CHAPTER I

LITERATURE REVIEW

Beclomethasone dipropionate

Beclomethasone dipropionate, chemically known as 9a-chloro-11B-hydroxy-

16B3-methyl-3,20-dioxopregna-1,4-diene-17,21-diyl dipropionate (C,sH;,ClO7), is a

21-carbon steriod. Its structure, gg&”yigure 1, resembles hydrocortisone.
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(British; Pharmacopoeia Commission, 1993; Reynolds, 1994). Beclomethasone
dipropionate appears in two forms, anhydrous and monohydrate. These two forms
have the theoretical molecular weights of 521.05 and 539.07, respectively (United
States Pharmacopoeia XXII, 1990). Anhydrous form is white to creamy white powder

and has solubility of less than Sug/ml in water and 22 mg/ml in alcohol at 25 °C. The



monohydrate is very slightly soluble in water and freely soluble in alcohol (McEvoy,
1999). The weight loss after drying of monohydrate can vary from 2.8% to 3.8%
while the anhydrous form loses less than 0.5% of its weight (United States
Pharmacopoeia XXII, 1990).

The monohydrate may be conventionally prepared by slowly adding water to a

solution of beclomethasone dipropionate in a water miscible organic solvent such as

Padfield, 1989). After crystallization,

t i1s then washed and dried in
| A— T —

g\m reduced pressure or in the

presence of a sterile in : : ohydrate can be produced by

comminuting beclome ater 36 hours within a ball mill

formed (Jinks, 1989).

L i
from 5 to 8 carbonltoms di- 1sopropyl ether and chlorofluorocarbon (Finckenor,

1981;Nealeﬂ‘wlﬂwj% ?J“ﬂ‘iWﬂ’m‘j

Beclonéthasone dlproplong.te has been used to rehev&the symptoms of
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oral mhalat10n, and Vancenase® and Beconase® nasal inhalation (McEvoy, 1999).
These drugs contain a microcrystalline suspension of the anhydrous form in their
formulation and are commercially available.

Generally, beclomethasone dipropionate is micronized by conventional

techniques, either a ball mill or fluid energy mill or ultrasonic means, into particles of



an appropriate size for endopulmonary or nasal inhalation, i.e., sizes ranging from 2-5
microns. The desired fraction can be separated out by air classification or sieving
(Finckenor, 1980). However, when unsolvated drug is incorporated into the aerosol
formulation  containing  halogenated  hydrocarbons  propellants  such  as
trichloromonofluoromethane (propellant 11), dichlorotetrafluoroethane (propellant

114) and dichlorodifluoromethane (propellant 12), it is prone to the phenomenon of

crystal growth and/or crystal agglome Vwere crystals of particle size larger than

@aled that the large crystals are

L9
solvated with one of r(' ., Bue unsuitable for inhalation since

they can cause cloggin 1 ] aerosol, and are too large to

penetrate far enough i oA nd Heggie, 1990; Finckenor,

1981).

To overcome th lem of ciystal, icronizing a solvate and mixing

it with the remaining aero nd useful and is claimed to inhibit

AT A ) .
amples of this are di-iSopropyi, ether. solvate and ethyl acetate

crystal growth.

asone dipropionate can be

p sprays containing the monoﬂdrate in an aqueous vehicle.

B G T 1€ I SRR 5 > v

anhydrous formulation (McEvoy, 1%99). Dry povAd.er inhalation iwnother preparation
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active ingredient. It was found that the particle size of beclomethasone dipropionate

. |
used intranasally as mm

monohydrate (1-10 microns) in such powder compositions remains substantially
constant even after storage for extended periods (Hunt and Padfield, 1989). Although
beclomethasone dipropionate is generally inhaled in aerosol form, inhalation capsule is

another preparation that is available for patients who experience difficulty in using the



aerosol.  Besides, beclomethasone dipropionate can be prepared as a cream or
ointment containing 0.025% w/w used topically in the treatment of various skin

disorders (Reynolds, 1994).

Mechanism of action and pharmacology of beclomethasone dipropionate

Beclomethasone dipropionate is an anti-inflammatory adrenal corticosteroid

used for the treatment of seasonal or | rhinitis when conventional therapy with

antihistamines and decong )e exact mechanisms of actions of

__#

corticosteroids remains reductions in the number of

mediator cells and eptor stimulation (McEvoy,

1999) as well as suppressi ammator re the bronchial walls. Even
though the

vity and has a direct

bronchospasmolytic when very high doses are

ne dipropionate are similar to those of

corticosteroids Ef;a*-;s.a“;..'.'...mmm,;-“ sion may occur in some

o,
YN A
patients treated with @g—t . . 00_@ daily) inhalation therapy for

cant suprg]ression is likely to occur in
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he incidence of Candida colonization in the oropharynx of Candida albicans-
infected children taking inhaled beclomethasone dipropionate is reported (Shaw and
Edmunds, 1986). Other adverse effects, due to acute respiratory infection, such as

hoarseness, cough, dry mouth and sore throat are seen during the treatment periods

(Silvasti et al, 1992).



Hydration and dehydration of solids

Solid chemical compounds can be divided according to their habit and crystal
chemistry as shown in Figure 2. Habit refers to the description of the outer appearance
of crystal, whereas the internal structure is the molecular arrangement within the solid.

Internal structure of a crystalline compound may contain a stoichiometric
adduct, commonly referred to as ‘solvate’. Solvate is a molecular complex that

incorporates the crystallizing solv lgcules into specific sites within the crystal

lattice. When the incorpo h complex is called a hydrate form

habit
Amorphous 5
Single entity _m

o ummmwm v
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Channel Layer Cage (clathrate)

Figure 2 Solid state classification of chemical compounds
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Because water molecule i1s small, it is particularly suited to fill structure voids.
The multidirectional hydrogen capability of water is also ideal for linking a majority of
drug molecules into stable crystal structure (Byrn et al., 1999).

Crystal habit

The crystal habit of pharmaceutical compounds has been used for purposes of
evaluation of the morphology of pharmaceutical solid. If the environment of a

/ygut changing its internal structure, a

- tion of observed crystal habits is
T —

growing crystal affects its e

Table 1 Empirical classification .,',.,, ‘\7\\*‘?"‘& .
(Adopted fréf D / o B ‘R\\\ \%\
. £ \-. N

1R

Descriptor
Acicular - particle L aving/a sim -} idth and thickness. If the
e 0 pus is used.
Columnar Rod-like pa : vidth and thickness exceeding that of a
;;:_"_;*;;";'::*;‘:.—".—'::r" E, - ay also be used.
Blade Lo thin, a calﬂlso be referred to as being

lath-shaped. /

Plate FJ] uanaem ﬂlm;tnﬂahnle may also be denoted
: g a LY
JRIAVATHIAIINYINEY
Tabular Also flat particles of similar length and width, but possessing

greater thickness than flakes.

Equant Particles of similar length, width, and thickness.
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Plate
Tabular

Columnar

Figure 3  Classifica ot e ates according to their observed
i : d Brittain, 1995)

Deviation of crystal ha ;.nﬂ_; o the ay be observed, and such effects are

normally due to -'-..;-----v-------------:—--'A*»--'vﬁ-*--------{‘:#‘ on. Factors affecting the
nE )

crystal habits are, fomxa ples . du@g growth, rate of deposition

during growth, and comipesition of the crystallization process (Newman and Brittain,
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nitrofurantoin habits. The crystallization from formic acid resulted in tabular crystal
habit whilst that from formic acid/water was needle-like. This habit modification was
thought to be associated with preferential adsorption of the water molecules by polar
crystal face, thus their growth was inhibited (Marshall and York, 1989). Moreover,

increasing the phenytoin concentration during crystallization can lead to a
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morphological change of the crystal from needles to elongated plates (Gordon and

Chow, 1992).

Methods employed to obtain hydrate forms
The occurrence of hydrate crystals, onto which water may be adsorbed and/or
absorbed in the bulk solid structure, is widespread but by no means universal among

5.\\ y}// teroids, antibiotics and sulfonamides

drug substances. Some classe

%

days. Sometimes, h e’ ack ishe simply suspending anhydrous

anhydrous carbamazepine in’distilicd water at room temperature for 24-30 hours,

]

-;.,-r, A — )
hydrate form is prﬂuced "flfe sfﬁrry' W : tored under 55-60% relative

humidity. These conditions 2

et al, 1996; Li et al. %OO)

Shenﬂ zTﬂ Ejmgnﬂ Ecjuw %Iawgaﬂrﬂ ﬁsylate dihydrate was

accomplished% three ways. Wh%n suspending glhydrous drugqij aqueous methane
sulfoﬂ %%aﬁarnrﬁmM %’ﬂ}i’}% E_qutahgate form can be
producqed. Another way is granulating anhydrous drug with binder solution as
concentrated cornstarch paste using water. The experimental techniques for solid state
characterization are used and confirmed that indeed it was the same phase of eposartan

mesylate as dihydrate (Sheng et al., 1999).
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Recrystallization in distilled water is another approach to produce hydrate
form. When solution of a substance is evaporated, cooled or otherwise altered to
reduce its solubility, supersaturation followed by nucleation will result in formation of
hydrate crystals providing the form exists. Griesser and Burger (1995) found that
caffeine 4/5 hydrate could be prepared by dissolving caffeine anhydrous in water at

50 °C and allowing it to slowly cool to room temperature. The crystals are then

harvested. This method can also ‘J ‘ oduce particles of smaller sizes by
simply stirring the solu@ th& cry%n process. In other instances,
hydrates can be obtained frome ‘aqliecus solvent systems.

Often crystallizi ) > use of good solvent to obtain a fairly
concentrated solution.

drug is added to the

mixture. In the most ¢ ) l?ﬁ ity of ecreases smoothly during this

ethanol or denatured. ao__hol. On the reerystalling it with water and
I ' (ﬂ
ethanol in the ratio ofj. I w/w, pentahydrates are formed:” Furthermore, compounds of

@ sven ﬁﬁﬁ%ﬁﬂﬁﬁwﬁqﬂ a1 lerationsof

the crystals pro‘yuced (Botha et al., }988). One fgtor that many researchers consider
is the QIW a@ﬁamvﬁcm uym)'rr:]zg) %.IO%J \:ilha\lﬂight change of
water c?mcentration in mixed solvent (Byrn et al., 1999). Nedocromil sodium
trihydrate is crystallized by cooling a concentrated solution of its powder in a mixture
of methanol and water at the ratio of 7:3 w/w (activity of water is 0.47). However,
when crystallization is processed in the mixture of methanol and water of more than

0.9 water activity, heptahemihydrate is obtained (Khankari et al., 1998). It is the
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activity of water in the medium that determines whether a given hydrate structure will
form. Therefore, when substances that are capable of forming multiple hydrates are
dissolved in water-immiscible solvents, different hydrates can be encountered if the

water content of the system is not rigorously controlled.

Classification of hydrates

The crystalline hydrate. ﬂ lassified into three classes according

to their structures, whi , ﬁcommon analytical techniques
available, single cryst( AAMEtys, 0005 classification system should

direct the preformulati ) t acteristics of particular class

are isolated from direc i'_ﬁ " lothe “ molecules by intervening drug

molecules. An example is céphradine dihy ate of which pairs of water molecules

cephradine molecules{{Morri

il
waer molecules included in the

lattice lie neﬂﬂlﬂ ﬁ%ﬁﬂ% W Ejﬁﬂﬂs along an axis of the

lattice, formm “channels” through the crystal. For instance, @plcﬂlm trihydrate

coni of ik Gk e UPAIIIEINREL . oo e

(Vippagunta et al., 2001).

I )
Class II W J forming lattice channels the

Class III Ion—associated hydrate: in which the metal ions are coordinated with
water, addresses the effect of the metal-water interaction on the structure of crystalline
hydrate. This interaction can be quite strong. Forbes et al. (1992) found that it is

more difficult to remove water from the magnesium and calcium salts of hydrated
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p-aminosalicylic acid due to a stronger ion-dipole interaction for the divalent salts.
Besides, crystallographic determination shows a greater bond length between metal ion
and water oxygen of sodium salt as compared to those of magnesium and calcium
salts. This study demonstrated the influence of crystal structure that may produce

unusual physiochemical properties and behavior of crystalline hydrates.

information on the st g/ gomposi f association in the hydrate

the physical and chemical chi‘é;é_-ﬂ'né' may take place in a heated sample. This

=) A 2 S

requires that the o;r;ﬁrator interpret the obs
| R

plausible reaction psocess. The re _ored can be endothermic
1 .ﬂ
(melting, boiling, sub;]nation, vaporization, desolvatiort; solid-solid phase transitions,

o o/
chemical degﬁﬁ\ﬁtq %ﬂﬂuﬁ(%tﬂﬁqﬂ ﬁdative decomposition,

etc.) in nature &I/IcCauley and Brittain, 1995). = Y
LU ikl scamgcataritiet s )| 6 £
|
The DSC experiment entails heating a reference pan and a pan containing the
sample at identical rates of temperature change. The signal measured the difference in
the amount of energy it takes to maintain the equal rate. If the sample absorbs heat
during a phase transition (melting, vaporization), it takes up more energy to maintain

the equality. Dehydration process takes energy to disrupt the association between
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water molecules and drug molecules shown as an endothermic event. Among the most
useful quantitative information available from DSC, heats of fusion for the drug or
vaporization of water are calculated from the area of a DSC endotherm generated on a
properly calibrated instrument. This is a direct measure of the reaction heat of the
sample and the result is expressed in cal/s.g or J/s.g) (Morris and Rodriguez-Hornedo,

1993).

moisture (McCauleéy.and Brittain, 19

rygals may also be measured by

LI o/
o eGP A gorr s

practice, the g‘lal is to determine the “window”a(.)f time at giveejemperature that a

i s bl ok o R b bk )

The combination of TGA studies with DSC work can lead to unambiguous

l :
The isothermJ rate of dehydration of drug c

assignment of the observed thermal event. Examples are DSC and TGA profiles of
unfractionated trehalose dihydrate at 10° C/min. The total weight loss is close to 9.5%
w/w corresponding to the loss of two moles of water. It is evident that the rate of

weight loss due to dehydration is most rapid over the temperature region
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corresponding to the endotherms between 90 and 125 °C, linking them to the
dehydration of the dihydrate crystal. The endotherm at 212 °C corresponds to the
fusion of crystalline anhydrous trehalose as shown in Figure 4 (Taylor and York,

1997).
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Figure 4 shed-liie)-protites. of unfractionated trehalose
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2. Structure determination
2.1 X-ray powder diffraction (XRPD)
X-ray powder diffractometry is widely used for the identification of solid
phases. The technique can be used to identify the solvated and unsolvated (anhydrous)
forms of a compound provided that the crystal lattices of the two are different

(Suryanarayanan, 1995).

The x-rays are di o' clectrons around the atoms. The higher
the electron density, the The relationship between the
wavelength (1), diffra{ between the periodic planes of

Hornedo, 1993). P

AULINYR WD s e

makilﬁtqﬁe'cimau%) icular ‘iﬁ ﬁg‘iﬁ i cEirpTﬁﬁ'Eint polymorphic
forms of a compound. ﬂsﬁeﬁp;e used for the i'?jltiﬁcation of hydrate form. For
example, depending on the water vapor pressure, nedocromil sodium can exist as an
anhydrous, a monohydrate or trihydrate. The x-ray patterns of these crystalline forms

are different, thus x-ray powder diffraction pattern is used to characterize hydrate

states of a compound (Khankari et al, 1998). Furthermore, the x-ray diffraction
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patterns are used to detect changes in the hydrate due to hydration, dehydration or
polymorphic transitions. This is accomplished by “peak matching” which may be done
manually or by specially designed software. If virtually all of the peaks in the reference
hydrate correspond to the peaks of unknown, these two crystals share a common
structure. The relative peak intensity in each sample may vary, but the positions

should agree at the 0.01° level. The appearance of new peak or disappearance of

for the characterization of solid _particles, -

o o e f‘:“ Y-

W
ture,E] 50 °C) or under low relative

dehydration of the trihydrate

humidity at room température had the sanfie’external shEﬁ as the original trihydrate
t

s, cxc it o A ST AT b L s,
q W’] a ﬁﬁmlﬂlwﬁlwﬁ ‘Tﬁ E] the range of

magnifidation suitable for routine work. Electron microscopy work can be preformed
at extraordinarily high magnification level and the image obtained can contain a
considerable degree of three-dimensional information. For instance, the
electronphotomicrograph of the surface of theophylline hydrate is smooth while the

anhydrous form after dehydration process showed high degree of roughness. In spite
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of retaining the original external shape, dehydrated theophylline consists of
agglomerates of smaller particles as shown in Figure 5 (Suzuki et al., 1989).

Usage of scanning electron microscope is beneficial in many ways
but somewhat limited in another aspect because the information obtained is visual and
descriptive, but usually not quantitative. When used in conjunction with other
techniques, however, it becomes a powerful characterization tool for pharmaceutical

materials. 4

~ Etgune_S_Snanmng_eleﬂmnmmmgméhls of theophylline
- (a) Theophylline monohydrate before dehydration
(b) Theophylline after dehydration

2.2.2 | Light Scattering

The determination and control of particle size is often a necessity in
pharmiaceutical |analysis.| [The size range and distribution. of Iparticles of a drug can
influence its dehydration behavior of the hydrate form (Agbada and York, 1994).

Laser scattering particle size analyzer is equipment widely used to
determine particle size distribution. Powder samples can be introduced into the laser in
the dry form or, more commonly in suspension. It is important to choose a suspension

medium to adequately disperse the sample, especially, the sample should not be soluble
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in the intended medium used. Addition of surtactants may be necessary to facilitate
dispersion and prevent flocculation, while a brief sonication is often required to reduce

aggregation (Randall, 1995).

However, in all of the methods available for the physical characterization of

solid materials, it is generally agreed that thermal analysis, crystallography microscopy

V//‘yzharacterization of solvates. It is not

terjj fo gﬁ)ounds of pharmaceutical interest

1 S . ~ .
%‘m\/ information. Each of these

the existence of evidence.

and light scattering are the MOSH

overemphasized that the
T —

must be considered as(

techniques alone, can not
substance is essential in the
development of stable ion & i ating water into the crystalline
ical properties of hydrate are

significantly different fro ing anhydrate. These properties

07 ) N

include stability, sﬂubﬂity,"d‘l"ss&ﬁtiod oscopicity, crystal habit (shape)

iablet behavior (Otsuka and

Kaneniwa, 1988). D

Sheﬂﬁaﬂ ﬁﬁlﬂﬂﬂk{w mﬂrﬁ dissolution rate and

solubility of thé'anhydrous form of aeveral drugs are greater than those of the hydrate
o A G A B b e
reallzatlon of the true solubility of the metastable anhydrous form Examples are those
of glutethimide, theophylline, caffeine and fluorocortisone acetate. ~ The higher
thermodynamic activity of metastable anhydrous form is a major contributing factor

causing the initially greater dissolution rate.
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Occasionally, the binding capacity and flowability of «-D-glucose were
increased after dehydration because of the differences in pore size distribution (Lerk et
al, 1984). Moreover, many researchers are interested in the hydration and dehydration
of disaccharides, e.g. sucrose (Saleki-Gerhardt and Zografi, 1994), trehalose (Taylor et
al, 1998) and raffinose (Saleki-Gerhardt et al, 1995). These properties, hydration and

dehydration, imply the potential of being a cryo-lyoprotectant during the process of

Dehydration of a 1S ilbso o environmental conditions and
—
characteristics of the r inch _,-Mre (Fini et al., 1999), relative

types of crystallographic jor"~ The solvate may exhibit the first type forming

crystalline anhydroxjﬂ Exampleﬁ"’o{ ﬂiia ty e include, heophylline monohydrate

-.‘ Niazi, 1977). The second

i .
ot resg in a change of crystal even

though the sopfu Ejtf]' ?’Iﬁlﬂrﬁrﬂl E'Jth']vﬂﬁld cavities. The third

type of behavioﬂproduces amorphous material or poor crystalline (Byrn et al., 1999).
] =

il il ok ikl b3 b oven o3

°C for only 24 hours resulted in the removal of two out of five water molecules. X-ray

type of behavior OCC\J when desolvatlon does n

powder diffraction measurements of the resulting samples showed the same integrated
peak intensity as the original sample suggesting that the first two water molecules
removed did not disrupt the crystal structure and most likely were the two loosely held

waters. However, when increasing the temperature up to 60 °C, no change occurs in
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the characteristic scattering angles of the pentahydrate form, but the integrated peak
intensities at each angle are reduced with time until the sample appears completely as
an amorphous form as shown in Figure 6. Because no new peak associated with any
anhydrous crystal form appears, it would seem that the heat treatment of raffinose
pentahydrate at this temperature and intermediate times can lead to various mixtures of

amorphous and crystal pentahydrate. The implications of this observation would be

important if the variable soli disorder introduced could lead to

enhanced chemical or physi stabili ardt et al., 1994).

»

20 Degrees

‘a v
F igu@u ﬂa?pcﬂeﬂimgn“o ﬂﬁ’nlsz]pen ahydrate crystals

subjected to vacuum drying at.60°C for different time periods

QRAEATR NN Y
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A dihydrate of diclofenac N-(2-hydroxyethyl) pyrrolidine can transform to
anhydrous form even at low temperature of 40 and 50 °C. Dehydration is completed
in 72 and 10 hours, respectively. Moreover, anhydrous form can occur when keeping
its hydrate form in a desiccator over silica gel at room temperature for one week. The
thermal analysis, observed by differential scanning calorimetry, showed that the
anhydrous form had a higher melting point as compared to the hydrate form. This

y}//able hydrate form to a more stable

n 3or temperature and relatively low
T— i —

indicated that the transformati

anhydrous form might

humidity condition (Fi

activation energy decreases

— —
‘.;",.Jr-ll:::l"'l'l.-‘- -

ey
could due to the ?ﬂanced dehydration from

of smaller particles
York, 1994).

Grinﬂ; ﬁlgﬁﬂt%TW‘%thﬂq ﬂrﬂﬁound The interaction

between wate?'I and drug moleculgs in crystals&ubjected to sag] forces has been
exterbol budi6l) Wik b b Touhdaha i i iy e
was chqanged to a non-crystalline solid after 4 hours of grinding in a ball mill and
dehydration temperature of ground cefixime trihydrate also lowered with increasing
grinding time. Calculated activation energies for dehydration of intact and that of 4-

hour ground samples were 72.4 and 67.5 kcal/mol, respectively. These clearly show
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that the grinding process weakened the bonding force between water molecule and
cefixime molecule. That is, the ground samples became less stable as the grinding
effects. This phenomenon is considered to be due to a greater freedom of movement
of water molecules, which are sufficiently free to participate in a solid-state hydrolytic
reaction in the impaired lattice induced by grinding (Takahashi et al., 1984; Nakagawa

et al., 1982).

methods. Sekiguchi et al formation and decomposition of

griseofulvin chlorofoﬁﬂ . mreducing the particle size of

g o e e
accomplished, but also inthe larger crys : s hindered by the difficulty
( b

of migration of th ‘ent molecu!

—

Y 1 In 1968, Sekiguchi and
co-workers, using dimrential scanning calorimetry (Dgl) and gas evolution analysis

‘o v i _ _
(GEA), founﬂhuﬂ@g %Ejtﬂ‘ ? W\gjoﬁ]eﬂgﬁot desolvation reaction

of griseoﬁllvinqéhloroformate were 6.4 + 0.5 and A) +1.0 kcal/mal). respectively. And
in or@ {Wratal}ﬂta @mu&ﬁ t’l-ll %tmgql’ ,s-c]haos_lnd desolvation,
the BE'ql" gas adsorption method was used to investigate on surface area the drug after
repeated solvation and desolvation. It is noted that the size reduction was
accomplished by one cycle of solvation and desolvation, therefore, further application
is unnecessary. Moreover, the same mechanism of particle size reduction was applied

to some other solvated compounds such as glucuronamide, potassium glucuronate,
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sodium glucuronate isoniazone, citric acid, picric acid and sulfathiazole. Among the
above desolvated compounds, surface area of solvated form changes from 0.2 m?/g to
2.0-3.5 m’/g after desolvation except in the case of citric acid where its surface area of

the dehydrate compound is only 0.89 m%g (Sekiguchi et al., 1968).

Kinetics of desolvation

In general, the kineti

solid-state  decomposition reaction  of

pharmaceuticals has been. -life predictions and to generate

preliminary expiration . i wese studies was to obtain an
equation that provide ots 0 sus time and to elucidate the

molecular details of ‘ ' ., 1999). Occasionally, the work

of water from ampici@i D ou;aate (Shefter et al., 1973).

Usually, analysis’ of data from a salid-state reaction kinetic study begins with

plotting the @Jtiuﬂgomﬂﬂgmﬂ)mgmm rate constants, &,
TR T T T YT e =

various! isothermal dehydration temperatures correspond to the dehydration rate
constants. The activation energy of the dehydration was obtained by estimation from
an Arrhenius plot of the rate constants and temperatures (Taylor and York, 1998).
The fact that more than one equation fits the data indicates that solid-state kinetics

data cannot be used to identify the mechanism of a solid-state reaction Nevertheless.
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it may be important for determination of the activation energy to select the proper
kinetic equation (Byrn et al., 1999).

Kinetics study on the isothermal thermogravimetric analysis showed that the
dehydration mechanism and activation energy of thophylline monohydrate depended on
both the particle size and sample weight. For samples of small weight, dehydration

followed Avrami-Erofeev (n = 4) equation regardless of the particle size. However,

when sample weight was large ; W/I size followed two-dimensional phase
boundary equation whil ated @owed Avrami-Erofeev (n = %)
mechanism. These a( ee-{ m of dehydration of hydrate

could be significantly 1 \‘.\\’1

1\\* such as particle size, sample
weight, crystal defects characteristic ofore, meaningful comparisons

of kinetics parameter. ‘relatord u ired under similar experimenta!

There are many ki ed from different reaction models and

concepts. They are currently used vin inetic parameter, especially to

determine the activaiio X

Eﬂ a
ﬂumwamwmm

QW%NF]?EN umaﬂma d
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Equations for kinetic analysis of solid-state reactions
1. Reactions involving nucleation
1.1 The Prout-Tompkins equation
The rate of reaction is presumably controlled by nuclei that grow
linearly branch into chain and are terminated when the chains of the growing crystals

come in contact with one another (Byrn et al., 1999).

No solid ha urface imperfections or they

could be crystal deft an the remaining sites. It is

assumed that decompositi ' likely,to oecur at such “activated” site. Once a

neighboring molecules argt%om decompose. There will then be a chain or

Propagation Termination

Figure 7 Propagation of active site chains. A propagates and becomes AC
while B stares. After that, B branches with AC and terminates.
(Adopted from Carstensen, 2001)
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1.2 The Avrami-Erofeev equation
The rate of the reaction is presumably controlled by random nuclei
that grow in three-dimensional directions and are able to ingest other nuclei (Byrn et
al., 1999)
[-In(l-)]" = kt

1/4, 1/3 1/2,2/3 and 1
» the proportion of the numbers of nuclei)

where »n

time (/) are activateds ang SCOmPposi o\ in these areas as shown in

Figure 8 (Carstenseny 200

ﬂ‘uﬂ 'VIW]‘?WH’]?
QW']ENﬂiEU 1IN Y

Figure 8  Schematic for approximate Avrami-Erofeev model

(Adopted from Carstensen, 2001)
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2. Reactions controlled by phase boundaries
If the solid state reaction is assumed to be controlled, not by the formation
of nuclei, but rather by the advancement of phase boundaries from the outside of a
crystal inward, then a different series of equations can be derived (Byrn et al., 1999).
2.1 One-dimensional advancement of a phase boundary

The reaction is assumed to proceed along one direction. The rate is

se boundary
d’ha- \ : =
._ 0. \ the surface of a circular disk

or a cylinder. This equati ‘ e controlling area (disc, cylinder, or

rectangle) equation.

Cti Mmp ose_m
k rate \,onstant

time

ﬂumwﬂmwmm

Three-dnmensnogal advancement of a phase houndary

q W? ANDIONNRL EJﬂﬁLLe of a shere

inward.
1-(1-0)"" =kt
where a0 = fraction decomposed

k = rate constant
t = time
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3. Reaction controlled by diffusion
Obviously, primarily reaction involving gaseous starting materials or
products should be treated as diffusion — controlled reactions (Byrn et al., 1999).
3.1 One-dimensional diffusion

The rate of the reaction is controlled by a one-dimensional diffusion

process.
where
32 T
\ two-dimensional diffusion
from the surface of a ¢irc k ¢ f y. \ I ation can be derived.

where o W” ction nposed

3.3 ThEeEdimensional diffusion

P I B WL st o e

surface of a spherical particle, then equation can be derived (Ginstling-Brounshtein
equata)wfl QQﬂim NM’]’J VI EJ’.] a EJ

1-23a-(1-0)° = kt

where o fraction decomposed

rate constant
t = time

-
Il



32

A simplified version of Ginstling-Brounshtein equation is known as the Jander

equation.
[1-(1-a) ] -
where & = fraction decomposed
k = rate constant
t = time
Equations based on the concep A of the reaction

Solution reactions are routinely 4ndlyZcdein terms of equations based on the

. . _5&“\‘. J
concept of order, and often the rd ~of aseaction is used to sign insight into the
molecularity of a reaciion. _Sing “\\ b OREnTE larity of reaction is not as well

defined for solid-stat€ reaCtiony’ Kine \\\\

used. Nevertheless, data ares €S, anz | \ ‘terms (Byrn et al., 1999).

on order are not as widely

1. Zero—order é

ﬁ%‘a‘ﬂ‘ﬂ‘%ﬁm‘iw g1n3

In(ag = kt

T Gl BIANYNAY

rate constant
t = time
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3. Second-order equation

U(l-a) =
where o« = fraction decomposed
k = rate constant
t = time

Several such equations, some of them already alluded to, are listed in Table 2.

Table2  Kinetic equatlo on mechanisms of solid state
Rate-controlling process
ing nucleation
ing nuclei
In(a/1-a) =
(-In(1-a))" =
,2/3, 1
‘:'_ Rez tlo rolled by phase boundaries
l-oo = kt imensional phase boundary
order mechanism)
l={la)” = ensional phase boundary
1-(1-oy'® = Ki nél phase boundary
,,x. ‘
cd reaction
o’ = kt One-dimensio d diffusion
(1-ct) In (1-ct) + o =¢ . Two dimensional diffusion

1”@ﬂu8§waﬂ$ﬂgmmﬁﬁm

(1-(1-a) ¢ Three-dimensional diffusion

ARANN T WA Y

er equations
ln(a) e First order
1/(1-oc) e Second order
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After all the kinetic equations are fitted, only the one with the best correlation
coefficient should be chosen for the determination of activation energy. The activation
energy can be obtained by the Arrhenius equation.

k = Ae -Ea/RT

where £ is the rate constant, £a is the activation energy, 7' is temperature in

Kelvin, R is the rate constant and 4 is proportionality constant. By plotting the

logarithm of the rate constants /: activation energy can be calculated

from the slope of the plot...The activatio 3 an be used to calculate the rate
. L ———

AuEINENIneIng
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