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Dissolution characteristics of cylindrical particles and tablets
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Abstract

In this paper, dissolution characteristics of primary-particles and compressed tablets were investigated by experiments using a mathematical
model. For the primary-particle, it was found that the dissolution rate increased with a decrease in the particle size. Assuming that primary-particles
of size distribution were of cylindrical shape and that the dissolution occurs from the total external surface, an extended Nernst–Noyes–Whitney
e found to be
q applied to a
c forming the
t le particles.
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quation fitted to the experimental data well. As the influences of particle size and shape on thickness of a diffusion-boundary film were
uite low, the dissolution rate was considered to be affected by the specific surface area dominantly. Furthermore, the same model was
ompressed tablet and fitted to the data well. Though the rate constant obtained were not affected by the properties of primary-particles
ablet, it was found to increase with the apparent voidage which occupies the inter-particle volume of tablet diluent among less solub
onsequently, an increase in the apparent voidage is presumed to accelerate penetration of water into the internal voids of the tabl
issolution going, the effective surface area inside the tablet is considered to be extended.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Currently, tablets have been applied extensively to a dosage
orm of medical drug due to the easy handling for the user and
igh productivity for the manufacturer. In the pharmaceutical
eld of formulation design, the dissolution profile is one of the
mportant issues, since most of active pharmaceutical ingredi-
nts (APIs) have poor solubility in water.

Though the dissolution characteristics of single particles
ave been reported extensively by quite a few investigators
Anderberg et al., 1988; Anderberg and Nystrom, 1990; Bisrat
t al., 1992; Bisrat and Nystrom, 1988), most of the models
ave defined the particles as spherical shaped. In contrast, the
haracteristics of the tablets also have been reported by many

nvestigators (Alway et al., 1996; Goehl et al., 1983; Hendrilsen
nd Williams, 1991; Ibrahim and Sallam, 1993; Najib and Jalal,
988; Rost and Quist, 2003). However, most of them have been
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analyzed experimentally and qualitatively and some mo
have not considered the geometrical or physical properti
the tablet (shape, voidage, etc.) fully yet.

Furthermore, the effect of particle shape on the dissolu
rate has been investigated as well as that of particle dia
(Mosharraf and Nystrom, 1995). However, extensive compa
son of the particle shape on the same substance has no
performed fully yet.

In our previous paper (Ito et al., 2005), though the dissolu
tion characteristics of the compressed tablet were investig
the effects of properties of particles forming the tablet on
dissolution rate were limited due to the simplicity of an app
model by power law.

In this paper, at first, the dissolution characteristics
primary-particles forming the tablet were investigated u
an extended Nernst–Noyes–Whitney equation which took
account the cylindrical shape of API and the particle size
tribution. Secondary, the model was also applied to the tab
investigate the influences of the size and the shape of pa
forming the tablet and the apparent voidage of the tablet o
dissolution rate.
378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2005.12.006
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Nomenclature

A1, A3 coefficients in Eq.(19) (m/s)
A2 coefficient in Eq.(19)
a, b minor and major axes of approximate ellipse by

shape analysis (m)
C weight concentration of Ethenzamide (kg/m3)
D diffusion coefficient of Ethenzamide in water

solution (m2/s)
d spherical particle diameter (m)
f weight distribution density of particles
Kshape shape index of particle
k dissolution rate constant (m/s)
k0 dissolution coefficient (s−n)
Mdis dissolved amount of Ethenzamide (kg)
m weight of sample (kg)
p dissolution exponent
R dissolution fraction
r radius of base circle of cylinder (m)
S surface area of primary-particle (m2)
t dissolution time (min)
V volume (m)
vp median dissolution rate (s−1)
x average particle diameter (m)

Greek letters
δ thickness of diffusion film (m)
ε voidage of tablet
φ fraction of Ethenzamide
ρ particle density (kg/m)

Subscripts
cyl cylindrical particle
ETZ Ethenzamide
Lac Lactose
n number of class of particle size distribution
p primary-particle
res bulk solution
sat saturated
sph spherical particle
T tablet
v volume
w weight

2. Theoretical considerations

2.1. Dissolution model on cylindrical primary-particle

It is assumed that a primary-particle is cylindrical, because
most of milled particles are needle shaped from the SEM photo
graph, as shown inFig. 1, and, comparing the measured specific
surface area with the calculated values for the particle assumed
be cylindrical, rectangular parallelepiped and ellipsoidal shape
the cylindrical ones are the most consistent with actual data
The dissolution is assumed to occur only on the external surfac

Fig. 1. SEM photograph of Ethenzamide primary-particles.

keeping the same shape based on the experimental observation
and the simplification of the model, as shown inFig. 2.

For a cylindrical particle which belongs to thenth class of par-
ticle size distribution, the particle shape indexKshapeis defined
as:

Kshape= an

bn

(1)

wherean andbn are the minor and major axes of the particle,
respectively. The distribution of shape index is not taken into
account.

The volumeVp,n and surface areaSn of the particle are
expressed using a radius of the base circle of the cylinder as
rn (=an/2), respectively:

Vp,n = π
a2
n

4
bn = 2πr3

n

Kshape
(2)

Sn = 2π
a2
n

4
+ πanbn = 2πr2

n

(
1 + 2

Kshape

)
(3)

The dissolution rate dMdis,n/dt can be expressed byNoyes
and Whitney (1897)andNernst (1904)as:

dMdis,n

dt
= D

δ
Sn(Csat− Cres) = kpSn(Csat− Cres) (4)
-

to
,
.
e Fig. 2. Dissolution model for cylindrical primary-particle.
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wheret is the dissolution time,D the diffusion coefficient,δ the
thickness of diffusion film,Csat the saturated concentration of
API, Cres the bulk concentration of API in a vessel andkp is the
dissolution rate constant.

On the other hand, the relationship between the amount of
dissolution and the particle volume is given as:

dMdis,n = −ρp dVp,n (5)

whereρp is the true density of API particle.
Substitution of Eq.(5) into the left-hand side of Eq.(4) gives

the related equation of the radius with the dissolution time as
follows:

dMdis,n

dt
= −ρp

(
6π

Kshape
r2
n

)
drn

dt
(6)

Substitution of Eqs.(3)and(6) into Eq.(4) leads to the related
equation of the representative radius with the dissolution time
as follows:
drn

dt
= − kp

3ρp
(Kshape+ 2)(Csat− Cres) (7)

On the dissolution of the particle belonging to thenth class
of the particle size distribution, the bulk concentration is written
by using Eq.(2) as:

C = Mdis,n = 2πρp(r3
n,0 − r3

n)
(8)
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Fig. 3. Dissolution model for compressed tablet.

wheref(rn) �rn is the weight fraction belonging to thenth class
of particle size distribution. Substituting Eq.(11)into Eq.(7), the
variation of the radius with dissolution time is obtained. Here,
the dissolution fraction,R, at time,t is defined as:

R ≡
∑

nMdis,n(t)∑
nMdis,n(∞)

=
∑

n(r3
n,0 − rn(t)3)∑

nr
3
n,0

(12)

2.3. Dissolution model for compressed tablet

Assuming that the dissolution is performed only from the
external surface while keeping the same shape, as shown in
Fig. 3, the rate is followed by Eq.(7), and thatCres is much
smaller thanCsat, substitution ofrT andkT into rn,0 andkp gives:

drT

dt
= − kT

3ρp

(Kshape+ 2)Csat (13)

whererT andkT denote the radius of base circle and the disso-
lution rate constant of the tablet, respectively.

Furthermore, the dissolution fraction at timet is defined as:

R = r3
T,0 − rT(t)3

r3
T,0

(14)
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herern,0 is the initial radius of the base circle of the cylindri
article andVres is the volume of bulk solution.

Substitution of Eq.(8) into Eq.(7) gives the variation of th
adius with dissolution time as:

drn

dt
= − kp

3ρp
(Kshape+ 2)

(
Csat−

2πρp(r3
n,0 − r3

n)

KshapeVres

)
(9)

Furthermore, a dissolution fraction at timet is defined as:

≡ Mdis,n(t)

Mdis,n(∞)
= ρp(Vp,n(0) − Vp,n(t))

ρp(Vp,n(0) − Vp,n(∞))

= Vp,n(0) − Vp,n(t)

Vp,n(0)
= r3

n,0 − rn(t)3

r3
n,0

(10)

hereVp,n(∞) could be regarded as nearly zero.

.2. Dissolution model for cylindrical particles with size
istribution

Taking the particle size distribution into account, the con
ration of bulk solution can be expressed as:

res =
∑

n

Mdis,nf (rn) �rn

Vres

=
∑

n

ρp(Vp,n(0) − Vp,n(t))f (rn) �rn

Vres

=
∑

n

2πρp

KshapeVres
(r3

n,0 − r3
n)f (rn) �rn (11)
. Materials and methods

.1. Dissolution sample

Ethenzamide (ETZ) particles (C9H11NO2: 165.19
.25 g/cm3, Iwaki Seiyaku Co., Ltd.) milled by means

fluidized-bed jet-mill (Hosokawa Micron Corp. Coun
et-mill 100 AFG) are used as a model API, and the prope
f milled particles are listed inTable 1. Lactose (Lac) particle
C5H12O: 342.3, 1.58 g/cm3, Wako Pure Chemical Industrie
td.) are also used as a tablet diluent.

able 1
ample properties

ample no. Average particle diameter,x (�m) Shape index,Kshape

8.177 0.590
9.989 0.544

16.22 0.567
16.24 0.606
17.02 0.626
30.33 0.619
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3.2. Shape analysis of milled Ethenzamide

Particle shape analysis (Fukunaka et al., 2005) was performed
by Fourier transformation of each point on the circumference of
the projected particle image on rectangular coordinates, after a
SEM photograph of the particle sample was first digitized and
then binarized to extract the particle outline using image anal-
ysis software, Optimas (Media Cybernetics, version 6.5). The
shape index of each particle was calculated as the ratio of minor-
to major-axis of the approximate ellipse which is obtained by
the shape analysis. The representative shape indexKshapeof the
sample in this paper is the value of 50% passage fraction of the
particle shape distribution consisting of 250–330 particles.

3.3. Dissolution test for primary-particle

Three hundred milliliters of distillated water with 1 ml of
Tween 20 (Kanto Chemical Co., Inc.) as a dispersant was put
in a glass beaker kept at 37± 0.5◦C in a thermostatic bath and
agitated with a magnetic stirrer vigorously. 0.2 g of primary-
particles were thrown into the solution and dissolved. Sampling
was carried out by collecting 0.8 ml of the sample solution at a
given period.

3.4. Preparation of compressed tablet
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period and the same volume of distillated water was added to
keep the liquid volume after sampling.

3.6. Determination of dissolved fraction

Bulk concentration was measured at 290 nm of wavelength
by means of HPLC with an ultraviolet spectrum detector (LC-
VP series, SHIMADZU Corp.). The dissolved fractionR att was
defined as the ratio of bulk concentrations to the final maximum
one as:

R = bulk concentration att

bulk concentration att = ∞ (18)

4. Results and discussion

4.1. Dissolution characteristics of primary-particle

Fig. 4 shows the dissolution curves of the primary-particles
which have various shape indexes and average particle diam-
eters.X and Y axes indicate dissolution time and dissolved
fraction, respectively. It seems that smaller particles indicate
faster dissolution rate. The particle size distribution was taken
into account when the solid lines inFig. 4were calculated. The
ordinary differential equations resulting from the combination
of Eqs.(7), (11)and(12)were solved numerically and the disso-
l e all
t ere
m rical
p

par-
t
a d not
t rticle
s arti-
c t the
d area.

l to
s . The
A compressed tablet 8 mm in diameter and 3± 0.015 mm in
hickness was prepared by utilizing a mold and a testing s
et on a pedestal of a uni-axial compression apparatus (
2A, JACOM). The voidage of the tabletε was adjusted b
hanging the filling weight of the samplem to mold the table
f prescribed volumeV. The void fraction is calculated by t

ollowing equation:

= 1 − m

ρETZV
(15)

hereρETZ is the true density of Ethenzamide.
On the other hand, in the case of mixture of Lactose

thenzamide, the overall voidage was calculated as:

= 1 − (mφw/ρETZ) + (m(1 − φw)/ρLac)

V
(16)

hereρLac is the true density of Lactose andφw is the weigh
raction of Ethenzamide.

Furthermore, regarding Lactose as apparent void, the vo
f Ethenzamide particles was calculated as:

app = 1 − mφw

ρETZV
(17)

.5. Dissolution test for compressed tablet

Twelve hundred millileters of distillated water was put
glass beaker, kept at 37± 0.5◦C in a thermostatic bath, a

gitated by a mechanical stirrer at 300 rpm. The beaker was
solated to prevent evaporation during the test. One table
ut in a metallic cage and dipped into the solution. Samp
as carried out by collecting 1.5 ml of the solution at a gi
e
-

e

t
s

ution rate constant was the only free parameter to fit. Sinc
heR2 values calculated for the indices of goodness of fit w
ore than 0.953, the proposed dissolution model on cylind
articles is considered to be appropriate.

Figs. 5 and 6show the effects of shape index and average
icle diameter on the dissolution rate constant in Eq.(7) which
re obtained by curve fitting. As the rate constant was foun

o be affected by these two parameters, the effects of pa
ize and shape on thickness of diffusion film around the p
les were negligibly thin. Consequently, it is considered tha
issolution rate is influenced mainly by the specific surface

Fig. 7shows the variation of surface area ratio of cylindrica
pherical particle of the same volume with the shape index

Fig. 4. Dissolution curves with primary-particles.
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Fig. 5. Effect of shape index on dissolution rate constant.

derivation is described inAppendix A. It is found that the ratio is
bigger than unity for any value of shape index. As the result, the
dissolution rate of primary-particle increases with elongation of
cylindrical one.

Fig. 8 shows the effect of average particle diameter on the
median dissolution ratevp which is defined as the dissolution rate
dR/dt at 50% fraction of the dissolution curve. It is reasonable to
regard that the median dissolution rate increases with decrease
in particle size within the experimental error.

In fact, the particle shape index will increase with decrease
in particle size by fluidized-bed jet-milling (Fukunaka et al.,
2005). Though they are opposite in the trends of the effects on
the dissolution rate, the particle size is considered to be more
influential than the particle shape.

4.2. Dissolution characteristics of compressed tablet

4.2.1. Effect of primary-particle properties on dissolution
rate constant

Figs. 9 and 10show the dissolution curves of compressed
tablets of Ethenzamide particles only and of the mixture of ETZ
and Lac particles, respectively. The volumetric fraction of ETZ,

t.

Fig. 7. Variation of surface area ratio of cylindrical to spherical particle of same
volume with shape index.

φv, in the mixture was 0.7. In both graphs, it was found that the
dissolution rate of the tablet was not affected by the properties
of primary-particle. The solid lines indicate the calculated ones
from Eqs.(13)and(14)by substitution of 8/3 intoKshapefor the
tablet, which well fit to the experimental data. The dissolution
rate constant was the only free parameter to fit and all theR2

values calculated for the indices of goodness of fit were more
than 0.993. In the later stages of dissolution of the mixture tablets
in Fig. 10, however, the calculated lines are not consistent with
the data slightly as compared with that of ETZ only due to their
collapse.

Fig. 11(a and b) show the effects of shape index and average
particle diameter on the dissolution rate constant of the tablet in
Eq. (13) obtained by curve fitting. The rate constant was found
to be affected not by these two parameters, but by the apparent
voidage of the tablet as ETZ structure. Though, apparently, this
result seems to be contradictory to our previous one (Ito et al.,
2005) that particle shape has affected the dissolution coefficient
k0, it is considered to be due to inclusion of the effective surface
area, depending on the particle shape, in the overall dissolution
rate equation ask0tp, as discussed below.
Fig. 6. Effect of average particle diameter on dissolution rate constan
 Fig. 8. Effect of average particle diameter on dissolution rate.
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Fig. 9. Effects of primary-particle properties on dissolution curves of tablet
(ETZ:Lac = 100:0).

4.2.2. Effect of voidage of tablet on dissolution rate
constant

To confirm the effect of voidage on dissolution rate con-
stant, the additional tests were performed with tablets which
have higher apparent voidage by increasing the volumetric frac-
tion of Lac.Fig. 12shows the results of the tests including those
of previous runs. It was found that higher apparent voidage leads
to faster dissolution rate. As the calculated lines well fit to exper-
imental data, the proposed cylindrical model can be applied to
the dissolution of compressed tablet. Consequently, in the case
of the tablet, it is considered that the dissolution progresses on
the basis of the external surface. But,Fig. 13shows the effect of
the apparent voidage occupied with Lac on the dissolution rate
constant. It was found that higher voidage yields larger value
of the rate constant. To estimate the influence of the apparent
voidage,εapp on the rate constant, a regression analysis was
applied using a following equation for the rate constant of the
tablet due to the voidage as a variable.

kT = A1ε
A2
app+ A3 (19)

F ablet
(

Fig. 11. Effects of primary-particle properties on dissolution rate constant of
tablet: (a) ETZ:Lac = 100:0 and (b) ETZ:Lac = 70:30.

Fig. 12. Effect of apparent voidage of tablet on dissolution curve with sample
#5 particles.
ig. 10. Effects of primary-particle properties on dissolution curves of t
ETZ:Lac = 70:30).
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Fig. 13. Effect of apparent voidage on dissolution rate constant of tablet.

As the result, the values of coefficients were obtained as fol-
lows:

A1 = 3.1842× 10−4 m/s, A2 = 2.2367,

A3 = 4.457× 10−5 m/s

Since Eq.(19) is correlated with the data, the dissolution
rate constant is considered to depend on the apparent voidag
largely. It is presumed that the penetration of water into the table
is accelerated by an increase in apparent voidage through Lac
faster dissolution. Consequently, as the dissolution progresse
the effective surface area for the dissolution is considered to
be extended including internal ETZ particles through the Lac
region and partly due to collapse of the tablet.

5. Conclusions

Dissolution characteristics of primary-particles and com-
pressed tablets were investigated. As the result, the following
findings were made.

For the primary-particles, smaller particles yield faster dis-
solution rate. The influences of particle size and shape on th
thickness of diffusion film were relatively small. Consequently,
the dissolution rate was affected by the specific surface are
m , the
p on-
s

ution
r rticl
f thes
t upie
w pro
p tha
t ilar
s s, t
p aste
d blet

Consequently, the effective surface area for dissolution is con-
sidered to be extended during the dissolution.
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Appendix A. Derivation of equation of surface area
ratio of cylindrical to spherical particle with shape index

Spherical particle volumeVsphand surface areaSsphof diam-
eterd are given as:

Vsph = 4

3
π

(
d

2

)3

= 1

6
πd3 (A.1)

Ssph = 4π

(
d

2

)2

= πd2 (A.2)

Shape index of cylindrical particle which has a diametera
and a lengthb is defined as:

Kshape= a
(A.3)

V

a

S

R

A on of
24.

A cts of
rticle
uble

A lease.
teri-
ainly. As calculated lines fitted to experimental data well
roposed dissolution model of the cylindrical particles is c
idered to be appropriate.

For the compressed tablet, it was found that the dissol
ate was not affected by the size and the shape of primary-pa
orming the tablet. The rate constant was affected not by
wo parameters, but by the apparent voidage of tablet occ
ith Lactose particles. As the calculated lines based on the
osed model well fitted to experimental data, it is considered

he dissolution is performed on the external surface of sim
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The volumeVcyl of a cylinder is given as:

cyl =
(a

2

)2
πb = a2b

4
π (A.4)

When(A.4) is equivalent to(A.1):

= d
3

√
2

3
Kshape (A.5)

The surface areaScyl of a cylinder is also given as:

cyl = a2

2
π + πab = πd2

(
2

3
Kshape

)2/3(1

2
+ 1

Kshape

)
(A.6)

Division of (A.6) by (A.2) gives:

Scyl

Ssph
=
(

2

3
Kshape

)2/3(1

2
+ 1

Kshape

)
(A.7)

Consequently, plots of(A.7) with shape index giveFig. 7.
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