fines from disintegrated particles.

Alternately, the droplet temperature may not reach boiling point levels because of
cocurrent airflow or because the residence time of droplets in the hottest regions of the dryer is
often very short. In this case, moisture migration occurs through diffusion and capillary
mechanisms.

In both cases, the porosity of the solid crust is often evident in the characteristics of the
falling-rate period of the drying curve. If the film is highly nonporous, the rate will fall sharply
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Figure 11 Potential spray-dried particle morphologies in relation to process conditions and material character-
istics. Source: Adapted from Ref. 18.

and the evaporation time will be prolonged. However, if a highly porous film exists, then
vapor is easily removed from the droplet-air interface and the drying rate is similar to that
found during the first period of drying.

These drying mechanisms result in a range of particle shapes including solid, hollow,
shriveled, and disintegrated, examples of which are shown in Figure 12. However, it is
important to note that particle morphology is also dependent on several material character-
istics including solubility, temperature of crystallization, melting point, and thermal conduc-
tivity since they will also impact the rate of crust formation, the porosity of the crust, and the
subsequent drying rate.

It is also possible to influence particle density and size distribution through the
modification of process parameter settings such as atomizer settings, temperature levels, and
feed rates (19). For example, an increased feed rate while maintaining a constant inlet
temperature results in particles that have higher moisture content and a resultant increased
bulk density. By increasing the temperature of the feedstock, the ability of the feed to be
atomized is often improved because of the reduction in ligament formation causing an increase
in the bulk density of the dried particles. Also, an increase in the concentration of the feed
solids often increases the bulk density of the dried particle as does the use of a rotary atomizer
since many wheel designs reduce air entrapment. Alternatively, bulk density may be
decreased through feed aeration or an increase in inlet temperature. Also, cocurrent spray-air
contact is often effective for reduction in bulk density because the wettest droplets encounter
the hottest air facilitating rapid evaporation and air entrapment. It is important to note that the
outlined process modifications are generally applicable, but that exceptions to each can be
found on the basis of material characteristics.
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In a similar manner, it is often possible to influence spray-dried particle size distribution
by changing process parameter settings. As mentioned earlier, the size of the droplets formed
during atomization is affected by process parameters such as atomization type, atomizer
settings, feed solids concentration, feed physical properties, and drying temperatures. The size
of the resultant particles following evaporation is a function of the initial droplet size as well as
the material characteristics such as solid-state and film formation mechanisms.

The research on the properties droplet still continues. In a recent study, the surface
stickiness of droplets, subjected to a spray drying environment, to their surface layer and
powder recovery in spray dryers was investigated. A model was proposed by introducing a
dimensionless time as an indicator of spray dryability and correlating this time parameter with
the recovery of powders in practical spray drying. Droplets with initial diameters of 120 um
were subjected to simulated spray drying conditions, and their safe drying regime and
dimensionless time values were generated. The model predicted the recovery in a pilot-scale
spray dryer reasonably well (20).

SPRAY DRYING APPLICATIONS

Feasibility Assessments

Before any spray drying application work begins, it may be advantageous to conduct the
following simple, qualitative tests at the laboratory bench using very little material to
determine the feasibility of the application (21). A rheological profile of the solution or
suspension should be evaluated or, alternatively, a small sample can be tested to see if droplets
from a stirring rod can be readily formed. In the latter test, if the liquid strings from the surface
or forms peaks, then high viscosity is indicated and the product may not be a candidate for
spray drying without formulation changes. The behavior of non-Newtonian fluids (pseudo-
plastic, thixotropic, dilatant, etc.) has been found to influence atomization and resultant
droplet size (22). However, while it is expected that Newtonian and non-Newtonian fluids
atomize differently, this difference was not found to be as important as the more significant
effect of the wheel speed on droplet size. It is also important to note that highly viscous
materials cannot be atomized by pressure nozzles.



Spray Drying and Pharmaceutical Applications 113

Once the effect of viscosity has been evaluated, it may be advisable to dry a few drops of
product on a glass slide using a heated air gun. During this bench drying test, the air
temperature is recorded and the material is observed for the presence of stickiness, color
changes, or other physical changes. If the dried powder is found to be suitable at the air
temperature applied, it can be placed on a variable-temperature hot bench to determine the
temperature at which the powder becomes tacky. For spray drying to be successful,