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A systematic procedure is presented for synthesizing and de®eloping a manufacturing
process for pharmaceutical tablets and capsules. The product quality factors� func-
tional, physical and sensorial � are first identified. The dosage form and excipients are
then selected, and the process flowsheet is synthesized along with the suitable equipment
and operating conditions. Finally, the product and process are e®aluated to ensure that
the product possesses the desired quality factors. Design heuristics and physical models
are pro®ided to assist decision-making. Examples in®ol®ing Vitamin C, antacid, and
ginseng are pro®ided to illustrate the procedure.

Introduction

Pharmaceuticals with global sales expected to reach $406
billion in 2002 constitute a significant fraction of the chemi-

Ž .cal processing industries Bailey, 2000 . They are delivered in
different dosage forms�solids, liquids, creams, pastes, and

Ž .aerosols. Since active pharmaceutical ingredients API are
normally in the solid state, most common are solid dosage

Ž .forms, particularly tablets and capsules Zanowiak, 1988a ,
which are convenient to use and provide precise dosage.

There are a wide variety of tablets and capsules. While the
majority are designed to be absorbed in the gastrointestinal
tract, lozenges are expected to act on the mouth and throat.
Most tablets are directly swallowed, but some are supposed
to be chewed by children or elderly with swallowing diffi-
culty. Effervescent tablets are dissolved either directly in the
mouth or in water before ingestion. Prolonged release tablets
and capsules provide an extended therapeutic effect.

Despite the economic significance of solid dosage forms,
relatively little has been done from the process systems engi-
neering perspective. This is a serious omission because an
effective workflow is expected to reduce the time and effort
required for launching a product. Indeed, it is generally ac-
cepted that product engineering and solids processing de-

Žserves much more attention Tanguy and Marchal, 1996; Vil-
ladsen, 1997; Kind, 1999; Wintermantel, 1999; Cussler and

. Ž .Moggridge, 2001 . Recently, Wibowo and Ng 2001b consid-
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ered the integration of product design and process design for
creams and pastes; customer preferences lead to desirable
quality factors that are then achieved by properly designing
the process. This article presents such a product-centered
systematic procedure for the synthesis and development of
tablet and capsule manufacturing processes.

Systematic Procedure
Ž .There are 4 steps: 1 Identification of product quality fac-

Ž . Ž .tors, 2 Product formulation, 3 Design of manufacturing
Ž .process, and 4 Product and process evaluation. Design

heuristics and physical models are presented to assist deci-
sion-making in each step.

Step 1: identification of product quality factors
Product quality factors other than therapeutic effects can

be divided into functional, physical, and sensorial. For phar-
maceuticals, the primary concerns are the functional quality
factors, most of which are defined in the preformulation
study, which investigates the physical and chemical proper-

Žties of the API with and without excipients Wadke et al.,
.1989 . Table 1 shows examples of various functional factors,

as well as typical results from a preformulation study.
As indicated, the disintegration of the tablet should be suf-

ficiently fast to release the API constituent particles. These
particles should dissolve easily or be sufficiently small,
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Table 1. Quality Factors in Tablets, Capsules and Powders
and Typical Preformulation Results

Functional Quality Factors
Disintegrates to desired size quickly
The constituent particle size of the dosage form should dissolve

and be absorbed in gastrointestinal tract at a pre-determined
rate

Releases API in a pre-determined way

Physical Quality Factors
Must not break up on processing, packaging, transportation,

dispensing and handling
Surface of tablet or capsule must be free of defects
Must be stable under anticipated environmental conditions
Have the same weight and composition for each tablet or capsule
Uniform distribution of ingredients in each tablet or capsule
Amount of API must be as close to the labeled amount as

possible

Sensorial Quality Factors
Easy and pleasant to swallow

Preformulation Study
Physicochemical properties
Anticipated dose
Purity of API
Drug solubility and pH profile in solution
Drug dissolution and absorption rate
Drug solid state stability
Drug solution phase stability
Drug-excipient stability
Deformation characteristics of API and excipients
Crystal shape and polymorphism of API

preferably less than 5 �m for easy absorption. However, the
cohesion and adhesion forces for such particles can be exces-

Ž .sive, causing problems in solids processing Zanowiak, 1988b .
If the constituent particles are too large, size reduction oper-
ations need to be performed. Sometimes, prolonged release
is preferred to immediate release in order to provide an ex-
tended therapeutic effect to the patient. However, the re-
lease of prolonged release drugs cannot be controlled exactly
with current techniques; therefore, it is not suitable for drugs
with a narrow therapeutic range because the fluctuation of
the drug concentration may readily exceed the safety margin.
Table 2 lists some situations in which prolonged release is

Ž .not suitable Lordi, 1986; Ansel and Popovich, 1990 .
Physical quality factors refer to those attributes related to

the state of the product. For example, it should be intact
during routine handling and must be stable under anticipated

Ženvironmental conditions. Crystal shape and structure poly-

Table 2. Situations in Which Prolonged Release Dosage are
Not Suitable

�Drugs that absorb and excrete out of the body slowly or rapidly
Ž Ž .that is, with short biological half-lives �2 h or long

Ž ..biological half-lives �12 h .
�Drugs that are not absorbed in the gastrointestinal tract

uniformly and drugs that are not effectively absorbed
in the lower intestines.

Ž .�Drugs with large doses �1 g .
�Drugs that possess a narrow therapeutic range.
�Drugs that are used in acute treatment rather than chronic

conditions.
�Drugs for which precise dosage to patients is required.

.morphism of the API have profound influence on the me-
Žchanical and physical properties of the tablet Sun and Grant,

.2001a,b . Deformation characteristics of the API and excipi-
ents are also very important since they affect tablet tensile
strength and, hence, the chance of breaking up under antici-
pated environmental conditions. The weight, composition,
and distribution of each ingredient should be uniform in each
tablet or capsule. Whether these can be achieved depends on
particle density and flowability, as well as the process flow-
sheet and operating conditions. Panels of human subjects can
be used to judge whether the dosage is pleasant to adminis-
ter; if not, coatings can be used to mask the unpleasant odor
and taste.

Step 2: product formulation
Dosage form, product structure, and excipients are deter-

mined in this step.
Selection of Dosage Form: Tablets, Capsules and Powders.

Tablets and capsules are the most widely used, although
powder can also be administered as the simplest dosage form.
Table 3 presents the heuristics for selecting among tablets,

Žcapsules and powders Lachman et al., 1986; Lieberman et
.al., 1989 .

The compression of a powder into tablets, and the subse-
quent disintegration, dissolution, and absorption of the drug
in the gastrointestinal tract are important issues. For amor-
phous, flocculent, low density, and compressibility drugs,
tablets cannot be produced. Tablets are not the suitable
dosage form if the wetting and disintegration time is long.
One should avoid using tablets for drugs with melting point

Ž .below 100�C Anderson, 2000 , because compression usually
produces 3�30�C localized temperature rise. In addition, a
low melting point mixture may stick to the punches and is
better to formulate as capsules. For drugs with bitter taste,
unpleasant odor, sensitivity to oxygen or atmospheric mois-
ture, capsule is the preferred dosage form. If tablets are re-
ally the only choice, coating can be applied.

The manufacturing process of hard and soft gelatin cap-
Ž .sules has been discussed by Lachman et al. 1986 and Ansel

Ž .and Popovich 1990 . The moisture content of hard gelatin
Žcapsules should be kept between 13 and 16% Ansel and

.Popovich, 1990 . Therefore, efflorescent or deliquescent drugs
are not suitable for capsules.

Soft gelatin capsules can be used when a liquid, a combina-
tion of miscible liquids, or a solution or suspension of solids

Ž . Ž .in a liquid s is filled inside a capsule Stanley, 1986 . How-
Žever, they are not suitable for volatile components such as

.alcohols , plasticizers that soften the gelatin shell, and tacky
Ž .liquids such as glycerin that may cause binding of slide valves

and pumps in the capsule filling machine. For effective pro-
cessing, liquids, solutions, or suspensions should flow by grav-
ity at room temperature. In general, liquids with a wide range
of viscosity from 0.2 cp to �3,000 cp at 25�C can be encapsu-
lated. Also, capsulated liquids need to have a pH range be-
tween 2.5 and 7.5, beyond which the gelatin shell would dete-
riorate.

It is sometimes preferable to administer the powder di-
rectly. Powder dosage form is especially suited for children,
elderly, or patients who cannot swallow tablets or capsules. It
is preferred for very soluble drugs because, if they are made
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Table 3. Heuristics for Dosage Form Selection

Heuristics for Selecting Tablet as Dosage Form
�Choose tablet dosage form if the drug exerts a local effect in

Ž .the gastrointestinal tract such as antacids .
�Do not choose tablet if the drug is amorphous, flocculent,

with low density or low compressibility.
�Do not choose tablet if the drug has poor wettability, slow

dissolution properties or optimum absorption in the early
parts of the gastrointestinal tract.

�Do not choose tablet if the melting point of the drug is below
100�C.

Heuristics for Selecting Capsule as Dosage Form
(General Considerations apply for both hard gelatin and soft gelatin

)capsule
�Choose capsule if the drugs have unpleasant taste or odor.
�Choose capsule if the drugs are sensitive to oxygen or

atmospheric moisture.
�Do not choose capsule if the drugs or excipients will react

with the gelatin capsule shell.
For hard gelatin capsules

�Choose hard gelatin capsule if physical and chemical inter-
actions occur when the drugs are under intimate contact
or compressed into a tablet, while no interactions occur when
powders are mixed together.

�Do not choose hard gelatin capsule if the drugs are highly
efflorescent or deliquescent.

�Do not choose hard gelatin capsule if the particle sizes or
densities of the drugs and excipients are very different.

For soft gelatin capsules
�Choose soft gelatin capsule if a liquid, a combination of

miscible liquids, or a solution or suspension of solids in
Ž .a liquid s needs to be encapsulated.

�Do not choose soft gelatin capsule if the major constituents
Ž .are volatile liquids such as ethyl alcohol , gelatin plasticizers

Ž . Žsuch as glycerin, polyethylene glycol , or tacky liquids such as
.glycerin .

�Soft gelatin capsule can be used for liquids with viscosity ranging
Ž .from ethyl ether 0.222 cp at 25�C to adhesive mixtures

Ž .�3,000 cp at 25�C and for liquids with pH between 2.5 and 7.5
Ž .Stanley, 1986 .

� If solids are present, it is better to dissolve them in a solution
rather than encapsulated as a suspension.

�Do not choose soft gelatin capsule if the major constituents
are water soluble solids or any substance that is unstable in
the presence of moisture.

Heuristics for Selecting Powder as Dosage Form
�Choose powder if the drug is mainly administered to children,

elderly, or patients with swallowing problem.
�Choose powder if the drugs are extremely soluble or for a very

large bulky dose.
�Do not choose powder if the drug is sensitive to oxygen or

moisture or has an unpleasant taste or odor.
�Do not choose powder if prolonged release is required.

in tablet or capsule dosage form, the sudden release of a high
localized concentration of drug in a small portion of gastric
fluids can cause nausea or stomach irritation. However, pow-
der dosage form is not suitable for drugs which degrade un-
der atmospheric conditions or have unpleasant taste or odor.

Determination of the Product Structure. Product structure
includes characteristics such as the tablet or capsule size,
particle-size distribution of the API and other ingredients,
tablet porosity and coatings. A typical compressed tablet has
a diameter range between 6 mm and 11 mm and a height

Ž .range between 2 mm and 4 mm Bandelin, 1989 , since, if it is
Ž . Ž .too small large , it may be hard to handle swallow . When

the required dose exceeds 500 mg, the dose is often equally

Ž .divided into two tablets Parrott, 1970 . Similarly, typical cap-
Žsule size ranges from 0.15 mL to 0.75 mL referred to as size

.0 . The amount of powder that can be filled inside the cap-
sule depends on the bulk density of powder and the pressure

Ž .used in the filling machine van Hostetler, 1986 . The con-
stituent particle size should correspond to the rate of absorp-
tion, as determined in Step 1.

Coating is applied for a variety of reasons. It masks the
taste and odor of the drug or the uneven color in tablets. It
offers protection from exposure to the environment and as-
sists the therapeutic action of the tablet such as controlling
the rate and site of release of the API. For example, enteric
coating is particularly suitable for drugs which cause irrita-
tion to the stomach, degrade rapidly in acidic solution, and
deliver an API which is optimally absorbed or aims at provid-
ing therapeutic action in intestines. For coating to be applied
successfully, a convex tablet surface is necessary since flat
surfaces cause tablets to stick together through capillary ac-
tion of the wet coating material. It is difficult to apply coating
on hydrophobic surface, because the aqueous based coatings
cannot wet the surface easily. However, a surfactant can be
added to reduce the surface tension of the coating material,
if necessary. Since a lot of tumbling action is encountered in
coating operations, tablets need to have a high resistance to
abrasion and chipping.

Selection of Excipients. Excipients including diluents,
binders, disintegrants, lubricants, glidants, colorings and fla-
vors are used to enhance the quality factors of the drug. Typ-
ical excipients and their concentration ranges are presented

Žin Table 4 Zanowiak, 1988b; Lieberman et al., 1989; Kibbe,
.2000 . Heuristics for selection of excipients are presented in

Table 5.
Diluents, water soluble or water insoluble, can be used to

modify bioavailability. They can be classified into two general
Ž .categories: carbohydrate cellulose, starch, sugar and inor-

Ž .ganic diluents magnesium carbonate, calcium phosphate .
The carbohydrate diluents are usually cohesive and can serve
as binder as well.

For powders of small average particle size and large bulk
density, the potential of surface bonding, cohesion and adhe-
sion is high and may require lubricant, anti-adherent, and
glidant for processing. Water insoluble lubricants, such as

Žmagnesium stearate, are the most common Zanowiak,
.1988b . An excessive amount of lubricant may reduce the

bioavailability, disintegration, and dissolution rates of the
formulation because the hydrophobic lubricant forms a film
over the particles and retards the penetration of water. Some
lubricants also serve the purpose of anti-adherent and gli-
dant.

Flavoring in liquid emulsion or solid state is usually added
to cover the unpleasant taste or odor of the drug. For exam-
ple, common salt alone, or in combination with a sweetener,
can tone down bitter taste, sugar or sweetener can tone down
sour taste, and a neutral tasting and smelling thickening agent
can tone down any unpleasant odor by binding to the volatile

Ž .odor chemicals Matheis, 1999 .
Binders are added in granulation to increase the cohesive-

ness of the powder and hold the particles together to form
granules. Van der Waals force is the major interparticle force
for small and uncharged particles. In cases where granulation
is not required, binders can help prevent de-mixing of a pow-
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der mixture. The function of a binder in a granulation pro-
cess and its effect on the granule properties have been dis-

Ž . Ž .cussed by Ennis et al. 1991 , Tardos et al. 1997 , Parikh
Ž . Ž .1997 , and Pietsch 1997a .

There are three ways to incorporate a binder into granula-
Žtion. A binder can be added as a binder solution wet addi-

. Ž .tion , added dry along with a solvent dry mixing , or simply

Ž .added dry without using solvent dry addition . Granules pro-
duced by wet addition and dry mixing tend to possess both an

Žinternal binder matrix and outer binder shell Krycer et al.,
.1983 .

The binder chosen should provide the tablet with sufficient
strength that can withstand compaction stress. The breakage

Žnumber N defined below can be useful Wibowo and Ng,Br

Table 4. Typical Excipients Used in Tablets, Capsules and Powders
�Excipient Desired Function Typical Examples Typical Amount

DiluentrFiller Make up tablet size, capsule size Microcrystalline cellulose 20�90%
Ž .T, H, P or the required powder dosage Calcium sulfate dihydrate �

Sucrose �
Lactose 65�85%
Starch 5�75%

Ž .Binder Increase cohesiveness of powder and Sucrose Solvent: Water 2�25%
Ž .T, H, P hold them together to form granules Microcrystalline cellulose 5�20%

Pregelatinized starch
Ž .Solvent: water 2�5%
Ž .Dry addition 5�10%

ŽPovidone Solvent: Water or 2�5%
†. Ž .Water-alcohol solution 5�10%

Ž . Ž .Alginic acid Solvent: Water 1�5%

Filler-Binder Use in direct compression Spray-dried Lactose �80%
Ž .T Starch 1500 �

Microcrystalline cellulose 10�25%

Disintegrant To facilitate the breakup of Starch 5�20%
Ž .T, H, P tablet or granule Microcrystalline cellulose 5�15%

Cross-linked povidone 0.5�5%
Alginic acid 5�10%

‡Ž .Lubricant Reduce friction during tablet Magnesium stearate I 0.25�2%
Ž . Ž .T, H, P ejection or facilitate drug transport Talc I 5�10%

Ž .to filling machine Starch I 5�10%
Ž .Magnesium lauryl sulfate S 1�3%

Ž .Polyethylene glycol S 2�10%

Anti-adherent Reduce sticking of tablets to Talc 1�5%
Ž .T the punches or die wall Magnesium stearate 0.25�1%

Microcrystalline cellulose 5�10%

Glidant Promote flow of granules or Calcium silicate 0.5�2%
Ž .T, H, P powders by reducing friction Silicon dioxide 0.1�0.5%

between them Magnesium stearate 0.2�2%
Starch 1�10%

Pigment Add color to tablet or powder Titanium oxide q.s.
Ž .T, P

Flavoring Add taste to tablet or powder Flavor oils q.s.
Ž .T, P Sweeteners

Salt

Surfactant Wetting agent Sodium lauryl sulfate q.s.
Ž .T, H, P

Plasticizer Add to binder solution to Glycerol q.s.
Ž .T, H, P increase binder efficiency Propylene glycol

Salt Modify aqueous solubility Hydrochloride q.s.
Ž .T, H, P of API Citrate

Tartrate

Cosolvent To aid in the preparation of Water and alcohol Up to 5%
Ž .S solutions incorporated in Glycerin and polyethylene Up to 10%

soft gelatin capsules glycol

Suspending agent To prevent the settling of Paraffin wax 5%
Ž .S solids and to maintain Polyethylene glycol 1�15%

homogeneity Acetylated monoglycerides 5%

�Ts tablet, Hs hard gelatin capsule, Ss soft gelatin capsule, Ps powder.
† Ž .Concentration in parentheses represents dry mixing of binder that is, mix with powder in blender and solvent is added in granulator .
‡Is water insoluble, Ss water soluble.
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Table 5. Heuristics for Excipient Selection

General Considerations
�Excipients must be physiologically inert, physically, and chemically stable alone and when combined with drugs.
�Hygroscopic excipients cannot be used for drugs that are moisture sensitive.

Selection of Diluents
�Diluents are needed if API alone does not make the desired tablet size, capsule size, or the required powder dosage.

Ž .� If it is desirable to enhance disintegration, use water soluble diluents with relatively water insoluble drugs and vice versa tablet only .
�Diluents that exist as hydrates can still be used for water sensitive drugs provided that the water remains bounded in processing and

storage.

Selection of Binder
� If carbohydrate or modified carbohydrate materials are used as diluents, it also functions as a binder. Generally, this is not true for

inorganic diluents.
�Binder can be added to a powder mixture if de-mixing is a potential problem.
� If only a small amount of solvent is allowed, dry mixing is the preferred method of binder addition. If a large amount is required, binder

solution is a better method.
�Surfactant and plasticizer can be added to the binder solution to improve the binder efficiency.

Selection of Disintegrant
�Disintegrant should have a high water affinity.

Selection of Lubricant, Anti-adherent and Glidant
�Powders of minimum porosity, small average particle size, tight packing, and large bulk density are likely to require lubricant, anti-

adherent and glidant.
Ž .�Water insoluble lubricants metallic stearates, talc, starch are the most effective and are preferred.

Ž .�Water insoluble lubricants are also good anti-adherents tablet only .
Ž .�Glidants need to be added for mixtures with angle of repose larger than 30� Wells, 1988 .

�Hydrophilic glidants are more effective on hydrophilic powders, while hydrophobic glidants are more effective on hydrophobic powders.

Selection of Flavoring
Ž .�Common salt alone or in combination with sweetener can be added to tone down the inherent bitter taste tablet and powder only .

Ž .�Sugar or sweetener can be added to tone down the inherent sour taste tablet and powder only .
Ž .�Dry flavorings are used extensively in solid dosage forms tablet and powder only .

.2001a

�c
N s 1Ž .Br �T

The critical number N� above which breakage occurs isBr

1 1 y0.5� 'N s y 1y4 N 2Ž .Ž .Br BI2 2

Ž 2 . Ž .where N s 3� D r 2 E� , � is the applied stress, � isBI T f c T
the tablet tensile strength, N is the brittleness index, D isBI
the tablet diameter, E is the tablet Young’s modulus, and �f
is the tablet surface fracture energy. Since the relationships
of these material properties to the Hamaker constant may
not be readily available, an alternative, simpler way can be
developed as follows.

The compaction stress under normal handling situations
Ž .can be expressed as Stuart-Dick and Royal, 1992

� s � ®2 sin2 � 3Ž .c t t

where � is the tablet density, ® is impact velocity, and � ist t
the angle of impact of the tablet onto a surface. Tensile
strength can be related to binder Hamaker constant as
Ž .Pietsch, 1997a

9 1y	 Fadh
� s � � 4Ž .T 28 	 dp

where 	 is tablet porosity, d is the constituent particle size,p
and F is the adhesion force due to van der Waals forceadh

Ž .which can be expressed as Visser, 1989

Adp
F sF s 5Ž .adh ®dw 212 z

Here, z is the separation distance between particles and A is
˚the Hamaker constant. z can be taken as 4 A when particles

Ž .are in close contact Dahneke, 1971 .
Combining Eqs. 3 and 4 leads to a calculated Hamaker

constant. If it is larger than the Hamaker constant of the
API, then a binder is needed. The Hamaker constant of a
tablet with both binder and diluent can be estimated as
Ž .Visser, 1972

Af A y A A y A 6' ' ' ' Ž .Ž . Ž .API binder diluent binder

If the diluent also serves as a binder, it can be estimated as

2
Af A y A 7' ' Ž .Ž .API diluent

Note that these two approximate equations are not related.
Another function of a binder is to wet the powder particles

effectively for granulation to take place. Spreading coeffi-
cients could be used to assess the quality of the granules.
Strong and dense granules are produced if the spreading co-

Žefficient of the binder on the particles is positive Rowe, 1989;
.Zajic and Buckton, 1990; Zhang et al., 2002 .

There are two mechanisms of tablet disintegration: swelling
Ž . Žsuch as for starch or dissolution such as for povidone and

.amylopectine , both of which require a high tablet water
Ž .affinity De Jong, 1991 . If most ingredients are water insolu-
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Table 6. Dependence of Performance Indices on Material Properties, Structural Attributes and Operating Variables

Relationship between Structural
Performance Index Material Properties Structural Attributes Attributes and Operating Variables

Hamaker constant, A Grain particle size, d Grain particle size d depends on air velocityp p
Ž .Porosity, 	 Fluid jet mill

�N �B r T Ž .Relationship: ®s 11Relationship: 2(� sin �b

Tensile strength, � Order of magnitude model assuming equal-T
size particles.

3 1y	 A
Ž .� s � � 10 Porosity 	 depends on applied pressureT 232 	 z d Ž .p Rotary tablet press

1
� � Ž .Relationship: ln sk Pq A 12

	
Tablet height, H

� �Diffusivity, D Grain particle size, d where k and A are constants reflectingi p
Porosity, 	 material properties and deformation.

Disintegration time,
t Relationship:d

Order of magnitude model derived from Fick’s Law as
shown in Eq. 8.

ble, then a water soluble disintegrant should be considered.
ŽDisintegrants can be added both before granulation in-

. Žtragranular disintegrants and in tablet compression ex-
.tragranular disintegrants . When tablets are administered,

extragranular disintegrants provide immediate disruption of
tablet to granules and intragranular disintegrants provide fur-
ther disruption of granules to powders. This is an effective
way for rapidly increasing the surface area for drug release.

If the tablet mostly consists of soluble components, then
the disintegration time, t , which depends on the rate of dis-d

Žsolution of these components, can be estimated as De Jong,
.1991

2m2

t s 8Ž .d 22 2 4� 
 D D 	 1y	Ž .t i

where m is tablet mass, and D is the diffusivity of the wateri
soluble components. However, if most ingredients are insolu-
ble, the disintegration time is approximately equal to the time
for the body fluid to imbibe into the tablet. Using Darcy’s law
Ž .Washburn, 1921 and the Blake-Kozeny equation for perme-

Ž .ability MacDonald et al., 1991 , the time can be estimated as

1y	 H 2�
t s15 9Ž .d 	 d �p

where H is the tablet height, � is the body fluid viscosity,
and � is the interfacial tension.

Step 3: design of manufacturing process
A summary of how performance indices depend on mate-

rial properties and structural attributes, and how the struc-
tural attributes relate to the equipment and operating condi-
tions are presented in the second and last column of Table 6,
respectively. In this step, the manufacturing process is de-
signed to yield such attributes. It involves three parts: flow-
sheet synthesis, selection of equipment, and choice of operat-
ing conditions.

Flowsheet Synthesis. The generic flowsheet with four
blocks�milling, granulation, compressionrfilling, and coat-
ing�for producing tablets and capsules is shown in Figure 1.
Milling and grinding of the API, as well as other ingredients,

Figure 1. Generic structure for tablet, capsule and powder manufacture.
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Figure 2. General flowsheet for tablet, capsule and
powder manufacture.

is usually the first step. In some situations, granulation is used
subsequently to further adjust the particle-size distribution
Ž .PSD . Then, the powder can either be the final product, or
be compressed into tablets or filled into capsules.

The tablet, capsule, and powder manufacture is shown in
Figure 2. A crusher can be placed in the API and excipient
streams to reduce particle size if the particle size of the raw
material is larger than the desired size determined in Step 1.
The same crusher can be used for both streams if the break-
age characteristics and the outlet PSDs are similar. It can
also be placed after the granulation subsystem to further ma-
nipulate the PSD. For particles with nonspherical shapes such
as needles, flowability is poor and can be improved by grind-
ing. Controlling API particle size is particularly important for
drugs sparingly soluble in water, because this increases the
dissolution rate, absorption rate, and bioavailability of the

Ž . Ž .drug Wadke et al., 1989 . Charoenchaitrakool et al. 2000
showed that the dissolution rate was increased 5 times by
reducing the particle size from 250 �m to a few microns.

Micron-sized particles can also be produced through su-
percritical fluid processes: the rapid expansion of supercriti-

Ž .cal solution RESS , the supercritical antisolvent process
Ž . Ž .SAS , and the particles from gas saturated solutions PGSS .
They are particularly suitable for shock sensitive materials
and materials that will thermally or chemically degrade in a

Ž .crusher. Alessi et al. 1996 showed that a supercritical fluid
process could produce 4.5 �m particles. Supercritical fluid

Table 7. Heuristics for Deciding Whether Granulation is
Required

�Perform granulation when the particle sizes and densities
are very different.

�Perform granulation for drugs with irregular shapes
Ž .such as long needle particles .

�Perform granulation when bulk density needs to be increased.
�Perform granulation if dusting occurs during processing.
�Perform granulation if metering of particles is a problem.

processes can also be used to improve particle morphology
and surface properties, and produce particles with a narrow
PSD. RESS is more suitable for drugs with a solubility higher
than several mg per gram of solvent; otherwise, SAS is pre-
ferred. For low melting point and thermally unstable materi-

Ž .als, PGSS is more suitable Alessi et al., 1996 .
In some situations, granulation should be performed after

Ž .milling and crushing Table 7 . Granulation is needed for
streams with different densities to prevent segregation in
subsequent processing steps or for materials with irregular
shapes since mechanical interlocking will form during com-
paction. This results in tablets with lower tensile strength and
longer disintegration time. On the other hand, granulation is
not required for rounded crystalline materials since orienta-
tions are not required when forming van der Waals force un-

Ž .der compression Parrott, 1970 .
Granulation can improve powder and granule flowability

thereby avoiding flow problems that often occur in tableting
machines or capsule filling hoppers. Adhesive powders tend
to cause solid bridging in hopper outlets, which results in flow
stoppage. The Flow number N which is defined asFw

� gD d2	s 0 p
N s 13Ž .Fw Fadh

predicts whether the above situation is likely to occur. Here,
� is the density of solid in the hopper, g is the gravitationals
constant, D is the hopper outlet diameter, and 	 is the0 s
porosity of solids in the hopper. The porosity of solids with a
wide PSD, narrow PSD, and fine particles is estimated to be

Ž .0.5, 0.6, and 0.8, respectively Pietsch, 1997a .
Flow stoppage is not a problem and granulation is not re-

quired if N is larger than the critical flow number N�
F w F w

N GN� � ,� ,� 14Ž .Ž .Fw Fw w

where � is the angle of internal friction, � is the angle ofw
wall friction, and � is the half cone angle of the hopper. The
critical number can be obtained from charts in various hop-

Žper design literature Woodcock and Mason, 1987; Williams,
.1990; Rhodes, 1998 . After deciding that granulation is nec-

Žessary, the heuristics in Table 8 Pietsch, 1996, 1997a,b; Wi-
.bowo and Ng, 1999 can be used to select between wet and

dry granulation.
ŽTo predict whether dry granulation usually in a roller

.compactor can provide the agglomerate with the desired
strength, we can use the compaction number N , defined asCo

�c
N s 15Ž .Co �y
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Table 8. Heuristics for Granulation Method Selection

Ž .�Use wet granulation WG if the powder is incompressible
Ž .and use dry granulation DG if the powder is compressible.

�Use WG if API and excipients are wettable, physically, and
chemically stable when exposed to moisture or heat.

�Use WG for pressure sensitive materials.
�Use WG if the material is too abrasive, brittle, or elastic.
�Use WG for an easily dissolved product with high

Ž .porosity �40% .
�Use DG if the key properties of powder particles need to

be retained.
�Use DG for feeds with high bulk density as a result of

wide particle-size distribution.
�Do not use DG for particle size below 150 �m if air

entrapment is a problem.

The critical compaction number N� , above which the ag-Co
glomerates have sufficient strength is

�t ,max yNSI�1 y�N s ln 16Ž .Co �t ,maxk� 1y	Ž .y a yNSI ,0� 0�y

Žwhere N is the strength index, which equals 1ySI
.Ž 2.	 r	 F r� d , N is its initial value, 	 is the agglom-a a adh y p SI,0 a

erate porosity, � is the material yield strength, � is they t,max
maximum tensile strength of the compact in a fully com-

Ž .pressed condition 	s0 , and k is a constant. After granula-
tion, a crusher can be used to fine-tune the PSD if necessary
Ž .Figure 2 . Drying is needed if a liquid binder is used for
granulation.

After compression, coating can be performed as deter-
mined in Step 1. Sugar and film coating are the two most
common coating processes. Extensive discussions can be

Ž . Ž .found in Lachman et al. 1986 , Porter and Bruno 1989 ,
Ž . Ž .Cole et al. 1995 , and Avis et al. 1999 . The selection and

operation of the coating process are still based on experi-
ence. However, heuristics can be used to assist decision-mak-
ing. Sugar coating is more suitable for tablets that become
brittle or soften in the presence of heat, since preheating
needs to be performed in film coating before coating solution
can be applied. It is also more suitable for tablets with minor
surface imperfections, since it dries more slowly and fills up
the nooks and crannies. However, sugar coating increases

Ž .tablet weight by 50% to 100% Lachman et al., 1986 . There-
fore, it is unsuitable for large tablets because the coated tablet
may be too large to swallow. Selection of major ingredients is
more flexible in film coating, which allows coating solutions
to be tailor-made for the specific application such as sus-
tained release. The major ingredients used in coating solu-
tions are summarized in Table 9.

The manufacturing process for soft gelatin capsules follows
a slightly different route in Figure 2. Crushing is not required
if liquid API and excipients are encapsulated. If suspensions
are encapsulated, crushing is required if the particle size is
larger than the desired size determined in Step 1. The crusher
following blender 1 breaks up any agglomerates formed dur-
ing blending. Deaeration is performed in the next step to
achieve a uniform fill weight and to protect the drug from

Ž .oxidation during encapsulation Stanley, 1986 . Volatile or-
ganics, if needed, are usually added in the last step to pre-
vent any loss of substances.

Selection of Equipment Units. After synthesizing the flow-
sheet, equipment needs to be selected to ensure that quality
factors stated in Step 1 can be satisfied. Most of the equip-

Table 9. Coating Solution Materials

Ingredient Desired Function Coating Method Addition Step Examples

Sugar Main component in sugar coating Sugar Subcoating, Grossing, Smooth, Sucrose, sorbitol
Color and Finish Coating

Filler Fill up the tablet to provide a rounded Sugar Subcoating Calcium carbonate, talc,
tablet core titanium dioxide

Film Formers Improve the structural integrity of coating Sugar Subcoating Acacia, cellulose derivatives

Surfactants As a wetting agent and facilitate faster Sugar Polysorbates, sorbitan esters
dissolution of the coating Film

Colorants Add color to coating Sugar Grossing and Color Coating Dyes, iron oxides, titanium
Film Film and Gloss Coating dioxide

Flavors Mask the objectionable odor or provide Film Film and Gloss Coating Sweeteners
a desired taste

Antiadhesives Prevent sticking of tablets Sugar Talc

Polymers Provide sealing in sugar coating and main Sugar Sealing Shellac, zein, hydroxypropyl
component in film coating Film Sealing, Film and Gloss methylcellulose

Coating

Plasticizers Modify properties of polymer Film Film and Gloss Coating Castor oil, propylene glycol

Solvent Dissolve or disperse the polymer and Film Film and Gloss Coating Water, ethanol, isopropanol,
convey them to the substrate surface acetone, methylene chloride

Opaquant Produce opaque films with good Sugar Grossing and Color Coating Titanium oxide, aluminum
hiding power Film Film and Gloss Coating silicate, talc

Wax Give the tablet a gloss surface Sugar Polishing Beeswax, Carnauba wax
Film Polishing
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ment involved is solid processing equipment such as a crusher,
Žblender, granulator, and screen Walas, 1988; Fayed and Ot-

.ten, 1997; Perry et al., 1997; Wibowo and Ng, 1999 .
Product size is the major criterion in crusher selection, and

different equipment is available for different feed and prod-
uct sizes. A fluid jet mill or pin disc mill can be used as the
API or excipient crusher for product particles in the submi-
cron and micron size range. A hammer mill can be used for
the crusher after granulation to produce particles in the mil-
limeter range.

Material cohesiveness is the primary criterion for blender
Žselection. Shear or convective mixers Ribbon blender and

.Nauta mixer are suitable for cohesive materials with poor
flowability. For materials with sufficient flowability, a tum-

Ž .bling mixer V-blender can be used if materials do not pos-
sess a large density difference. If the materials segregate eas-
ily, a blender with internal parts such as stirrers and pedals
Ž .Ribbon blender and Nauta mixer is more suitable. Particles
smaller than 300 �m or larger than 1,000 �m do not possess

Ž .adequate flowability Pietsch, 1997b . Such undersized and
oversized particles can be separated using vibrating screens

and recycled back to the granulator and crusher upstream,
Ž .respectively Figure 2 .

Typical granulators include pan granulators, high shear
mixer granulators, fluidized-bed granulators and roller com-

Ž .pactors Figure 3 . The first three can be used for wet granu-
lation, while the last one is used for dry granulation. Detailed

Ž .description of granulators can be found in Snow et al. 1997
Ž .and Parikh 1997 . Figure 4 presents a chart for granulator

selection based on feed and product particle size. Product
density is another important selection criterion. A high shear
mixer granulator is preferred for producing granules with high
density. The inlet blender in Figure 2 can be omitted, since

Ž .the high shear mixer granulator also blends Holm, 1997 .
Since a fluidized-bed granulator provides drying as well, a
dryer is not required in the subsequent step. Heuristics for
granulator selection are summarized in Table 10.

Tableting, capsule filling, and tablet coating machines are
also required. The most common tableting machine is the ro-
tary tablet press. A number of capsule filling machines are
available, and a brief description is given by van Hostetler
Ž .1986 . Tablet coating machines can be classified based on

( ) ( )Figure 3. Granulation a–d , and coating e,f equipment.
Pan granulator and fluidized-bed granulator can be used for coating with the liquid binder replaced by coating solution.
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Figure 4. Equipment selection for crusher and granula-
tor.

Ž . Žthe passage of carrier gas air through the tablet bed Figure
.3 . Extensive description of coating equipment can be found

Ž . Ž .in Porter and Bruno 1989 , Lachman et al. 1986 , and Bauer
Ž .et al. 1998 . Table 11 is provided for coating equipment se-

lection based on the level of control required and drying effi-
ciency.

Drying in conventional coating pans takes place on the
tablet bed surface which results in low drying efficiency. Sugar
coating requires a long drying time for coating fluid to spread
evenly on the tablets, and film coating requires rapid drying
because the highly adhesive coating can otherwise lead to
sticking. Therefore, only sugar coating and film coating using
volatile organic solvents can be carried out in conventional
coating pans. Immersion tube and sword, which can be used
for film coating, are similar to conventional coating pans, but
drying efficiency is improved by directing the drying air into
the tablet bed. Coating of small particles is better done in
fluidized beds. Fluidized-bed coating has the highest drying
efficiency that is too high for sugar coating. Also, it is not
suitable for tablets that are friable, or liable to chipping or
edge abrasion because of the considerable degree of tablet-
tablet contacting.

The equipment used in soft gelatin capsule production is
not the same as those used in tablet and hard gelatin capsule
production. A blender with internal parts such as a ribbon
blender or an agitated vessel can be used. The high shear of
the agitator mixes the viscous liquid or suspension. Deaera-
tion is accomplished with simple equipment which exposes a
thin layer of material to vacuum and transfers the material to
the hopper of the capsule filling machine.

Selection of Equipment Operating Conditions. Operating
conditions need to be identified to ensure that the equipment
operates effectively to produce the desired results. Table 12
summarizes the relevant equations and typical values for se-
lecting operating conditions.

In a fluid jet mill, particles traveling at high velocity break
Ž .up upon hitting a target. The breakage number Eq. 1 and

Table 10. Heuristics for Granulator Selection

�Use pan granulator, high shear mixer granulator, and fluidized-
bed granulator for wet granulation and roller compactor for dry
granulation.

�Use fluidized-bed granulator to obtain granules of low relative
Ž .density 0.3�0.5 , pan granulator for medium relative density

Ž .0.5�0.7 , and high shear mixer granulator for high relative
Ž .density 0.6�0.8 .

�Use pan granulator only for producing granules larger than
1 mm.

�Use high shear mixer granulator for cohesive materials.
�Use high shear mixer granulator if viscous binder needs to be

used.
�Use fluidized-bed granulator if simultaneous drying is desired.

Ž .the compaction stress Eq. 3 can be used to estimate the
necessary velocity for breakage by equating N and N� . ABr Br
fluid jet mill is usually connected to an air classifier, which
recycles the oversized materials.

The operating velocity of a pan granulator depends on the
disc diameter and inclination. It is an important variable, be-
cause sliding will occur if it is too low or particles will be
thrown out of the pan if it is too high. For a fluidized-bed
granulator, air velocity that is sufficient to fluidize particles

Ž .can be estimated Fan, 1989 . Throughput and compaction
characteristics of the roller compactor are determined by the
diameter, velocity, and gap of the roller. It is not very suit-
able for fine chemicals, which tend to have a high porosity,
trapping air inside the compact. When pressure is released,
expansion of trapped air may destroy the formed compact.
However, a lower rotational speed would allow more time for
deaeration to occur.

The output of the rotary tablet press is determined by the
number of stations and rotation speed of the machine. The
operating pressure can be determined using Eq. 11 in Table
Ž .6 Heckel, 1961 .

Step 4: product and process e©aluation
The product should be evaluated to check for deviations

from the quality factors stated in Step 1. Potential deviations
and processing problems, along with the necessary modifica-
tions, are summarized in Table 13. Whether the process meets
the PSD requirement is evaluated using discretized popula-
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Table 12. Equipment Operating Conditions

Equipment Operating Conditions Ref.

Crusher

Ž .Fluid jet mill Minimum fluid velocity as shown in Eq. 11 Wibowo and Ng 2001a
Ž .Pin disc mill Disc peripheral rotational speeds80y160 mrs Kukla 1991

Ž .Hammer mill Hammer peripheral rotational speeds20y60 mrs Hixon et al. 1990
Ž .Discharge screen opening sizes2y10 mm Bernotat and Schonert 1988¨

Blender

Ž .General considerations Mixing time should be less than 10 min if Lieberman et al. 1989
lubricant is added to the blender before tableting.

Ž .V-blender Rotation speed �14 revrmin Sastry et al. 1997
Ž .Maximum filling levels50% van den Bergh 1994
Ž .Ribbon blender Filling level �50% van den Bergh 1994

Ž .Tip speed �1.5 mrs Sastry et al. 1997
Ž .Nauta mixer Screw revolutional speed �65 revrmin Sastry et al. 1997

Screw rotational speed �2.5 revrmin

Screen

Ž .Vibrating screen Inclined screen: 600�7,000 vibrationsrmin Walas 1988
Horizontal screen: 300�3,000 vibrationsrmin

Granulator

Ž . Ž .Pan granulator N s50 to 75% of N 17 Snow et al. 1997c c,cr

gsin�d Ž .N s , � s45y55� 18c,cr d2(2
 Dd

Ž .High shear mixer Typical speed of impellers60�800 rpm Snow et al. 1997
Žgranulator such as Typical speed of choppers500�3,500 rpm

.Plow-shaped mixer Residence times5�10 min
Ž . Ž .Roller compactor Cs60
 D lh n� 19 Pietsch 1997a,br A

h �A 0 Ž . Ž .D s 1y	 y1 20r ž /1ycos
 �E t

Typical roller speeds0.7�1.5 mrs

Tableting Machine

Ž .Rotary tablet press Typical number of stations per presss15�90 Lachman et al. 1986
Typical rotational speed of presss10�150 rpm

Coating Machine

Ž .Conventional Typical rotation speeds10�15 rpm Bauer et al. 1998
Ž Ž .coating pan Rotates at about 25� or horizontally for diameter Avis et al. 1999

.larger than 1.8 m
Air flow rates200�300 CFM

Immersion sword Typical rotation speeds10�15 rpm

Perforated Typical rotation speeds12�15 rpm
coating pan

Žtion balance equations shown in Table 14 Hill and Ng, 1995,
.1996 .

Manufacture of Tablets. United States Pharmacopeia
Ž .USP has set standards on tablet quality. Each batch of
tablets needs to pass tests on weight variation, content uni-
formity, disintegration, and dissolution. The API needs to be
within a range of the labeled amount in the content uniform-
ity test. The nonuniformity in the dosage form can be caused
by segregation, which can be modified by using a binder or by
adjusting the moisture content to affect particle cohesiveness.

If the disintegration time is too long, porosity can be in-
creased by reducing compaction pressure. It can also be im-
proved by using a higher concentration of disintegrant. In
some cases, the limiting factor is low dissolution rate or low
drug solubility. The dissolution time can be increased by re-
ducing the constituent particle size. The solubility of a drug

can be modified by adding salt to the formulation to modify
Ž .its aqueous solubility Bastin et al., 2000 .

If the tablet strength is too weak, it will break up on han-
dling. On the other hand, the disintegration time will be ex-
cessively long if tablet strength is too strong. For a weak
tablet, bonding force among particles can be increased by re-
ducing constituent particle size or by increasing the com-
paction pressure and vice versa. Binder concentration can also

Ž . Ž .be increased decreased to increase decrease the binder
effect.

Many problems may occur in tableting such as binding,
sticking, picking, filming, capping, lamination, and chipping
Ž .Banker and Anderson, 1986; Bandelin, 1989 . Binding to the
die wall causes difficult ejection. This can be improved by
increasing lubricant concentration or reducing the lubricant
particle size. Sticking or picking is due to the improperly lu-
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Table 13. Typical Deviations from Product Quality Factors and Necessary Modifications

Deviationsrrrrr
Manufacturing Problems Modifications

Tablet, Capsule and Powder

Weight variation �Avoid particle segregation
�Add glidant to improve flowability and metering

Content nonuniformity �Add binder to the granule mixture
�Adjust moisture content of mixture

Disintegration time � Increase porosity of tablet or granules
too long �Reduce tablet size

� Increase disintegrant concentration

Dissolution time too long �Reduce constituent particle size

Drug dissolution too fast � Increase constituent particle size
Ž .tablet and capsule only �Consider using powder as the dosage form

Drug solubility too low �Reduce constituent particle size
in gastrointestinal tract �Add salts to the system to modify aqueous solubility

Tablet Only

Tablet strength too weak � Increase particle bonding force by reducing constituent
particle size or by increasing compaction pressure

� Increase binder concentration

Binding in the die or � Increase amount of lubricant
difficult ejection �Reduce lubricant particle size

�Compress at lower temperature and humidity

Sticking, picking �Use a more effective lubricant
or filming � Increase the amount of anti-adherent

�Decrease the moisture content of granulation
�Polish punch faces

Capping and lamination � Increase amount of binder
�Add dry binder

Ž .�Reduce the tableting rate speed of rotary tableting press
�Reduce final compression pressure

Chipping �Reduce fines and granule size
�Polish punch faces

Bonding index too large �Same as modifications for sticking and picking

Strain index too large �Same as modifications for capping and lamination

Brittle fracture index �Same as modifications for capping and lamination
too large

Chipping of sugar coating �Add small amounts of polymer to coating formulation
�Reduce the use of insoluble fillers and pigments

Cracking of sugar coating � Increase the time between compaction and sugar coating

Color variation in sugar �Add sufficient coating solution to coat completely all tablets
and film coating �Mix tablets thoroughly

�Choose light color instead of dark color

Sticking and picking �Reduce the coating solution application rate
in film coating � Increase the drying air temperature and volume

�Use a less tacky coating formulation

RoughnessrOrange peel �Reduce the degree of atomization of coating solution for
effects air-spray systems

� Increase spray rate and reduce processing temperature and airflows
�Add a solvent to reduce the viscosity of the solution

Cracking of film coating �Use a higher molecular weight polymers or polymer blends
Ž .in the coating solution Increase film tensile strength

�Adjust plasticizer, and pigment type and concentration
Ž .Reduce the internal stress in the film

Bridging in film coating � Increase plasticizer concentration
�Use another plasticizer

Blistering in film coating �Reduce the drying temperature
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Table 14. Equipment Models Based on Discretized Population Balance Equations Using Geometric Size Intervals
m

W �Ý f ,k f i,k
ks1 Ž .Blender � s is1, ..., n 25ni

WÝ f ,k
ks1

Ž .W � 1yPf f i i Ž .Screen � s is1, ..., n 26ni,1

Ž .W � 1yPÝ f f i i
is1

W � Pf f i i Ž .� s is1, ..., n 27ni,2

W � PÝ f f i i
is1

n

� q� � b S �Ýf , i j M i, j M j j
js iq1 Ž .Crusher � s is1, ..., n 28i 1q� S �M i i

1
Ž .� s 29j jy11

2y ® bÝ i i, j®j is1
iy11

® bÝ j j, i®i js1 Ž .� s 30i iy11
2y ® bÝ j j, i®i js1

Ž .for binary breakage, S s01

iy2 iy1® ® y® y®j iq1 i j
Agglomerator N q� N a N q� N a NÝ Ýf , i iy1 iy1, j j i i, j jž / ž /® y® ® y®i iy1 iq1 ijs1 js1

� ® � ® y2®iy1 iq1 i2 2q a N q a Niy1, iy1 iy1 i, i iž / ž /2 ® y® 2 ® y®i iy1 iq1 i Ž .N s 31ni

1q� a NÝ i, j j
js1

is1, ..., n
Ž .for binary agglomeration

bricated or dried granules which cause tablets to stick to the
punch surfaces. Capping and lamination is the breakup of
the tablet horizontally and vertically, respectively. They are
caused by the expansion of air entrapped in granulation,
which cannot escape during compression. This can be im-
proved by reducing tableting rate or compression pressure.
Chipping occurs around the edge of a tablet. This is usually
due to tooling problems and can be improved by polishing
the punch faces.

Three tablet indices can be used to evaluate tablet strength:
Ž . Ž .Bonding Index BI , Strain Index SI , and Brittle Fracture

Ž . Ž .Index BFI Hiestand, 1996; Jain, 1999

�T
BIs 21Ž .

P

P
SIs 22Ž .�E

1 �T
BFIs y1 23Ž .ž /2 �To

where P is dynamic indentation hardness, � is the tensileTo
strength of tablet with a hole, and E� is the reduced Young’s
Modulus

E
�E s 24Ž .21y®1

where ® is its Poisson’s ratio.1
Typical BI is between 0.005 and 0.04. If the BI is too large,

sticking or picking problems result during tableting. If it is
too low, the tablet may be friable. A typical SI value is less
than 0.04. If it exceeds 0.04, potential structural failure such
as capping and lamination may result. Capping or lamination
also occur if the BFI is larger than 0.2.

ŽProblems may occur in sugar and film coating Seitz et al.,
.1986; Porter and Bruno, 1989 . Chipping of sugar coating can

be improved by adding small amounts of polymer to increase
the plasticity or by reducing the amount of insoluble filler
and pigments to decrease the brittleness. The major cause of
color variation in coating is due to the color migration of
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water soluble dyes during drying. If this happens, using a light
color instead of a dark color can improve the color distribu-
tion because light color usually shows little color distribution
Ž .Banker and Anderson, 1986 .

Another common problem encountered in film coating is
roughness or orange-peel effects. A gritty surface results if
drying is so rapid that dry powders instead of small droplets
of coating solution deposit on tablets. This can be improved
by reducing the degree of atomization of coating solution,
which results in larger droplets and, hence, longer drying time.
Orange-peel surface can also be caused by inadequate
spreading of the coating solution before drying. This can be
improved by increasing spray rate to provide a sufficient
amount of solution to coat tablets, and by reducing process-
ing temperature and airflow to reduce the drying rate. A gritty
surface caused by a viscous coating solution can be improved
by adding a solvent.

Bridging occurs when the internal stress of the film is so
high that partial or complete detachment of the coating oc-
curs in the region of the logo. Increasing the plasticizer con-
centration or using another plasticizer can reduce the inter-
nal stress encountered in the film. Blistering may occur in the
coating if the solvent evaporates too rapidly from tablets and
can be avoided by reducing the drying temperature.

Manufacture of Capsules. Inside the gastrointestinal tract,
gelatin capsules readily dissolve. However, long dissolution
time and low solubility of API can be encountered. Modifica-
tions as mentioned in tablet manufacture can be applied to

capsules as well. The disintegration time of the granules in
the capsule can be shortened if granule porosity is increased.

Examples
Three examples are presented here to illustrate the use of

this systematic procedure for process synthesis and develop-
ment.

Example 1: de©elopment of Vitamin C tablet
Ž .A company wants to produce ascorbic acid Vitamin C

tablet as a dietary supplement. The tablets should be ab-
sorbed into the body quickly and should not break up on rou-
tine handling. Also, they should release the designated
amount of ascorbic acid to the body. The input information is
shown in Table 15. Some of the parameters are not readily
available and are estimated. The details of breakage and ag-
glomeration parameters are not reported here. Production of
10,000 tablets per min is planned.

Step 1: The standard disintegration time of a vitamin
Ž .tablet is 30 min United States Pharmacopeia, 1990 . Ascor-

Ž .bic acid is water soluble 30 gr100 mL and, therefore, disso-
lution is fast. The constituent particle size is around 5 �m.
The USP also sets standards on ascorbic acid tablets to con-
tain not less than 90% and not more than 110% of the la-
beled amount.

Step 2: Since the melting point of ascorbic acid is well
above 100�C and it has high solubility in water, a tablet is

( )Table 15. Input Table for Example 1 Vitamin C Tablet

Properties of Ascorbic Acid
Mass 350 mg
Melting point 191�C
Water solubility 30 gr100 mL
Crystal form Monoclinic platelets and needles
Taste Sharp acidic taste

y2 0Hamaker constant, A 4.5�10 J
y3Bulk density 530 kg m

Yield strength, � 1 MPay
Mean particle size 150 �m
Angle of internal friction, � 40�
Angle of wall friction, � 23�w

Properties of Microcrystalline Cellulose
Mass 79 mg
Water solubility Insoluble

y1 9Hamaker constant, A 1.85�10 J
Mean particle size 100 �m

Properties of Magnesium Stearate
Mass 3.5 mg
Mean particle size 50 �m

Properties of Povidone
Mass 17.5 mg
Mean particle size 100 �m

Properties of Tablet
Mass, m 450 mg
Diameter, D 10 mm
Constituent particle size, d 5 �mp

Agglomerator
Roller diameter, D 0.2 mr
Agglomerate porosity, 	 20%r

Tableting Machine
Hopper outlet diameter, D 5 cmo
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Figure 5a. Dependence of tablet height and tensile
( )strength on table porosity Vitamin C tablet .

Ž .chosen to be the dosage form Table 3 . The nonhygroscopic
tablet is stable at room conditions.

It is decided to manufacture 450 mg tablets containing 350
mg ascorbic acid and a diameter of 10 mm. Coating is needed
for Vitamin C tablets to cover the unpleasant taste of ascor-
bic acid. Enteric coating is not necessary, because Vitamin C
does not cause stomach irritation. Microcrystalline cellulose
Ž .79 mg , which is water insoluble, is added as a diluent. Mag-

Ž .nesium stearate 3.5 mg , a common lubricant, is used in this
Ž .system Bhagavan and Wolkoff, 1993 .

Figure 5a shows the dependence of tablet height and ten-
sile strength on porosity. The tensile strength is calculated as
� s1.5� where � is in turn calculated using Eq. 3 forT c c
fixed values of ® and � . In other words, we have assumed at
safety factor of 50% to ensure that the tablet does not break
up for this impact velocity and angle of impact. An increase
in tablet porosity causes tablet height to increase, and tensile
strength to decrease. It is desired to determine the Hamaker
constant required to yield such a tensile strength. Figure 5b
shows the dependence of such a calculated Hamaker con-

Ž .stant on porosity Eq. 10 .
Before deciding whether a binder is needed to provide the

required Hamaker constant for the tablet, the porosity has to
be selected first. Since microcrystalline cellulose is insoluble,

Ž .a soluble disintegrant such as povidone 17.5 mg is added
before compression. The disintegration time can be calcu-
lated using Eq. 9 and Figure 5b also shows its dependence on
porosity. With a disintegration time of 30 min or less, poros-
ity should be larger than 3% and the Hamaker constant
should be larger than 1.18�10y19 J. If a typical tablet poros-
ity of around 10% is chosen, the tablet having a Hamaker
constant of 4�10y19 J disintegrates in 10 min. Also, such a

Figure 5b. Dependence of disintegration time, and re-
quired Hamaker constant on tablet porosity
( )Vitamin C tablet .

porosity gives a tablet height of 3.1 mm and a tensile strength
of 0.416 MPa. The required Hamaker constant is larger than
the Hamaker constant of the API and, therefore, a cohesive
material needs to be added. Microcrystalline cellulose is co-
hesive and Eq. 7 can be used to check its applicability as
binder. The required Hamaker constant of the binder is 1.77
�10y19 J, which is similar to that of microcrystalline cellu-

Ž .lose Table 15 and, therefore, it can also serve as a binder.
Step 3: After choosing excipients and the tablet structure,

a flowsheet needs to be synthesized and equipment needs to
be selected. Figure 6 shows a possible flowsheet. A crusher is
required since the ascorbic acid and microcrystalline cellu-
lose particles in the feed are larger than 5 �m. It is also used
to make the needle-shaped ascorbic acid more rounded. Since
micron-sized particles are produced, a pin disc mill is used

Ž .and the disc rotation speed is set at 120 mrs Table 12 .
After blending, a decision needs to be made on whether

granulation or compaction should be performed. Flowability
is an important criterion and the minimum outlet diameter
for a particular particle size calculated using the flow number
Ž .Eqs. 13�14 is shown in Figure 7. For a hopper of 0.05 m
outlet diameter, particles smaller than 0.6 mm might cause
flow stoppage. Since our particle size is 5 �m, granulation is
recommended. More importantly, metering of such small
particles and dusting are potentially serious problems in pro-
cessing. For both reasons, a granulation method will be cho-
sen. Whether we can use dry granulation can be determined
using Eq. 16 which is plotted in Figure 8a as the dependence
of critical compaction number N� on a strength index. Withco
a desired agglomerate porosity of 20% and F r� d2sadh y p
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Figure 6. Flowsheet for Vitamin C tablet manufacture.

0.0034, a strength index of 1.36�10y2 is obtained for this
system which in turn leads to a critical compaction number of
32. For a roller compactor, its maximum compaction pressure
can be related to roller diameter, roller speed, gap width,

Žprecompaction pressure and material characteristics Pietsch,
.1991 . The dependence of the compaction pressure on roller

diameter for this system is shown in Figure 8b. The roller
diameter available is 0.2 m, which gives a maximum com-
paction pressure � of 18 MPa. Substituting into Eq. 15 yieldsc
a compaction number of 18, which is smaller than the critical
compaction number. Therefore, wet granulation has to be
used as the granulation method. This decision is also sup-
ported by the heuristic in Table 8, which suggests that wet
granulation is preferred for particles smaller than 150 �m if
air entrapment is a potential problem. This is because dry
granulation needs to be carried out at low roller speed for
such small particles. The relative density of the granules is
0.8 for a porosity of 20%, and a high shear mixer granulator

Figure 7. Relationship between minimum hopper outlet
diameter and particle size.

Ž .is used Table 10 . The impeller and chopper speed is set at
Ž .300 rpm and 1,000 rpm, respectively Table 12 . The diluent,

microcrystalline cellulose, is mixed with ascorbic acid first and
water is added in the granulation step as solvent.

Film coating is chosen for its ease of control. Anyway, sugar
coating produces unacceptably large tablets. A perforated
coating pan is selected because it offers a high drying effi-

Ž .ciency Table 11 . The pan rotation speed is set at about 15
Ž .rpm Table 12 .

Step 4: Vitamin C tablets are then produced according to
the flowsheet shown in Figure 6 and the operating conditions
suggested in Step 3. The product is examined to see whether
deviations from the desired quality factors have occurred. For
illustrative purposes, three possible scenarios are discussed
and possible modifications are suggested to fix the problem.

Scenario 1: The disintegration test shows that the time for
Vitamin C tablets to disintegrate is longer than the standard

Ž .set by USP 30 min . A possible modification is to increase
the porosity of tablets to allow more body fluid to imbibe into
the tablet. This can be achieved by reducing the compaction
pressure. Increasing the disintegrant concentration or using a

Ž .more effective disintegrant such as starch can also reduce
the disintegration time. This should be balanced with tablet
strength since tablets may be too weak if too much disinte-
grant is added.

Scenario 2: Capping results in some of the tablets pro-
duced. It is mainly caused by the expansion of air which can-
not escape during compaction. As suggested by Table 13, re-
ducing the speed of the rotary press and the final compres-
sion pressure would allow more air to escape. However, this
would lead to reduced output due to the reduction of the
tableting rate. Another remedy is to increase the binder con-
centration to bind particles together to prevent capping.
However, this might increase the disintegration time due to
the larger adhesion force among particles. Experiments are
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Figure 8a. Dependence of critical compaction number
on strength index.

required in such a case in order to compare the two remedies
and suggest the best suitable solution.

Scenario 3: The tablet coating appears gritty. According to
Table 13, the degree of atomization can be reduced to pre-
vent the deposition of dry powders on tablets. The surface
can also be improved by reducing the processing temperature
and airflows to allow a longer time for spreading. Adding a
solvent such as ethanol provides easier spreading of coating
solution on tablets.

The process of producing Vitamin C is simulated based on
the flowsheet shown in Figure 6. Figure 9 shows the PSDs for
each stream calculated by using the population balance equa-
tions in Table 14. Liquid binder is ignored in the simulation,
because most of the binder solvent will be removed in a sub-
sequent drying step. Also, drying is not included in the simu-
lation because tray drying is not expected to change the PSD.

Example 2: de©elopment of antacid effer©escent tablets
This example illustrates the use of the systematic proce-

dure to produce effervescent tablets which are supposed to
dissolve in water before ingestion. Effervescent tablets con-
tain three main ingredients: API, a soluble acid source, and
an alkali metal carbonate. The acid source and metal carbon-
ate react to release carbon dioxide gas on contact with water.
The acid source and the metal carbonate used in this exam-
ple are citric acid and sodium bicarbonate, respectively. No

Ž .API is used in this example. Citric acid 1206.6 mg and
Ž .sodium bicarbonate 1583.4 mg are available in granular form

of particle size about 10 �m. The input information is given
in Table 16. Only Steps 1 to 3 are illustrated.

Figure 8b. Relationship between compaction pressure
and roller diameter.

Step 1: Effervescent tablets are disintegrated and dis-
solved in water prior to ingestion. A properly effervescent

Žtablet should disintegrate and dissolve within 2 min Mohrle,
. Ž1989 . The constituent particle size should be small about 15
.�m to allow fast dissolution. As for conventional tablets, they

should contain less than 10% variation of the labeled amount.
They should not break up on routine handling. Weight and
composition need to be uniform for each tablet. They should
be properly packaged to keep moisture away, because water
will initiate the effervescent reaction, degrading the product.

Step 2: First, we select the dosage form. The melting point
of citric acid and sodium bicarbonate are above 100�C; there-
fore, tableting of these ingredients should pose no problem
Ž .Table 3 . Citric acid is deliquescent and, therefore, it cannot

Ž .be encapsulated Verhoff, 1988 . Both ingredients are very
soluble in water and powder might appear to be the pre-
ferred dosage form. However, the ingredients are dissolved
in water before ingestion and, therefore, stomach irritation
will not be a problem. Also, since the ingredients are very
reactive with water, a powder dosage form is more likely to
degrade than tablets.

Since effervescent tablets are not directly swallowed, a large
tablet size is acceptable. It is decided to produce 3,100 mg
tablets with a diameter of 25 mm. Coating is not needed;
however, packaging needs to be carefully designed to prevent
exposure to the environment.

Diluents are not required to make up tablet size. Although
water insoluble lubricant provides better lubricating power,
all excipients need to be water soluble in effervescent tablets.

ŽA water soluble lubricant such as polyethylene glycol 155
.mg is used. Metal carbonate acts as a disintegrant so that no

disintegrant is needed. Figure 10a is a plot of tablet height
and tensile strength against porosity, and Figure 10b plots
the Hamaker constant and disintegration time against poros-
ity. Equation 8 is used to calculate the disintegration time
since all components are water soluble. For tablets to disinte-
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grate within 2 min, a porosity of 16% and a Hamaker con-
y19 Ž .stant of 3.3�10 J is required Figure 10b . Since citric

acid and sodium bicarbonate are not cohesive, a soluble

Ž .binder sucrose 155 mg with the required Hamaker constant
is selected. This gives a tablet height and tensile strength of

Ž .5.3 mm and 0.1 MPa, respectively Figure 10a .

Figure 9. Particle-size distribution in each stream of the Vitamin C process.
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( )Table 16. Input Table for Example 2 Antacid Effervescent Tablet

Properties of Citric Acid
Mass 1,395 mg
Melting point 153�C
Water solubility 200 gr100 mL
Crystal form Monoclinic holohedra
Taste Odorless

y2 0Hamaker constant, A 3�10 J
y3Bulk density 1,665 kg m

Mean particle size 10 �m

Properties of Sodium Bicarbonate
Mass 1,395 mg
Melting point 270�C
Water solubility 8.3 gr100 mL
Crystal form Monoclinic prisms
Taste Odorless

y2 0Hamaker constant, A 6.5�10 J
y3Bulk density 869 kg m

Mean particle size 10 �m

Properties of Citric Acid and Sodium Bicarbonate Mixture
Yield strength, � 0.8 MPay
Angle of internal friction, � 30�
Angle of wall friction, � 20�w

Properties of Sucrose
Mass 155 mg

y1 9Hamaker constant, A 4�10 J

Properties of Polyethylene Glycol
Mass 155 mg
Water solubility miscible

Properties of Tablet
Mass, m 3,100 mg
Diameter, D 25 mm
Constituent particle size, d 15 �mp y7 2Diffusivity of water soluble components in tablet, D 2.6�10 m rsi

Agglomerator
Roller diameter, D 0.2 mr
Agglomerate porosity, 	 25%r

2F r� d 0.00213adh y p

Tableting Machine
Hopper outlet diameter, D 5 cmo

Step 3: Figure 11 shows the flowsheet for effervescent
tablet production. A crusher is not required since the feed
citric acid and sodium bicarbonate particles are sufficiently
small. An analysis of whether granulation is necessary shows
that for a hopper outlet diameter of 0.05 m, the minimum
particle size that does not cause flow stoppage is 0.35 mm.
Therefore, granulation needs to be performed. Dry granula-
tion is selected because wet granulation with water would start
the effervescent reaction. For a desired agglomerate porosity
of 25%, the strength index is 6.38�10y3 and the correspond-
ing critical compaction number is 20.5. A roller compactor
with a roller diameter of 20 cm gives a maximum compaction
pressure 18 MPa and compaction number 22.5. This implies
that dry granulation can be used.

Example 3: de©elopment of ginseng extract capsule
A common traditional Chinese medicine ginseng is consid-

ered in this example. Each dosage provides 250 mg ginseng
extract. For these types of health products and dietary supple-
ments, only limited information on their physical and chemi-
cal properties is available. Steps 1 to 3 are discussed here.

Step 1: Dissolution and absorption needs to be fast for
the therapeutic effect. Ginseng extract is water soluble and
the constituent particle size should be sufficiently small for
easy dissolution or absorption.

Step 2: Since most herbal powders lack compressibility, it
is decided to encapsulate ginseng in hard gelatin capsules
Ž .Cunningham, 2001 . Also, since ginseng has a special odor, it
is better to be encapsulated anyway. In order to encapsulate
250 mg ginseng, a capsule of size 0 is selected, which holds
up to 0.75 mL powder. Therefore, this allows the inclusion of
microcrystalline cellulose which serves both as a diluent and
a dry binder for enhanced processing. Water insoluble lubri-
cant, magnesium stearate, is selected.

Step 3: For most traditional Chinese medicine, after ex-
tracting the key ingredients, they are sent to a spray dryer to
produce powder. The typical product size of a spray dryer is
150 �m. Since metering and flowability are usually problems
for small particles, granulation is recommended. A study on
whether granulation is necessary shows that for a hopper out-
let diameter of 0.05 m, the minimum particle size that does
not cause flow stoppage is 0.25 mm. Therefore, particles are
granulated to a size of 500 �m to allow easier processing.
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Figure 10a. Dependence of tablet height and tensile
(strength on tablet porosity antacid effer-

)vescent tablet .

Conclusions
High-value-added products have gained increasing atten-

Žtion in the chemical processing industries Kind, 1999; Cus-
.sler and Moggridge, 2001; Wibowo and Ng, 2001b, 2002 . For

these products, product quality and reduced time to market
are the primary concerns. To design such products and the

Figure 10b. Dependence of disintegration time, and re-
quired Hamaker constant on tablet porosity
( )antacid effervescent tablet .

Figure 11. Flowsheet for antacid effervescent tablet
manufacture.

manufacturing process, the combination of process systems
engineering and basic engineering sciences is crucial. Based
on a multiscale approach which considers plant, equipment,

Ž .and particle scale issues Ng, 2001 , a systematic product-
centered process synthesis and development procedure for

Ž .tablets and capsules is formulated Figure 12 . The desired
product quality factors are identified based on the therapeu-
tic and physical requirements. Supporting ingredients and
product structure are selected. A process flowsheet is then
synthesized to produce products with the desired qualities.
Finally, product and process are evaluated and the necessary
modifications are identified. Heuristics and mathematical
models are developed for each step to assist decision-making.
The procedure is expected to provide a more efficient devel-
opment workflow and thus a lower development cost and re-
duced time to market.

The present study can be extended in many ways. Multi-
functional equipment such as a one-pot processor can be used
to perform several unit operations and its applicability to
tablet and capsule processing needs to be studied. Ultrafine
particles allow effective absorption of insoluble drugs. A sys-
tematic design procedure for ultrafine solids processing is not
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Figure 12. Systematic procedure for synthesis and de-
velopment of tablet, capsule and powder
manufacturing process.

yet available. The heuristics and mathematical models devel-
oped here are only applicable to tablets and capsules. The
procedure can be extended to general solid dosage forms in-
cluding prolonged release. Efforts in these directions are now
underway.
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Notation
a sspecific rate of agglomeration between a particle in size inter-i, j

val i and a particle in size interval j, kgy1 �miny1

AsHamaker constant, J
A�sconstant reflecting material deformation in Eq. 12

b smass fraction of material broken from size interval j whichM i, j
appears in size interval i

BIsbonding index, dimensionless
BFIsbrittle fracture index, dimensionless

Csthroughput of roller compactor, kgrh
d sconstituent particle size, �mp
Dstablet diameter, mm

D sdisc diameter, md
D sdiffusivity of water soluble components, m2rsi
D shopper outlet diameter, cmo
D sroller diameter, cmr
Establet Young’s modulus, Nrm2

E�sreduced Young’s modulus, Nrm2

F sadhesion force among particles, Nadh
F svan der Waals force among particles, N®dw

gsgravitational constant, mrs2

h sgap width between rollers, cmA
Hstablet height, mm
ksconstant in Eq. 16

k�sconstant reflecting material properties in Eq. 12
lsroller length, working width, cm

mstablet mass, kg
mstotal number of input streams in Table 14
nsroller speed, revrmin
nstotal number of geometric size intervals in Table 14

N sbrittleness index, dimensionlessBI
N sbreakage number, dimensionlessB r
N soperating speed of disc, mrsc

N scritical speed of disc, mrsc,cr
N scompaction number, dimensionlessC o
N snumber of particles in size interval i in feedstreamf i

N sflow number, dimensionlessF w
N snumber of particles in size interval i in product streami

N sstrength index, dimensionlessS I
Psdynamic indentation hardness, Nrm2

P sprobability that a particle in size interval i ends up in the un-i
derflow

SIsstrain index, dimensionless
S sspecific rate of breakage of particles in size interval i, miny1

M , j
t sdisintegration time, sd
®sminimum fluid velocity, mrs
® sPoisson’s ratio1

3 3® sdimensionless volume in size interval i, �mr�mi
® stablet impact velocity, mrst

W sfeed flow rate, kgrminf
zsseparation distance, m

Greek letters

 sgripping angle, degE

�shalf cone angle of a hopper, deg
� sprobability function in the breakage equationj
� sapparent sheet density, kgrm3

� stap density at the gap of the roller compactor, kgrm3
0

� stablet surface fracture energy, Jrm2
f

� stap density at the gripping angle, kgrm3
t

�sangle of impact of tablet onto surface, deg
� sprobability function in the breakage equationi
	stablet porosity
	 sagglomerate porosity at the gap of the roller compactorr
	 sporosity of solid in hoppers
�sangle of internal friction, deg

� sangle of the disc to the horizontal, degd
� sangle of wall friction, degw

�sviscosity, kgrm � s
� sdensity of solid in hopper, kgrm3

s
� stablet density, kgrm3

t
� sinterfacial tension, Nrm
� sapplied stress, Nrm2

c
� stensile strength of tablet, Nrm2

T
� stensile strength of tablet with a hole, Nrm2

T o
� smaterial yield strength, Nrm2

y
� sresidence time, s

� sweight fraction of particles in size interval i in feed streamf i
� sweight fraction of particles in size interval i in product streami

Superscripts
i, j, ksindices

maxsmaximum value
0sinitial value
� scritical number
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