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1. Introduction

Solid dosage forms (pellets, tablets or capsube® the most frequently used
pharmaceutical dosage forms in therapy. They playrgortant role in the pharmaceutical
industry. In the course of the production of salabage forms, numerous problems have to be
taken into consideration. The elimination of unfarable phenomena and the solution of
problems are highlighted fields in pharmaceutiedhnhology. The factors influencing the
granule/pellet parameters, which pellets may bearsép dosage forms or intermediates in
tabletting and in capsule filling, and the optintiaa of these factors are still topics of
research. There are many influential factors. Tdlesrof several factors are well known, but
the effects of some are not completely solved.

In the course of pelletization, a knowledge of pineperties of the active agents and
the excipients is very important. The wettabilitydathe surface free energy of solids are
momentous physical-chemical parameters in the dedigharmaceutical formulations. Their
determination is possible in several ways. Thigtgpinformation can help in the selection of
the components if the interfacial interactions aathpatibility of the formulation components
are known.

A knowledge of surface free energy is of greatisicance for an understanding of the
interactions between the particles of powders angder mixtures [1] and the accessories of
the equipment [2, 3] in the course of various tetbgical procedures (powder mixing [4],
granulating, pelletizing [5-7], capsule filling [B3], tabletting [11] and film coating [12]. In
the course of pellet making, the aim is to prodacproduct with appropriate mechanical
properties, which is proof against the mechanidédces experienced during the further

processing (capsule filling or film coating).

2. Aims

Pellets containing metronidazole were produced ientrifugal granulator from the
model active agent. The typically large metronidezwystals were not ground or milled in
order to avoid changes in the surface and the pby@iemical properties of the particles. The
part of the surface free energy in wet-granulatiaa been discussed in various papers. Those
investigations were made with binary systems (aneder component and binder) [5-7]. The

publications tended to select the suitable bindeafmodel excipient or active agent.

References to the author's own articles are mattebeid numbers.



During the building-up of the pellets, the spregdooefficient, the work of adhesion
and cohesion, the particle size and the bindettisolapplied are all determining factors. For
a binary system (one powder and binder), connestaam be found between the spreading
coefficient and the pellet parameters (primarilg thability). For systems containing many
components, the selection of a suitable excipigtd(produce a product from an active agent

is a complex task. There are several factors, wimaht be considered.

The aims of the present work were as follows:

To review the role of surface free energy as aronmanmt physical-chemical parameter
during the development of solid dosage forms, aafigdin the field of wet-granulation.

The aim was to investigate the role of the surféiee energy of one- and
two-component powder compositions in the pelletipaion.

The first aim of the study was to investigate thke of surface free energy in the
formation of pellets from one- and two-componentvger compositions and to choose a
suitable excipient (active agent - excipient - leindystems). The surface free energies of the
powder componenisere determined.

The second aim was to investigate whether theaserfree energy of a powder
mixture depends on the proportions of the compaemd how the forces of cohesion and
adhesion between the particles affect their intevas as functions of the proportions of the
components. The surface properties ofgiberder mixturesvere investigated.

The third aim was to study the role of surface #eergy in the formation of pellets
from two-component powder compositions containindgfecent amounts of a poorly
water-soluble model drug and an excipient, and dok |for connections between the

properties of the mixtures and the pellet propsrtie

3. Literature survey

3.1. Pellets
Pellets are nearly spherical agglomerates with dlaface, low porosity and good

flowability. Pelletization is a procedure of aggleration in which small particles are
transformed into larger spherical units, usuallg-8.0 mm in diameter. The patrticle size,
however, can vary with the production technologgt ame [13-17].

In their use, pellets can be:

Separate dosage forms;



Intermediates in tabletting, with the aim of impiray the flowability of materials
which cannot be tabletted directly. The pelletsdpied involve larger and more
flowable particles with lower specific surface amhesion than those of the particles
of the original powder mixture;

Capsule fillings due to their morphology, good fhvility and mechanical property;
Intermediates, which are appropriate for coating du their spherical shape, flat

surface and mechanical stability.

3.1.1. Historical survey
The enlargement of particulate solids by agglotmmmais many thousands of years

old. Such aggregates have been applied in theBJy The granulate as a separate dosage
form appeared in the early 20th century in Frari®&3.[A serious breakthrough was achieved
in 1949 by the researchers of Smith, Kline and Emegi$KF). The production of preparations
with an extended effect became possible by usiggrsparticles, pellets of which were filled
in gelatine capsules. This technology was a buiiggrocess. A patent for spray-freezing was
granted in 1964. With this method, pellets witheexted release were processed. Pellet
production was revolutionized by extrusion-sphezation technology, which was developed
in the 1960s in Japan. Through use of this teclyywltarge quantities of product could be
produced during a short working period. Currentlifferent build-up technologies and the

extrusion-spheronization technology are the modbegtate [20].

3.1.2. Possibilities of pellet production
The pellets used in the pharmaceutical industrgmlieg to the producing technology

may be build-up pellets, produced by extrusion-gphigation, pelletizing by kneading or
spray-freezing technologies.

During the production dbuild-up pellets the powder mixture is kept in motion while
the granulating fluid (binder solution) is beingrayed uniformly on the surface of the
particles. The particles will aggregate and thedfloridges transformed into firm binding
bridges by the concurrent drying. Types of appargoducing pellets by this technology
include the dragée pan, rotating drum, fluidizipgaratus [21-24] and centrifugal granulator.

Centrifugal granulator The upper part of the equipment is a cylindrizadly, and the

lower part is a flat plate. The edge of the platenfs an arch and in the middle a conical rise
can be seen, where the centrifugal force is low hedce the powder mixture never
accumulates on the middle. The lower part goesdoBatween the upper and lower parts is a

slit, through which the slit air is flowing in. THermation of the spherical shape is due to the



effect of the centrifugal, gravitational and fludtional forces. The drying through the slit air
is not always sufficient. Secondary drying may beassary in other equipment or in the open
air [25-27].

Extrusion and spheronizationis a compound process. In the first step, the powd
mixture and the granulating fluid are kneaded mtwet mass, which is then passed through a
perforated plate containing holes of appropriage.sThe oblong (often cylindrical) plastic
agglomerates are the extrudates. In the secondteepxtrudates are spheronized/rounded in
a spheronizer. Products with high active ingredeamitent can be achieved in a short working
period via this technology [28-34].

Pelletizing by kneading: High-shear wet-granulation is a process that ire®Ithe
intensive mixing of powders and fluid, which resuih the formation of granules. Granule
growth in high-shear wet-granulation is a dynanmmcgss in which granules are continuously
forming and breaking down. The granule size acliew#h a given set of experimental
conditions depends on the relative rates of grafuulaation and breakdown. Granule growth
in a high-shear mixer proceeds initially by a natlen mechanism. Liquid droplets are
broken up and dispersed by the shear forces imgitieulator and then proceed to wet the
primary particle surface [35-41].

Pelletization with drop formation can be performed by technologies based on
dropping or spraying of the melt [42, 43]. The aetingredient is dissolved or suspended in
the melt of auxiliary material (fats, fatty acidajty alcohols, waxes, polyethylene-glycols,
triglycerides or mixtures of these) [29]. In sprfagezing, the melt of the material to be
grained is sprayed. The spray drops quickly foramistric solid particles. A new and modern
method in the field of pharmaceutical technologythis melt solidification technique from
drops [44, 45].

Other technologies include vacuum-granulation ,[4By-granulation [47], and use of

a centrifugal-fluid-rotoprocessor [20].

3.2. Wettability
The wetting phenomenon can be explained by thlezantion between interfaces. The

behaviour of the liquid drop is determined by th&erfacial tensions arising among the three
interfaces, and according to the Young equationliegum arises when the vector sum of the
surface forces is zero [48-50]. The model of thdting is the contact angle, which is an
interfacial physical phenomenon [51]. The thermayits of the contact angle is described

by the Young equation [52]:
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9v
where: gy = interfacial tension between solid surface angoua, gs, = interfacial tension
between solid surface and liquid, agd = interfacial tension between liquid and vapour
(Figure 1).

Fig. 1. Contact angleq) between solid surface and liquid

Three subtypes of wetting can be distinguished:
A finite contact angle forms between the solid acef and the liquid (contact
wettability).
The liquid fully spreads on the solid surface andrs a continuous wetting layer
(film wettability).
The solid is fully immersed into the liquid (immeamnsal wettability).
When a liquid fully wets a solid, the contact anglezero. When a solid is not wetted by a
liquid, the contact angle is 180°. In practice, solids with a contact angledR gan be
regarded as well wetted. Solids with an angle > &@ poorly wetted [53, 54]. Various
techniques are applied to determine the contackeaftige sessile-drop method, an optical
method; the powder contact angle method, baseti@pdnetration; and the Wilhelmy plate

method, based on force measurement) [55].

3.3. Determination of surface free energy
The surface free energy of solids can be deriverh fthe contact angle which the different

liquids form on the surface of the solid compa¢tse theory of calculating the surface free
energy of solids is based on the different wetpngperties of the different surfaces with
the same liquid. On the other hand, the contadearaf different liquids on the same

surface are different.

The surface free energy is the surface free engngpge when the surface area of a
medium is increased by unit area. For solids, thitase free energy is commonly denoted by

9, and is given in units of energy per unit area,mJbr mN/m).

11



For many solid materials present in forms with sthpfiat surfaces, the contact angle
and the surface free energy can be determinedveiasimply. For pharmaceutical solids,
which are usually powders, the situation is moféadilt, due to the particle shape, size and
surface of these materials [56]. Accordingly, vasdechniques are applied to determine the
wettability and surface free energy of powders §5]- The method of assessing the surface
free energy indirectly from wettability measurengent widely used [66, 67]. The
measurements are usually carried out on the sudat¢be compacts made from the solid
powders.

In the method of Wu [68, 69], the surface freergpes taken as the sum of dispersive
(d) and polar (p) componentgi (=g +g°) [70, 71]. The surface free energies of solid

materials can be determined by means of contade angasurements on two liquids with
known polarities. They can be assessed by solwogetjuations with two unknowns:

_A9ig’) | Matgh)
(1+ COSQ)gl - gg +g|d + gsp +g|p (2)

whereQ is the contact angl€); is the solid surface free energy agds the liquid surface
tension[72].
On finding that all systems cannot be describednbegans of Wu's method, Good and

van Oss upgraded it. The surface free energy iglelivinto polar (AB) and nonpolar

(Lifshitz—van der Waals (LW)) parts, and the suefdiee energy is the sum of these parts
[73]. The polar part (AB) is further divided into elewrt donor (basg ) and electron acceptor

(acid +) parameters. The acid—base (AB) component of tinkace free energy is estimated
g

from Eq. (3) and the surface free energy from B}}. The contact angles of three liquids with

known surface tension components must be usedé¢ond@e the three unknown components
of the solid surface free energyg?", g; andg; ). Thus, three equations of Eq. (4) type must

be solved simultaneously [74, 75]:

9°=2\g g ®)
(1+cosg)g™" = Z(J ¢" ¢" + § g+ 'yﬁ.fa ©)

The surface free energy of solid materials can laésdetermined by means of inverse

phase gas chromatography (IGC). Although IGC wa®duced in different fields long ago,
it has been applied to pharmaceutical systemsiortlye last 10 years [76-84]. The advantage
of this method is that the studied particles andirtilsurface do not change during the

12



preparation of the sample. The solid to be stutigzhcked into a column and a known gas is

passed over its surface. By injecting a serieslikanes with known surface free energy (in

this caseg|d = g) into the gas flow, the dispersion componeyﬁ,, of the solid surface free

energy can be determined. The retention volume lmeagalculated from Eq. (5) [85], aryij
from Eq. (6) [86].

Vn =‘]F(tr - t0) (5)
RTINV, = 2Nygla/d +K (6)

where F is the carrier gas flow; J is the JamesMadin compressibility correction factor
[87], due to pressure differenceds; is the retention time of the probe; it the retention time
of the non-interacting standard (methane); a isrtbéecular area of the adsorbed molecule; R
is the gas constant; T is the absolute temperakirs; the intercept; and N is Avogadro's
number.

The electron donor or acceptor character of thelsahn be determined by using polar probe

liquids, which gives information about the polaaddcter of the solids.

3.4. Parameters calculated from surface free energy
To characterize complex systems, the surface freergg alone does not give

sufficient information. Further parameters can alewdated from the surface free energy. The
distribution in a two-component system can be dtarezed with the spreading coefficient. If
the surface free energies of the solid materiadskaown, the spreading coefficient (S) may

be computed and the interactions between the twterrals may be predicted [4]. The
spreading coefficient is calculated as the diffeezhetween the adhesion work {\d&nd the
cohesion work (W. The two materials which interact can be two persda powder and a
liquid (for example, a powder and a granulatingdjor any material and the equipment. The
spreading coefficient of a material over the swefat another material (9 and that of the
second material over the firstygpcan be determined according to Eqs (7) and @) [8

0 , %% %
n+e oi+d 2

S, =4 (7)

d p
S, =4 219‘3 .\ %95 9 @®
g+d F+P 2
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Wheregﬂ| is the dispersion solid surface free eneﬁyi,s the polar component of the surface

free energy andis the total surface free energy.
The work of adhesion and the surface free energy lmacalculated from each other
[89, 90]. If work of cohesion is performed, two newfaces of unit area are formed from an
originally homogeneous body. The work input must pensate for the surface free energy of
the new surfaces. The work of cohesidig( [mJ/mZ]) and surface free energyy) are
normalized for unit area; Eq. (4) can be used:
We =25 (9)
According to Dupré [91], the work of adhesiddg) describes the work necessary to separate
two phases so that two new surfaces of unit areafamed, but this time from different
materials. The work input must compensate for thiéasa free energiesyj andgsy) of the
new surfaces. However, through the separationestid-solid interface, the work is lower
by the interfacial energyg{; s3:
Wa =01+ 02~ Gis2 (10)
The work of adhesion (W is equal numerically to the energy that ariseemwtwo surfaces
come into contact [92-94]:

_ gldgg glpgf
a_4 d + p
9 +$j 9 +$

W (11)

3.5. Application of surface free energy
A knowledge of the surface free energy is of geggiificance for an understanding of

the interactions between the particles of powdedsgowder mixtures [1] and the accessories
of the equipment [2] in the course of various tesbgical procedures. For this reason, it is
important during powder mixing and tabletting. Therfasce free energy data of
pharmaceutical powders can be utilized in the fdaton of wet-granulation processes in
order to select a suitable binding agent and talipregranule/pellet properties via the
binder - substrate S values [88, 95-99]. This typ@formation can also help in the selection
of the most suitable coating liquid during film ¢og [12,100, and it can help in the choice
of the cooling plate for melt technology [45]. Dagi tabletting and capsule filling, the
knowledge of the interactions between the partiales$ between the particles and the surface
of the equipments can be used. A knowledge of rtkeractions among the particles is also
impotant during the development of dry powder ieha[101].
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During the design of a solid pharmaceutical formaftafrom an active agent, it is
necessary to know the surface properties of thenmadg applied and the interactions between
them[102]. The surface free energy can help to solve difterechnological problems and
also to give additional information about the maisrapplied during the development phase.

This information can help to eliminate the effecseferal unfavourable factors.

4. Materials and methods

4.1. Materials
Metronidazole (Ph. Eur. 4th) is a white to yellowish-white cryste powder. It is

poorly soluble in water. It is a drug frequentlyedsin the treatment of various anaerobic
infections. It is well absorbed following oral adnstration. The drug is a useful prophylactic

in obstetrical and gynaecological interventionsloxtal surgery and appendectomy

[103-106]. Its single oral dose is generally 250 amgl the tablets have a high active agent
content [107]. The drug and its actions (doses) hasen discussed in various papers
[108-115].

Hydroxypropyl cellulose (Klucel LF) (Hercules Inc., USA), a partially substituted
poly(hydroxypropyl)ether of cellulose. Hydroxyprdmellulose is a white to slightly yellow,
odourless, tasteless powder. It is freely solubl@ater below 38 °C, forming a smooth, clear,
colloidal solution [116]. It is used as a binderidg wet-granulation and as a binder, film
coating and extended-release matrix former in tatgg117-119]. It displays surface activity
and can promote the dissolution of the drug frootetg [120, 121].

Corn starch (Ph. Eur. 4th) consists of amylose and amylopettin,polysaccharides
based oma-glucose. Starch occurs as an odourless, tastdlessyhite powder, comprising
very small spherical granules whose size and shapeharacteristic. Starch is used as an
excipient primarily in oral solid-dosage formulat&g) where it is utilized as a binder, diluent
and disintegrant [122-126]. It does not dissolvevater, but swells [116].

Microcrystalline cellulose (Vivapur 101) (Rettenmaier & Séhne GmbH & Co.,
Rosenberg, Germany) is a purified, partially depwyized cellulose that occurs as a white,
odourless, tasteless, crystalline powder compog$egubmus particles. It is widely used in
pharmaceuticals, primarily as a binder/diluentrial tablet and capsule formulations, where it
is applied in both wet-granulation and direct casgion processes. In addition to its use as a
binder/diluent, it also has some lubricant [1274 amsintegrant properties that make it useful
in tableting.

15



a-Lactose monohydrate (Ph. Eur. 4th) occurs as white to off-white cryatal
particles or powder. It is odourless and slighthest-tasting. It is a disaccharide, consisting
of glucose and galactose. It is widely used aliea br diluent in solid-dosage forms.

The liquids used for contact angle measurements glgcerol (Riedel-de Haén AG,

Germany)(gﬂ| = 32.0 mN/m,gD = 31.7 mN/m) andliiodomethane (Sigma, Germany)gfj =

50.8 mN/m,g’ = 0 mN/m).

4.2. Methods

4.2.1. Contact angle measurements
In the first part of the investigations (see seatt®.1l.) the contact angles were

measured with the Wilhelmy-plate method, and in $keond part (section 5.2.) with the
sessile-drop method. The contact angle was detedmimeboth cases with glycerol and
diiodomethane, as such measurements were imposgitilevater because of the resulting
disintegration of the compacts containing corncttamhe surface free energy was calculated
according to the method of Wu, using Eq. (2). Défezes were found in the contact angle
and surface free energy data of the same matehniahwhe two different methods were used.
A characteristic tendency can be observed in the, dia spite of the application of the two

different measuring methods. The same method wakingke various procedures.

4.2.1.1. Wilhelmy contact angles
Compacts of the powders (200 mg) were made ingahhipolished stainless steel

punch and die assembly (2B mm) in a Specac hydraulic press (England) witb a dwell

time and at a pressure of P Pa. The perimeter of the plate samples was measured
accurately with a micrometer. The contact angléefdolids was determined by means of the
Wilhelmy plate technique, using a Kriss Tensiomé&R (Germany). Temperature was
controlled at 20 £ 0.5 °C, with water flowing froacirculator (Haake, Germany). The test
liquid (glycerol or diiodomethane) was placed ispeecial glass dish and raised at a speed of
1.2 mm/min by means of a motorized platform to eohthe powder plate. From the force
measurements, the contact angle was obtained metKtiiss tensiometer software [55, 128].
Five plates of the same powder were used for meammts with each liquid. The
experimental technique is described elsewhere [129].
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4.2.1.2. Dynamic sessile drop contact angles
Compacts of the powders (150 mg) were made witighly polished stainless steel

punch (13 mm in diameter) in a Specac hydraulisp{&pecac, England) with a 10 s dwell
time and at a pressure of @° Pa. The contact angle of the solids was deterntiyetieans
of the sessile drop technique (OCA 20 Dataphysitstruments GmbH, Fielderstadt,
Germany), using a charging pipette (Hamilton Mitesl Syringe). Photos were taken with a
video camera every second up to 10 s from the apnmto contact of the drop with the
compact. The contact angles were calculated froncdhéours of the drop [131]. The values

at 1 s were used for the calculation of surfacegne

4.2.2. Calculation of surface free energy
The surface free energies of the materials werellzaéd according to the method of

Wu, where the surface free energy is taken asutmed$ dispersive and polar components.

The polarity percentage was also calcula(ggﬂ:/gs)' 100.

4.2.3. Production of pellets
The particle size distribution and average siz¢hef powders were measured with a

Laborlux S light microscope and a Quantimet 500 MIC500 MC) image analyser system
(Leica Cambridge Ltd., Cambridge, UK). 500 parsclevere analysed. Particle size
distributions for each powder were obtained throagihequency by number analysis [132].
The average particle sizes of the powders usedhancentrifugal granulator are shown in
Table 1

Pellets containing metronidazole were preparechfeo powder mixture of the drug
and pharmaceutical additives using a centrifugahgiator (Freund CF-360, Japan). Powder
mixing was performed with a Turbula mixer (Willy Bachofen Maschinenfabrik, Basel,
Switzerland) (50 rpm for 10 min). The binder sadatused was in every case a 10% aqueous
solution of Klucel LF. The produced pellets wergedrat room temperature (232 °C) for
48 hours.

Table 1.
Particle sizes of powders used in the centrifugahglator
Length gm) Breadth tm)
Metronidazole 193.67 (+ 98.32) 103.70 (+ 48.26)
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Vivapur 101 71.05 (+ 43.14) 33.85 (+ 19.86)

Corn starch 12.80 (= 3.06) 10.76 (x 2.52)

a-Lactose monohydrate9.42 (+ 7.08) 6.19 (+ 4.68)

Pelletization was performed with the following pareters:

Rotor speed 200-240 rpm, raised in two steps (anib
to 220 rpm, and at 30 min to 240 rpm)

Duration of process 40 min

Inlet air temperature 50 °C

Outlet air temperature 27-30 °C

Flow rate of binder solution 10 ml/min

Slit air flow rate 130 I/min

Spraying air flow rate 13 I/min

Atomizing air pressure 4 kg/dm

Nozzle diameter 0.5 mm

4.3. Test methods
Pellets were fractionated on a vibration sievekehgRetsch GmbH & Co., Haan,

Germany) for 2 min. Size fractions < 315, 315 -,6880 - 800, 800 - 1000 and > 100
were collected. The investigations were performdti whe size fraction 800 - 100fn. The

size fraction 800 - 1000m accounts for 40-50% of certain pellets.

4.3.1. Morphological study
The powder mixtures and the textures of the peihare investigated with a scanning

electron microscope (SEM) (Hitachi 2400 S, Hita&uientific Instruments Ltd., Tokyo,
Japan). A polaron sputter coating apparatus (Pol&guipment Ltd., Greenhill, UK) was
applied to create electric conductivity on the acef of the samples. The air pressure was
1.3-13.0 mPa [133, 134].

4.3.2. Friability
The friability was characterized by placing 5.@fQthe pellets in a 122 ml bottle,

together with 12 g of stainless steel balls 8 mndiameter. The bottle was then placed in a
rotating shaker mixer (Turbula, Willy A. Bachofenakthinenfabrik, Basel, Switzerland)
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(50 rpm for 2 min). The abraded samples were siemeda 400mm sieve. The amount
retained on the sieve was weighed and the frigbpigrcentage was calculated [(weight

passing through the sieve/total weight)00]. The measurements were made in triplicate.

4.3.3. Process of pellet deformation
The breaking strength and the deformation process studied with a modified breaking

hardness tester (developed in the department)piideess of breaking induced by the
vertical downward pressure force was observed lamdorce needed to break the pellet

and the deformation process was measured.

4.3.4. Bulk and tapped densities
An appropriate amount of the sample was gentlyedddap to the 250 ml mark in a

250 ml tared graduated cylinder. The volume was ttead directly from the cylinder and
used to calculate the bulk density according torétaionship: mass/volume. For the tapped
density, the cylinder was tapped 200 times, usingSBAV 2003 Stampfvolumeter
(Engelsmann A.G., Luwigshafen, Germany). The volwinte sample was then read off and

used in the calculation. The results were calcdl&t@m 3 parallel measurements.

4.3.5. Porosity
The porosity of a sample was determined via theggn

e=1- %*100 (12)
wheree, rwp andr are the porosity, tapped density and pycnometisity, respectively
[135]. A Quantachrome SPY-2 stereopycnometer (Qacdmmbome Corp., Syosset, New York,
USA) was used to determine the pycnometric volumieshe samples. The pycnometric
density was calculated from the mass and the pyetrmvolume. Results are averages of

three replicate determinations.

4.3.6. Cohesiveness
The compactibility were tested with a STAV 2003 Staolumeter (J. Engelsmann
A.G. Apparatebau, Luwigshafen, Germany). Tappiststevere performed with 0-300 taps at
10-tap intervals. The Kawakita equation was appleedhe data obtained from the tapping
test, using the formula
N 1

N
cTata 13
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where N is the tapping number, C is the degreeofrae reduction, 1/a is a constant related
to the volume reduction, called the compactibilii;md 1/b is another constant, related to
cohesion and called the cohesiveness [136, 137].

4.4. Statistical evaluation
The mathematical evaluation was carried out with$PSS for Windows 9.0 package.

The two-sample T-test was applied for the comparatwo groups of results. The one-way
ANOVA test was performed for comparison of sevegralups of results. Regression analysis
was applied for demonstration of a correlation leetmvtwo variables. The confidence limit

was in every case 95%. Accordingly, the differewes significant if p< 0.05.

5. Results and discussion

5.1. Role of surface free energy in selection of a  suitable excipient
The role of the surface free energy in the selactib a suitable excipient was

investigated through studies on pellet samplesawoing different fillers [138]. The first
sample consisted only of metronidazole and no éxaipThe other pellet samples consisted
of the active agent and one of the selected exumielhe compositions of the powder
mixtures from which the pellets were prepared &@ws in Table 2 The powder mixtures
contained 25% excipient. The excipients applied waidely used auxiliaries in the
formulation of solid dosage forms. The binder Solutused was in every case 400 g 10%

agueous solution of Klucel LF.

Table 2.
Compositions of powder mixtures

Sample 1 Sample 2 Sample 3 Sample 4
Metronidazole 1000 g 750 ¢ 750 ¢ 750 ¢
Vivapur 101 - 25049 - -
Corn starch - - 250 g -
a-Lactose monohydrate - - - 250 g

20



The contact angles of the materials were measuargtycerol and diiodomethane by
the Wilhelmy plate technique. Through the use ofglgcerol-diiodomethane liquid
combination, the surface free energy could be deterd according to the method of Wu.

The results used for the calculations of spreadoefficients are listed ifable 3.
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Table 3.

Contact anglesq) and surface free energieg of materials used

Contact angle®) Surface free energy (mN/m)
glycerol diiodomethane| g, gg gt | Polarity (%)
Metronidazole 46.2 (+ 0.1) 39.3 (+ 0.3) 5(.80.5| 10.4| 20.4
Vivapur 101 25.5 (+ 0.3) 38.5 (+ 0.1) 59.@0.9| 18.1| 30.7
Corn starch 36.8 (£ 0.6) 36.3 (£ 0.2) 55£1.8| 13.4| 24.3
a-Lactose monohydrate| 31.5 (£ 0.1) 58.7 (£ 0.4) 54)731.1| 23.6| 43.1
Klucel LF* 82.3 (+0.2) 63.1 (+0.3) 30.929.0/ 1.9 | 6.1

*Klucel LF data were applied to calculate the Sui¢s.

It can be seen that the surface free energy afe{IUF is the lowest. The surface free
energies of the materials (model drug, excipienis$ linding agent) were used to calculate
the spreading coefficients{Sand $;) and the adhesion and cohesion work. These resarits
account for the properties of the pellets produt®ben the spreading coefficient of a binder
over the substrate {§ is positive, the formation of dense, non-friaptdlets can be expected.
A positive S with a high absolute value correlated| with the pellet friability for binary
systems (substrate and binder systems) [97]. Wiherspreading coefficient; Sis negative
and $; is positive, the substrate adheres to the bintlexokated points. In this second case,
the binder solution does not form a film arounde ffowder particles, which leads to the
pellets having a more porous, loose texture [1139)].

It can be seen iffable 4.that the spreading coefficient of Klucel LF (1)eovthe
substrate (2) (&) is positive in every case, while that of the dtdie over the binder £§ is

negative.
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Table 4.
Spreading coefficients of Klucel LF over substraigs), and of drug over Klucel LF £
(mN/m)

Substrates (2) 12 (Klucel LF (1)) 1 (Klucel LF (1))
Metronidazole 12.2 -28.0

Vivapur 101 12.9 -43.4

Corn starch 13.3 -35.5
a-Lactose monohydrate5.2 -42.6

The lowest spreading coefficient valuajSvas observed faa-lactose monohydrate.
From the results for the other substrates (metemalk, Vivapur 101 and corn starch),
therefore, it is to be expected that Samples In® awill give non-friable, poorly porous
pellets. In contrast, in the case of Sample 4, eerfr@able, porous product is expected.

The results are partly in accordance with the agirey coefficient data. The friability
of Sample 1 is higher than expected (24%glle 5).

The lowest friabilities of Sample 2 and Sample 8 aonnected with the higher
spreading coefficients of Klucel LF over the powslased in these compounds. The friability
of Sample 4 meets expectations. However, the Sesa#lone do not provide a sufficient
explanation of the measured parameters for theugesti pellets, e.g. Sample 1 (containing
only metronidazole) has a high friability, in caat with the prediction.

The texture and porosity of the pellets, and heahee friability, do not depend only
on the spreading coeffficient. The friability ofetlpellets is influenced by the adhesion and
cohesion work. In general, for the binder to spreaer the substrate, the work of cohesion of
the binder must be lower than the work of cohesibthe substrate. In that case, the friability
of the pellets depends on the work of adhesion thedwork of cohesion of the binder.
Comparison of the work of cohesion of the bindahwihe work of adhesion indicates that the
work of cohesion has a strong effect on the péilability.

Table 5.
Parameters of metronidazole and pellets

Friability Bulk density Tapped density  Porosity
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(%) (g/cm) (g/cn) (%)

Vetronidarale |- 0.64 0.75 47.71
etronidazole (+ 0.00) (+ 0.00) (+ 0.10)

Samile 1 24.4 0.54 0.57 60.36
ample (*0.2) (+ 0.00) (+ 0.00) (0.12)

Samile 2 135 0.52 0.55 62.40
ample (* 1.4) ( 0.01) (+ 0.00) ( 0.02)

Samole 3 115 0.62 0.66 54.48
P *1.7) (+ 0.00) (+ 0.00) (* 0.07)

Samife 4 19.9 0.63 0.67 54.51
ample (* 2.0) ( 0.01) ( 0.01) ( 0.03)

When the amount of binder added to the substratecisased, the friability becomes
higher. When the concentration (binder) exceedsofitenum, the binder solution begins to
spread over the pellets in several layers. Theulgarpellets are aggregates of subgranules
that are bonded mostly through cohesive interastmfnthe binder. In this case, the work of
cohesion of the binder is lower than the adhesiorkbetween the binder and the substrate)
and the work of cohesion of the substrate prodwresules with higher friability [1].
Accordingly, a certain amount of the binder in gedlet compound can cover the substrate.

Our results showT@ble 6) that the work of cohesion of the binder is lowan the
work of cohesion of the substrates and this favoliesbinder spreading over the substrate.
The adhesion work between the binder and substikatesvery case higher than the work of
cohesion of Klucel LF and this helps the bindespoead over the substrate too. However,
differences can be seen between these results.wbhie of adhesion betweea-lactose
monohydrate and Klucel LF is lower than the workadhesion of other substrate - binders.
This is to be seen from the parameters of SamplBa#nples 2-4 are compound systems.
Accordingly, the work of adhesion between the sabss (inside the pellet powder mixture)
was calculated and compared with the work of calmesif the substrates and binder. The
work of adhesion for the excipient - metronidazotenposition is higher than the work of

cohesion for Klucel LF. The binder spreads oversihiestrate in this case too.

Table 6.

Work of cohesion and adhesion (mN/m)
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W, W (KIu.LF) W. (Metr)
Metronidazole 101.9 73.9 -
Vivapur 101 117.9 74.5 107.8
Corn starch 110.5 75.0 105.8
a-Lactose monohydrate | 109.5 66.9 99.3
Klucel LF 61.7 - -

W.: work of cohesion of binders and substrates
W, (Klu.LF): work of adhesion between binder and s$rattes

W, (Metr): work of adhesion between metronidazole #adother substrates

For Sample 1 (containing only metronidazole), hiigh friability can be explained by
the relatively large particle size, and hence leyréiatively smaller surface. The same amount
of binder solution spreads over the metronidaz@ldigles in several layers and is partly
enclosed among the crystalBigures 2. and 3. The granules formed in this case have a
loose, porous structure. The binding force is miaing, because the work of cohesion of the
binder is determining and this work is low. Thehwag friability can be explained as before.
The bulk and tapped densities of this product@ne &nd the granules are voluminous.

S
. _——

x188 9211 18kV S80vm peze 18kV 100um

Fig. 2. SEM micrograph of Sample 1 Fig. 3. SEM micrograph of Sample 1
(1007) (4007)

Samples 2 and 3 consist of powders with similaeaping coefficientsTable 4). A
parallelism was observed in the measured paramésers The friability results are in
agreement with the spreading coefficients. Essedifi@érences cannot be observed between
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the friabilities of Sample 2 and Sample Table 5). However, there are differences in the
porosity and the bulk and tapped densities of thesepellets. Sample 2 has a less friable,
dense structure={gures 4. and 5.The parameters were improved as compared withpgam

1 through use of the excipient.

x100 5283 18KV SO05m
Fig. 4. SEM micrograph of Sample 2 Fig. 5. SEM micrograph of Sample 2
(1007) (2007)

The friability and the bulk and tapped densitiesved to be lower than those of the
sample containing only metronidazole. The pellets sightly porous. The patrticle size of
Vivapur 101 is less than that of metronidazolevds applied in the composition in a quantity
of 25%. The binder solution spreads over the VivalQl and metronidazole particles, but
the same quantity of Klucel LF coats fewer particie several layers. For Sample 3, the
spreading coefficient of corn starch is higher émel particles (corn starch) are small. This
composition and the amount of binder proved ideal.

The scanning electron micrograpt§gures 6. and 7.reveal that the corn starch
particles are enclosed among the larger metronidazgstals. The pellet texture is dense,

and the binder coats every particle. The bindingds are strong, and the friability is low.

Fig. 6. SEM micrograph of Sample 3 Fig. 7. SEM ogcaph of Sample 3
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(100") (200")

Fig. 8. SEM micrograph of Sample 4 Fig. 9. SEM micrograph of Sample 4
(1007) (20007)

Furthermore, the recrystallization @f-lactose monohydrate exerted a favourable

influence on the parameters of Sampld=#yres 8. and 9. The pellet texture is dense and

slightly porous.

5.1.1. Conclusions
Connections can be observed between the frialdliy the spreading coefficient of

the binder over the substrates, and the work oésidh and cohesion between the particles
when pellets are made from one- and two-componemtdpr compositions. However, a
knowledge of the particle size, the proportionshef components and the amount of binder is
indispensable. A knowledge of the surface free gimerof pharmaceutical powders and
excipients, and of the work of adhesion and comesian help in the processing of materials
to make pellets. It plays an important part notyanlthe choice of a suitable binder, but also
in that of appropriate excipients.

Direct correlations cannot be found between thiéasa free energy and the granule
properties. Correlations can be expected betweerspheading coefficients calculated from
the surface free energy and the granule mechastoahgth, and especially the friability.
When the spreading coefficient of a binder overgubstrate () is positive, the formation
of dense, non-friable pellets can be expectedt({forcomponent compositions, i.e. substrate
+ binder). However, the spreading coefficient resswdlone cannot predict the granule
properties, especially in complex systems. Othetofa play important roles, e.g. the particle
size, the proportions of the components and thacite effect between the particles. In spite
of the fact that the binding agent spreads ovemib&onidazole (§= 12.2 mN/m) and low
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friability is expected, the mechanical propertiégm@nules containing only metronidazole are
influenced by the work of cohesion of the bindehiah coats the particles in several layers
and is partly enclosed among the crystals. Santblasd 3 consist of powders with similar
spreading coefficients; in both cases, the parSides of the excipients are smaller than that
of the metronidazole. The small particles fill metsmall holes and the binder is spread over
the particles only in a thin layer because of #rgér surface. For Samples 2 and 3, therefore,
the work of adhesion is determining, which is larti&an the work of cohesion of the binder.
For Sample 4, the situation is similar to that $amples 2 and 3, and the recrystallization of
a-lactose monohydrate exerted a favourable influemcthe parameters.

Overall, it was concluded that, in the coursehaf growth of the pellets, the particle
sizes of the pharmaceutical powders and the interecbetween the particles are important.
If the work of cohesion of the binder is lower thdrat of the substrate and the work of
adhesion between the particles, then the optimaluatof the binding agent is that which

coats the particles in only one uniform and cordumilayer.

5.2. Effect of proportion of excipient on surface f  ree energy of
powder mixtures
Investigations were made of whether the surface &eergy of a powder mixture

depends on the proportions of the components, andthe forces of cohesion and adhesion
between the particles affect their interactions fasctions of the proportions of the
components. Metronidazole - corn starch powder uneg were investigated. From these
mixtures pellets were made, and are reported oseation 5.3.[140]. Connections were
sought between the compositions of the powder mastuthe physico-chemical character, the

interparticle attractive forces and the parametéthe pellets produced.

5.2.1. Contact angle and surface free energy
The compositions of the powder mixtures preparedséwown inTable 7.The corn

starch content of the mixtures was 25, 35, 50,r857b%, respectively.

Table 7.

Compositions of powder mixtures

Mix25 Mix35 Mix50 Mix65 Mix75

Metronidazole 750 g 650 g 500 g 350 ¢ 250 g
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Corn starch 250¢ 350¢ 500¢ 650 g 750 d

The contact angles of the mixtures and of the corapts were measured in a polar
(glycerol) and in an apolar (diiodomethane) liquithe values of surface free energy and
spreading coefficient were calculated from thessultse. Both the glycerol and the
diiodomethane contact angles exhibited a decredasmigency as the corn starch content was
increased Table 8). In the series of data, the Mix50 contact anglé@fered from this
tendency.

The measured contact angle of a compact is amgeaharacteristic parameter which
is influenced by the particles on the surface. Stidace free energy of a powder mixture is
affected by the individual contact angles of thaemals and the interactions between them.
Although there is not a considerable differenceveen the total surface free energies of the
two components of the mixtures (metronidazole HN'm and corn starch 62.3 mN/m)
(Table 8), the data for the mixtures showed a transitiotwben that of the active agent and
that of the excipient. The results for Mix50 wergaim different from the characteristic

tendency in this case. The deviation can be se#reipolarity of Mix50 (17.2%).

Table 8.
Contact angles, surface free energies and polaesylts for metronidazole, corn starch,
Klucel LF and powder mixtures

Contact angle®) Surface free energy (mN/m)

glycerol diiodomethane | g, gg 78 Polarity (%)
Metronidazole | 48.8 (+ 1.3)] 22.8 (+ 1.7) 56.6 47.0 .69 | 17.0
Mix25 42.2 (+3.8) | 16.0 (+1.1) 60.3| 489 114 189
Mix35 41.2 (+1.5) | 14.7 (£ 1.0) 60.9| 49.2| 117 19.2
Mix50 456 (£2.1) | 149 (x1.7) 590.3| 49.1| 10.2] 17.2
Mix65 38.6 (£ 2.0) | 12.7 (+1.7) 62.0| 49.6| 124  20.0
Mix75 37.0(x4.1) | 11.5(=2.2) 62.7| 49.8| 129 206
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Corn starch 37.5(x3.6) 11.2(x1.3) 62.3 499 412 19.9

Klucel LF* 70.1 (1.5) | 28.6 (x1.3) 47.9 | 450| 29 |6.1

*Klucel LF data were applied to calculate the Sui¢s.

5.2.2. Cohesiveness
In order to obtain additional information, and txpkain the slight deviations in the

surface free energy data, larger masses of the growuxtures were also investigated.
Determination of the compactibility of powders grmvder mixtures provides information on
the cohesiveness (and the adhesion properties)cdliesiveness data can be seeRigure

10. Mix65 had the highest value of the constant Iibdicating the highest cohesiveness. The
values for the other mixtures vary with the Whd W. data.
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0 1]

0 25 35 50 65 75 100

Cohesiveness (1/b)

Corn starch content (%)

Fig. 10. Cohesiveness of samples as a functioorofstarch content (R>0.994)

5.2.3. Scanning electron micrographs
The scanning electron micrographs of the mixtusese analysed. The forces of

adhesion and cohesion between the particles weaenieed. The § and $; values
determined via W and W revealed that the metronidazole spread over tha starch
particles, because ;S was positive and 3 negative. The coefficient of spreading of
metronidazole (1) over corn starch (2) was 5.2 mNAnd that of corn starch over
metronidazole was -6.1 mN/m. (This phenomenon cah be discerned clearly visually
because of the difference in order of magnitudetted dimensions of the particles:
metronidazole: length: 194m, breadth: 104m, corn starch: 12 um in diameter., Ahd W,

indicate that the attraction is strongest betwéencbrn starch particles and weakest between
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the metronidazole crystalddble 9). The metronidazole - corn starch,\W¢ intermediate
between the two other data. It is well known frdme titerature that \Wbetween corn starch
particles is fairly strong [141].

Table 9.

Work of cohesion and adhesion (mN/m)

W, W, (Metr)

Metronidazole 113.3 -

Corn starch 124.5 118.4

W.: work of cohesion

W, (Metr): work of adhesion between metronidazole emch starch

Differences can be seen in the scanning electracrographs of the mixtures
containing different amounts of corn starch, in ttiéferent mixtures the interactions
(adhesion and cohesion) being manifested diffeyeil Mix25, the relatively small amount
of corn starch can be found on the surface of teganidazole crystals, in consequence of the
adhesionFKigure 11).

In Mix35, the metronidazole crystals are nearhaligtcovered by one layer of corn starch
particles Figure 12). The distribution of corn starch particles is mven the surface of

metronidazole crystals. In Mix50, the corn stardrtiples are to be seen mainly on the
surface of the metronidazole in consequence ofsdhdorces. In the active regions on the
edges and peaks, there are corn starch aggredatgisionally, there are a few corn starch

aggregates among the metronidazole cryskadgi(e 13.).

Fig. 11. SEM micrograph of Mix 25 (400  Fig. 12. SEM micrograph of Mix 35 (40P
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Fig. 13. SEM micrograph of Mix 50 (400  Fig. 14. SEM micrograph of Mix 65 (40P

In Mix65, the corn starch particles are partly aied on the metronidazole surface and
partly form aggregates. The amount of aggregatksder hereKigure 14). In contrast with
our expectations, there is less corn starch orstiface of the metronidazole in Mix75 as
compared with Mix50 (or Mix65). The remainder okthorn starch can be seen forming a
few smaller aggregates around the metronidazéilgu(e 15). The reason lies in the higher

degree of cohesion between corn starch particlesuse of the higher amount of corn starch.

Fig. 15. SEM micrograph of Mix 75 (40D

A transition can be observed between Mix50 and [@ixeccordingly, for a corn starch
content over 50%, the cohesion between the corarsparticles is determinative. The
corn starch particles attract one another rathar the metronidazole crystals, and form

small aggregates.

5.2.4. Conclusions
A multisided approach promotes an understandinghof the cohesiveness of Mix65

was so high. The cohesiveness results and the isgaetectron micrographs point to a

transition between Mix50 and Mix65. These datadaté the need to take into consideration
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the proportions of the components, which may affbetinteractions between the particles.
Slight changes in the proportions of the componerdg induce significant alterations in the
interactions between the particles. The scanniegtein micrographs of Mix50 and Mix65
reveal that most of the corn starch in these meduis situated on the surface of the
metronidazole, forming corn starch - metronidazaigregates. This phenomenon is more
marked for Mix65, where there are more corn staaggregates on the surface of the
metronidazole crystals. The high cohesivenessisfsédmple can be explained in terms of this
fact.

But why only in this case? For a simple model, sitaation may be as follows, as
supported by the WW, and S values:

1. A little corn starch + a relatively large amountrmétronidazole: all the corn starch
particles are situated on the surface of the meteaole.

2. More corn starch + a little less metronidazole:riyeall the corn starch particles are
situated on the surface of the crystals, composorg starch-covered aggregates, but
some individual corn starch particles can alsoliseoved.

3. A large amount of corn starch + a little metroniol@z more corn starch aggregates are
formed due to the relative higher degree of colrebetween the corn starch particles.
Accordingly, less adheres to the metronidazole) wieaker adhesion.

The examination of the given systems revealed ¥hg50 best fits model 2, i.e. the
bulk of the corn starch in the mixture adhereshtrmetronidazole surface. Mix25 and Mix35
conform to model 1, and Mix75 to model 3. Mix65imgermediate between model 2 and
model 3, this being a special case of the intevasti stemming from the proportions of the
components. This phenomenon was revealed by acsurf@estigation of the mixtures, and
was explained by the analysis of scanning electnicrographs and the cohesiveness data

from the Kawakita equation.

5.3. Investigations of pellets prepared from powder mixtures
Pellets were produced from the mixtures investidaand are reported on in section

5.2. (The preparation of the pellets was carrietlamecording to section 4.2.3. The binder
solution used was in every case 400 g 10% aquexusasn of Klucel LF.) Connections were

sought between the compositions of the powder mestuhe physico-chemical character, the
interparticle attractive forces and the parametdrthe pellets produced. The pellets were

evaluated by considering the mechanical propeffieability and breaking strength) and
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other pellet parameters (bulk and tapped densdtieb porosity). The pellet samples were

denoted P25-P75, similarly to the notations ofrthetures.

5.3.1. Interparticular forces
First, the probable spreading of the binding agenthe surface of the mixtures was

investigated. The probable mechanical propertiethefpellets were estimated from the S
data. These results can account for the propestidse pellets produced. The S values for the
mixtures, metronidazole and corn starch are predaniTable 10

It may be seen that the coefficient of spreadihglocel LF (1) over the substrate (2)
(S12) Is positive in every case, while that of the drdie over the binder {g is negative.
Further it may be stated that,$ncreased and,$decreased as the corn starch content of the
mixtures was elevated. For this reason, the spngaoli the binder over the surface of the
powder mixtures becomes increasingly favoured. $hesults for the powder mixtures are
intermediate between those for metronidazole amdethfor corn starch. For the samples
containing more corn starch, the S values inditiaé¢ pellets with low friability are to be
expected if the prediction from the S values isliapple for systems more complex than
binary systems.

When the spreading coefficient of a binder over shbstrate (&) is positive, the
formation of dense, non-friable pellets can be etgue The friability of the pellets is
influenced by the interactions between the padicléde interactions between the particles are
influenced by the Wand W data, which are given ihable 11.(Some overlap can be found
in these data with the data in section 5.1., betrépetition seems to be necessary with these

supplementary data.)
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Table 10.
Spreading coefficients of Klucel LF over substrgt&g), and of drug over Klucel LF £§
(mN/m)

Binder (1) Substrate (2) 15(Klucel LF (1)) | 91 (Klucel LF (1))
Klucel LF Metronidazole 5.12 -12.42
Klucel LF Mix25 7.21 -17.65
Klucel LF Mix35 7.51 -18.41
Klucel LF Mix50 7.21 -15.63
Klucel LF Mix65 8.01 -20.29
Klucel LF Mix75 8.27 -21.39
Klucel LF Corn starch 8.25 -20.53
Table 11.
Work of cohesion and adhesion (mN/m)
W, W, (Metr) W, (Klu LF)
Metronidazole | 113.3 - 100.8
Corn starch 124.5 118.4 103.9
Klucel LF 95.7 - -

W.: work of cohesion
W, (Metr): work of adhesion between metronidazole emich starch
W, (Klu LF): work of adhesion between binder and s$rattes

5.3.2. Pellet properties
For the metronidazole - corn starch - hydroxyptoghulose systems, the work of

cohesion of the binder is lower than that of thiesstate, and this favours the binder spreading
over the substrate. YWetween the binder and substrates is in everylagber than the \\Wof

Klucel LF and this too helps the binder to spreaerdhe substrate.
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However, differences are observed between thdses/a\, between corn starch and
Klucel LF is higher than that between metronidazalel Klucel LF. Accordingly, W
between the substrates (inside the pellet powdgtunal) was calculated and compared with
the W, of the substrate and binder,Wér the excipient - metronidazole composition ighler
than W, for Klucel LF. The binder spreads over the sulbstiathis case too.

The friability and breaking strength of the pedletre listed inTable 12 The pellet
friability tended to increase as the corn starchteot was increased, in contrast with the

prediction made from the S data.

Table 12.
Mechanical properties of pellets
Friability (%) Breaking strength (N)
PoE 115 1.43
(x1.7) (£ 0.16)
P35 12.4 1.32
(£ 0.8) (£ 0.13)
PS5O 9.2 1.32
(£ 1.6) (£0.22)
PGS 16.6 1.21
(£ 4.5) (£ 0.18)
P75 154 1.17
(£ 0.5) (£ 0.14)

The breaking strengtfiTable 12.)exhibited a decreasing tendency, in accordance tug
friability data. Thus, the mechanical propertiesha pellets became more unfavourable@s S
increased. The friability values of P50 and P6%ed#d significantly. The friability of the
pellets was more significant at a corn starch adrdger 50%. The different data of P50 draw
attention to the fact that the proportions of théve@ agent and the excipient and the amount
of the binder used were ideal. The surface of #mtigles is coated with the binder solution
only in one continuous layer, which is thin enodghthe binder - substrate adhesion to be
dominant.

The bulk and tapped densities of the pellets \atse tested. It is clear from the results
that they decreased as the corn starch contenine@asedKigure 16). The porosity of the
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pellets was calculated and it may be seen that liaglya looser, more porous structure. An
increasing tendency can be detected in the porosgylts as the corn starch content was
increasedKigure 17). The difference in the porosity of the samples wignificant.

0,68
0,66 O Bulk density

0,64 B Tapped densi
0,62 1

0,6 1
0,58 +—
0,56
0,54 +—
0,52

0,5

Density (g/cr?l)

25 35 50 65 75
Corn starch content (%)

Fig. 16. Bulk and tapped densities of pellets

61 59.99
60 - =

22 57.64 |
57 56.44
t6 55.48 =
54
53
52~
51

Porosity (%)

25 35 50 65 75
Corn starch content (%)

Fig. 17. Porosity of the pellets

5.3.3. Scanning electron micrographs
Scanning electron micrographs were also prepare@ foetter understanding of the

phenomena observed. P25 contains 25% corn stamth73% metronidazole. The pellet
texture is dense, but slightly porousdures 18. and 19. The scanning electron micrographs
reveal that the corn starch particles are encl@edng the larger metronidazole crystals.

Many metronidazole crystals can be seen on theasirbf the pellets due to the large
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metronidazole content.

Fig. 18. SEM micrograph of P25 (10D Fig.19. SEM micrograph of P25 (20D

P35 Figures 20. and 2).and P50FKigures 22. and 23.contain more corn starch than
P25. Due to the higher corn starch content, théasarof the metronidazole crystals was
extensively covered with small corn starch particléhe tendency which was found in the
investigations of the powder mixtures can alsodmnsn the scanning electron micrographs

of the pellets.

Fig. 20. SEM micrograph of P35 (20D Fig. 21. SEM micrograph of P35 (400

Fig. 22. SEM micrograph of P50 (20D Fig. 23. SEM micrograph of P50 (400
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P65 Figures 24. and 2%and P75Kigures 26. and 27 contain more corn starch than
the other pellets. The distribution of the corrrctaparticles in these pellets exhibits specific
features, in accord with the distribution of thenpmnents in the mixtures. The pellet texture
iS more porous: more gaps and craters may be sethre itexture of the pellets containing
more corn starch. These gaps can be observed ohotider of the metronidazole — corn

starch aggregates.

Fig. 24. SEM micrograph of P65 (20D Fig.25. SEM micrograph of P65 (40D

Fig. 26. SEM micrograph of P75 (20D Fig.27. SEM micrograph of P75 (40D

The surface of the metronidazole crystals is noveoed with corn starch.
Accordingly, the surface of the crystals can bexgedhe scanning electron micrographs. The
corn starch particles stick to one other partlyotigh cohesion and partly through
binder - corn starch adhesion.

The pellet particles produced differed in compositiparticularly in the event of a
higher corn starch content. Some particles contiamere metronidazole, and others less. The
distribution of the components was not homogeneAasordingly, in the SEM micrographs

of some pellets, more metronidazole could be seethe surface in spite of the higher corn
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starch content. This was due in great part to thehd W between the particles, similarly as
observed for the powder mixtures.

The pellet parameters were also influenced by theuat of the binder solution. The
same quantity of binder solution was used for peldion in every case. Compositions
containing more small corn starch particles posadssger surface area. Accordingly, more
binder solution was necessary to cover the pastiafel to cause them to stick them together.
Above a critical limit, the amount of the binderllgmn was not sufficient to ensure the
coverage of the particles. For this reason, thehar@cal properties of the pellets containing

higher quantities of excipient were unfavourable.

5.3.4. Conclusions
The experiments reported here indicate that, ircthese of the processing of powder

mixtures, it is very important to take into consgeteon the proportions of the components.
The cohesiveness (1/b) and scanning electron miegpbg of Mix50 and Mix65 draw
attention to the composition dependence of the urest, which is expressed @ and the
polarity. In powder mixtures, the interactions begéw the particles are determined by the
forces of adhesion and cohesion. The surface fneegg data for mixtures are not always
directly proportional to those of the components.

For more complex systems, S cannot be utilizegréalict the mechanical properties
of the pellets. For the samples investigated hiemmay be stated that, as the surface free
energy values of the mixtures increased and thaebinmixture S values increased (the corn
starch content increased), the mechanical progediethe pellets produced (friability and
breaking strength) became more unfavourable. Thie dnd tapped densities of the pellets
decreased and the porosity increased as the carchstontent increased, and the granules
had a looser, more porous structure. Consequentbgntrast with the predictions from the S
values, pellets with a more porous and looser texand with unfavourable mechanical
properties can be produced as the\@alues increase. The pellets containing less starth
(P25 and P35) proved to be ideal compositions. dtmpositions of these pellets were
homogeneous. In these cases, the work of cohesithre @orn starch was not dominant. The
interactions between the particles were determimethe adhesion between the corn starch
and the metronidazole. The pellet compositions lmardesigned with consideration of the
particle size and surface, the interactions arising the amount of binder solution applied.
Thus, the mechanical properties of pellets can bedigted from S data only with

reservations, for relatively simple systems.
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6. Summary

The aims of the work were to investigate the rdiéhe surface free energy in the
selection of the suitable excipient, and to examateether the surface free energy of a
powder mixture depends on the proportions of thenpmnents, and how the forces of
cohesion and adhesion between the particles afifeit interactions as functions of the
proportions of the components.

Major conclusions:

The build-up of the pellets, their structure and thteractions between the powder

particles can be studied according to a new adpectsing the surface free energy

data.

The surface free energies of pharmaceutical powalgisexcipients, and the work of

adhesion and cohesion, play important roles ind@ce of a suitable binder and

appropriate excipients.

The spreading coefficient results alone cannot iprethe granule properties,

especially in complex systems.

In spite of the fact that the binding agent spreadsr the metronidazole and low

friability is expected, the mechanical propertief granules containing only

metronidazole are influenced by the work of cohesbthe binder, which coats the
particles in several layers and is partly enclas®dng the crystals.

If the work of cohesion of the binder is lower ththat of the substrate and the work of

adhesion between the particles, then the optimaluainof the binding agent is that

which coats the particles in only one uniform andtmuous layer.

W, and W indicate that the attraction is strongest betwiencorn starch particles

and weakest between the metronidazole crystals.nidteonidazole - corn starch W

is intermediate between the two other data.

Differences can be seen in the scanning electrocrogriaphs of the mixtures

containing different amounts of corn starch, thernactions (adhesion and cohesion)

being manifested differently in the different miseg. For a corn starch content over

50%, the cohesion between the corn starch partildsterminative. The corn starch

particles attract one another rather than the migtagole crystals, and form small

aggregates.

The pellet friability tended to increase as thencsetarch content was increased, in

contrast with the prediction made from the S da&tee breaking strength exhibited a
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decreasing tendency, in accordance with the fitgbdata. Thus, the mechanical

properties of the pellets became more unfavourabl®, increased.

The bulk and tapped densities of the pellets deecskas the corn starch content was

increased. The pellets had a looser, more poroustste. An increasing tendency can

be detected in the porosity results as the comlstzontent was increased.

The pellet particles produced differed in compositiparticularly in the event of a

higher corn starch content. Some particles conlamere metronidazole, and others

less. The distribution of the components was nobddgeneous. This was due in great
part to the W and W, between the particles, similarly as observed far powder
mixtures.

Above a critical limit, the amount of the bindedg®mn was not sufficient to ensure

the coverage of the particles. For this reasonjiteehanical properties of the pellets

containing higher quantities of excipient were woifarable.

For more complex systems, S cannot be utilizedrédlipt the mechanical properties

of the pellets.

Consequently, in contrast with the predictions fribra S values, pellets with a more

porous and looser texture and with unfavourable hameical properties can be

produced as the;Svalues increase. The pellets containing less starch (P25 and

P35) proved to be ideal compositions. The compmsstiof these pellets were

homogeneous.
Practical usefulness:

The use of the surface free energy may be a neectsp the selection of suitable
excipients in the course of pelletization. Theahig excipients can be selected on the basis of
the binder - substrate spreading coefficient valliége choice of an excipient with a higher S
value is suggested, instead of an excipient witbwaspreading coefficient. In this case the
given binder will spread on the surface of the pierit. The interactions between the particles
can be investigated by evaluating the Wa and Wa. dat

If the work of cohesion of the binder is lowernhhat of the substrate and the work of
adhesion between the particles, then the optimaluatnof the binding agent is that which
coats the particles in only one uniform and cordumilayer. The mechanical properties of the
pellets are in this case optimal.

Investigation of the scanning electron micrographihie powder mixtures used during

the pelletization can prognosticate the problemssirgy during the pellet making.
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Inhomogeneous distribution in the powder mixture peoduce pellet particles with different
compositions.

The spreading coefficient results alone cannotdiptethe granule mechanical
properties, especially in complex systems. Othetofa play important roles, e.g. the particle
size, the proportions of the components, the amotinhe binder and the attractive effect
between the particles. However, the use of S vaduelsother factors can complement one
other and they can therefore be applied in thessoaf the industrial development.

The structure and the mechanical properties op#ilets are determinative from the
aspect of the further processing. The pellets reeedrtain mechanical strength in order to
resist the force arising during the further procegdn the course of the coating of the
particles, during capsule filling or also duringlttting.

The data calculated from the surface free energg gnportant information for the
practice of pelletization. This information can bsed during the development of a new
pharmaceutical dosage form. Furthermore, it is abe during the industrial processing in
order to solve different technological problems ethimay arise during that stage.
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