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INTRODUCT ION

There héve been a large number of publications in the field
of dissolution testing in recent years. Pernarowski (1)
in a survey in 1973 showed one hundred different methods
which had been published in literature. LeHir (2) also has
described the technology in depth. It would seem that one
disadvantage of such & profusion of methods would be thet
results from one methed would not be compargble with results
of enother. It would, obviously, be advantageous if a mesans
existed thet would ellow transformation of a result from one

method to that of another for the purpose of comparison.

An even more seridus problem is that of reproducibility
of a method. If a dissolution rate test is performed in
*identical' equipment in different laboratories then results
should hopefully be couwparabie. However, literature reports
differently (3); differences in 'identicsl' pieces of appa-
ratus may stem from such factors as (&) differences in
vibration (4), (b) difference in zbrasion (5), {(c) diffe-
rences in»zero time (6) and (d) differences (of small
‘wmagnitude) of dimensions or positional geometery (e.g. the
point &t which a rotating basket is positioned in the disso-
lution vessel (7)). Point (b) has been a well known fact
to meny investigators in the field of disintegration &

dissolution. Metal screens are rough when jnitially purchased
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(manufactured); this gives rise to abrasion of the dosage

form (both in U.S.P. disintegration and dissolution rate.

apparatuces). However, continued exposure to O.1N HCl will
dé-burr the wire mesh and make it'smooth and reduce the

bragion, hence increase dissolution and disintegration

m

®

times. The study reported here attempts to develop a means
(not & dissolution rate method) for overcoming the stated
poblews and to characterise a substence (oxalic acid) in
such & feshion that it could be used as an internal

standard.



THICRY

The fact that different methods pive different results

is due to variation in hydrodynamics from method to method.
In essence the intrinsic dissolutic.: rate constant is

given by the Nernst-Brunner equation (8,9):
-dn/dt = Q(aC/dt) = k.Y (8~C) (Eq.1)

where m is mass undissolved, t is time, Q is volume of

dissolving liquid, C is concentration, ¥ is surface area

of the powder at time t, and S is the saturation concentra-—

tion. k is the intrinsic dissolution rote constsnt asnd is

given by (10):

where h is the thickness of s (supposedly stagnant) filﬁ
of liquid adhered to the solid particles, D is the diffu-
sion coefficient of the solute in the dissolving liquid,
and éis the dissolution rate constant at high agitation
intensity. At high agitation intensities the liquid film

will tend toward zero, hence D>> h§ and lirnv k=§, It

=¥

is seen, that h is a function of liquid velocity, v (em./sec),

i.e. %

h =6 (vys)  (Fa-3)



but as expressed in Iq.? (and reported by Niebergall et al.
(11)) h is also a function of the dimension (a cm.) of the
dissolving particle. At low liquid velocity, the film

thickness, h, is lerge, so that hé >>D end Eq.2 becomes:
k = D/h = D/ ¢ (v,a) =A(v,a) (Eq.4)

It is exactly the dependence on velocity that maekes different
methods give different results and alsc, partly, is respon-
sible for different pieces of equipment of the same construc-

tion at times giving poor reproducibilitye.

Assuming the vessel used to be cylindrical mskes it
possible to describe a point in space in the vessel by use
of cylindrical coordinates,'i.e” by an engle, 8, a dis-
tance from center, r, and a height above the bottom, H. It
is obvious that the liquid velocity, v, is a function of the

position in the agitated vessel and also a fuanction of

time, i.e., a8t a particular point:

v = v(r,0,H,t) | (Eq.5)

The sverage velocity Vv in the entire vessel at time t is

given by:
| 2 R H,
v(t) = %f[f v(r,8,H,t)d"-dr-40 (Eq.6)

G o
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where Q is the volume of the dissolving liquid, R is the
radius of the vessel and HO is the height of liquid in the
vecsel. The average velocity for the duration (of time t!')
of the discolution experiment is then:

t' ,
- l—-J F(t) at (Eq.7)
o |

[¢]

<t

If one, hence, could determine the functions in Eq.5, one
could describe a dissolution method either by the function

or by its average value (Eq.7). However, such a determination
is (usually) not possible, and furthermore the average
velocity would (due to upper limit) still be a function of

the tq, (t') of the particular test.
O :

It is apparent, however, if for a standard substance
the function in Eq.4, i.e., k¥ =A (v,a) were known, then a
particular dissolution method can be performed with 2 mono-
disperse sauple of the standard substance with dimension 2, e

The determined rate constant would be ke =}.(v,ao) S0

xpt
that the average velocity could be expressed as :

e N (8K, (£q.8)

%-1

value) A .

is here the inverse function of (not the reciprocal

If a relationship such ss Eq.4 were established



then? differences between 'identical! pieces of apparatus
could obviously be resolved, and, indeed, the standard

substance could be used as an internsl standard.

It should be pointed out that the film theory (8,9)
has been subject to some criticism lately (12,13) in that
the convective diffusion terms are neglected. However,
these objections are primerily directed at the dissolution
from a planar surface (as for example, in a Wood's
apparatus (14)); where convective diffusion causes removal
at the edges parallel to the flow; such a situation
does not exist in a dissolving particle where there
is rotational motion in the adsorbed film, so that the
convective diffusion does not cause mass transport
into the bulk solution. The general validity of the
Nernst-Brunner theory in particular dissolution is
evidenced by the agreement found by Carstensen and Patel
(15) in dissolution of polydisperse powders with
theoretical model based on the film theory. King (41) has
®Phere has been no attempt here to make a complete

bibliography; only articies directly relevant to the
particulsar aréument in this study have been cited in
the references. For a bibliography of methodology

the reader is referred to reference 1.



reported that it is not necessary for the Hernot-Brunner
Theory that the so called 'stagnant layer' be stagnant on
the solid surface. The Nernst-Brunner layer mey be a
hydrodynamic boundary, which, rather then being stagnant
represents a velocity field, with zero velocity at the
501id boundary;this however is not incompatible with the
‘concept that concentration is a function of the distence

from the solid surface only.



EXPERIMENT AT,

\

The test substance used was oxalic acid dihydrateca The
oxalic acid wes recrystalliced and classified by sieving
described as follows: 100 g. of oxalic acid was dissolved by
heat (70°c) in 200 c.c. of water end air cooled overnight to
get crystels. The crystals were then filtered off and air
dried at rocm temperature. The dried crystals were segregated
into mesh fractions by means of U.S.P. sieves using Cenco
Sieve Shakerd. The useful fractions were stored in desiccators
over saturated Sodium chloride solution with excess solid
Sodium chloride (33% relative humidity); this wes done %o
avoid vitrification (Carstensen & Patel (15)).Various mesh
fractions used in these experiments were: -10/+20, ~-20/+40 &

~40/+60,

The dissolution experiments were performed in a column
such as shown in Fig. 1. A female ground joint (Al) was fusede
ohto the top of a 50 c.c. burette. A male ground joint (Aé)
was fused onto a sintered glass filter in a lem. internal
diemeter pyrex tube. A4 stopcock (c¢), pyrex tubing end a
Coxalic acid dihydrate, 97%, Aldrich Chemical Company, Inc.,

Milwaukee, Wisconsin 53233,
dCenco-—Meinzer Sieve Shsker, Central Scientific.Co., Division
- of Cenco Instruments Corporation, 2600 Kostner Ave. ,
Chicago, Ill. 6062%,
€i11 fusing was done by glass'blowing usiﬁg pyrex gless and

a gas-oxygen flame.
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Fig.l: Apparatus used for dissolution rate studies.
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male joint were fused onto the other end of the sintered
glass filter tube, and the tube bent beyond 'c' at the .
angle shown; the male Jjoint fit the cutlet joint of &
conmercial glass fraction coliec*’corf with four 100 c.c.

~ collecting bulbs. The vacuum outlet of the fraction collec-
tor was connected to a manostat® to get swme vacuum in all
the experimental runs. The menostat was connected to an
Erlenmeyer vacuum flask serving és & trap, end this in

turn connected to & water aspirator vis a stopcock, D. The
tip of the burette stopcock, J, was attached vis a piece of
tygon tubing to & micrometric flow valveh° The rate of liquid
flow could be governed by both this lattcr and the position

of stopcock D.

The column was loaded with gless sphcres at E to a depth
of 1 cm., then with 1 cm. of glazss wocl (2t F) and then with
40 cm. (ca. 3%gm.) of oxalic acid dihydrsite crystels of a
given mesh sieve fraction. Gless wool (lcm.) and glass beads
(8cm.) were then zdded at points G & H. The purpose of the
glass beads at E is to rectify the turbulence which occurs
fEck and Xrebs Scientific Leboratory Glass Apperatus Inc.
27-09 40th. Ave.,Long Island City, N.Y.1110l. Catalog No.
10525 and 10515.

EManostat Corporation, 20 North Moore Street, N.Y.,N.Y.1l0013.
h

Roger Gilwmont Instruments Inc. 161 Great Neck Road,Grest

Neck, N.Y.1102l. Micrometric capillary velve Cot.No. M?7110.



at the pipe widening beyond the stcpcock (J), (16). The
purpose of the glass beads ati is to weight down the
column so that it does not move upwards during experiments
performed at high liquid velocity. The purpose of the
sintered glass filter is to prevent passecge of entrained
small particles into the efflux beyond G. After the column
had been packed, the burette stopcock was closed and C and
D opened and the aspirator started to get a vacuum of 40
mem. of Mercury. Just prior to the start of the experiment,
C was closed and a 800 c.c. beaker with 0.1N HCL lifted

up over the tip of the flow valve, and the burcite stopcock
and C then opened. Timers were started and the tinme
required to fill each of the four collecting bulbs (ti)
recorded. The collector was turned by hend at the point
when collection was changed from one bulb to the next.
After noting the total length of the oxzlic acid packed
column, the length of the columni as a function of time
was recorded during the experimental run at the point

when one bulb was changed to the next. The amount of
oxalic acid present in a fraction (mi) was determined
titrimetrically and the volume flow rate, Vi (c.c./sec.)
and dissolution rate (dmi/dti) were calculated. The feed
used in the experiments were (a) 0.1N HC1 and (b) 0.1N HCL
containing varying concentrations of oxelic acid, viz.

It takes two persons to collect results from one experiment..



degrees of saturation of 0.2, 0.3, 0.4, 0.6, & 0.8.

The spécific surface area of a coarse solid as used
here is small and cannot be determined by gas adsorption
or by permeametry. The geometric surface areas can be
obtained by microscopy, since the crystals can be approxi-
mated by parallelopipeds (15) (Fig. 2) of length L, breadth
aB end height B. N= 50 crystals of a =10/+20 mesh cut were
weighed; their dimensions (L and aB) were determined
microscopically. The volume is then (since the sample is
- fairly monodisperse) ai(ﬁ)g. Comparing the theoretical
weight, NaL(E)2 P (where P =1.653 g./c.c.) to the actual
weight allows calculation of o, and hence the specific
geometric surface area can be found to be éi(ag) + 25(5) +
2a(§)2o The same procedure was carried out for all the mesh
fractions used in the study. The results are shown in

teble vI.

The surface area term of interest, as shall be seen at
a later point, is A, the surface area present in one cn.
length of column. It is of interest to see if or how'A'
chenges as & function of position and time. For this purpose
8 column was packed alternstely with glass wool and oxalic
gcid (10/20 mesh); the column, in this fashion, consisted
of six sub-columns. A dissolution experiment was then

carried ocut for 67 sec. and the length of various sections
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Fig. 2: Actual and Idealised crystals of oxalic acid.
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measured. The geometric surface arca of cach section was
then determined microscopicelly and divided by the length

to give the value of 'A',

It was desired, at one point, to check the concentration
profile along the column. For this purpose, a duplicate
colunn was prepared, with four side arms, aos shown in Iig.3.
The side arms were short (1.5 cm.) snd could accomodate a
rubber plug, into which a hypodermic syringe was inserted.
Prior to insertion of the plug, the space in front of it,
as shown in the figure, was filled with glass wool. At a
particular point in an experiment, the flow was stopped,

'and samples drawn from the four positions, ard assayed for

- oxalic acid.

To be able to determine the activation energy of disso=~
lution, dissclution experiments were carried out at 1000,
15°C and 3700 in addition to those done at room temperature.
The column that was used earlier, described on page 8, was
Jacketed from outside by a pyrex tubing of larger internal
diameter and sealed. Two side arms were connected to the
pyrex Jjacket for the circulation of water. The dissolution
liquid, before paessing through the column, was thermostated
to a specific temperature in a jacketed beaker by circu-
lating wéter controlled at the temp. of interest. The
experiment was run and the samples were collected in the

usual way.
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Fig. 3: Apparatus used for studying the dependence of

concentration (C) on distance (x).
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The solubility of oxslic acid dihydrate in N/10 HC1
was debermined at various temperatures. The results are
shown in Table V and Fig.1l8 . The determinations were

made using a thermostated shaker bathj.

.JAquatherm Vater Bath Shaker, Model No. R-86, New Brunswick

Scientific Co., Inc., New Brunswick, N.J.
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RESULTS

The dissolution experiments were done using apparatus
shown in Fig. 1. The variation of column length as a function
of time were recorded (data for one of the experiments is
shown in Teble I) and found to be linear as shown in Fig.4
to Fig. 17 for various cases studied. The fractions
collected in four bulbs, after dissolution, were gquantita-
tively transferred to volumetric flacks and diluted to the
mark with known volume of water using burette. The readings
are shown in Table II. 10.0 ml. of the diluted fractions
were titrated with standard sodium hydroxide solution
‘using Phenolphthalein as an indicator. 10.0 ml. of the feed
dissolution liquid (called 'blank') was also titrated to
meke possible calculation of the exact value of the degree
of saturation of blank (f). The number of milliequivalents
of sodium hydroxide (in gm.) required to titrate the
collected fractions snd the emounts of oxalic acid dissolved
during dissclution were calculated (shown in Table III).
The calculated dissolution rates, dm/dt (g./sec.), the
flow rates, V (c.c./sec.) and the dissolution rate
constants, k {(cm./sec.) are given in Table IV.

The calculation of 'f' is shown as follows:

10.0 ml. of blenk

7<37 milliequivalents of NaOH.
10.0 ml. of N/10-HCl = 1.06 milliequivalents of NaOH.
Oxalic acid in 10.0 ml. of blank = 6.3 milliequivalents

of sodium hydroxidee.
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Table I: Column heights and time intervals for dissolution of -10/+20 wmesh size

oxalic acid crystals.:

Column height (cm.) Time intervel (sec.) Cumulative time (sec.)

40.5 -, 0.0
28.4 45.6 45,6
1. 35.8 . 18.6 64.2
2. 33.0 , 20.2 84.4
3. 29.9 22.0 106.4
4, 26.9 24,0 . 130.4

Weight of oxalic acid crystals packed in column = 31.3%6 gn.
Temprature of feed liquid = 24°¢,

Solubility of oxalic acid crystals in N/10 HCl solution = 0.152 g./ml.

Degree of saturation of feed liquid = 0.26.
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Fig,4: Column length as a function of time plot.

0 H f = 0.0’ V = 2.“"8 C.C./SBC- s 25OC0
0 H f = 0.0, V g 3.61 CQC-/Sec. s 25OC0
e H f = 0.0, V = 1.64' C.C./Sec. 9 2500o

Particles are -10/+20 mesh.
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Fig.5: Column length as a function of time plot.
©@: £ =0.26, V = 1.02 c.c./sec., 24°¢C.
©: £ =0.27, V = 5.47 c.c./sec., 23°C.
Q: £ =0.27, V = 3,20 c.c./sec., 23°C.

Particles are -=10/+20 nmesh.
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Fig.6: Column length ss a function of time plot.
@ : £ =0.62, V= 4.50 c.c./sec., 21°C.
© : £ =0.60, V=1.62 c.c./sec., 22°¢,
O : £ = 0.60, V = 2.45 c.c./sec., 22°¢C.

Particles are -10/+20 mesh.
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' Fig.?7: Column length as a function of time plot.
® : f= 0.0, V= 3.42 c.c./sec., 24°C.
© : f= 0.0, V= 0.90 c.c./sec., 22%0, -
(D : £=0,0, V= 1.30 c.c./scc., 24°C.

Particles are -20/+40 mesh.
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Fig.8: Column length as a function of time plot.

®: f= 0.19, V= 2.56 c.c./sec., 21°C.

@: f= 0.18, V= 3.27 c.c./sec., 21°C.

@: f= 0.18, V= 2,03 c.c./sec., 21°C.
Particles are -20/+40 mesh.
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Fig.9: Column length as a function of time plot.
O: £= 0.35, V= £4.17 c.c./sec. ; 22°C.
©: = 0.34, V= 0.75 c.c./sec., 22°C.
(D: f= 0.36, V= 2.13 c.c./sec. . 21%.

Particles are -20/+40 mesh.
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Fig.10: Column length as a function of time plot.

@:i’m

Particles

0.52, V= 2.53 c.c./sec. , 22°C.

. 0.52, V= 0.61 c.c./sec. , 22°C.

0052’ V-‘-‘ 2:24 C-Cn/SeC. 3 2200'
are -20/+40 mesh.
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Fig.11l:Column length as a function of time
® ¢ f= 0.67 , V= 2.35 c.c./sec.,
@ : f= 0,68 , V= 1.37 c.c./sec.,
® : f= 0.70 , V= 2.1% c.c./sec.,

Particles are -20/+40 mesh.
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- Fig.12: Column length as a function of time
@ = £
0O : ¢
@ : £ =00,V

0.0, V = 1.41 c.c./5ecC.,

1
1

"1e30 coec./5€C.,

n
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#

H]
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Particles are -40/+60C mesh.
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Fig.1%: Column length as a function of time piot.
O ¢ £ = 0,29, V = 1.16 c.c./sec., 23°¢.
@ : £ = 0.29, V.a 1.45 c.c./sec., 23°C.
© : f =0.32, V=1.02 c.c./sec., 21°C.

Particles are -40/+60 mesh.
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Fig.l4:Column length as a function of time plot.
O@: £ = 0.59, V= 1,17 c.c./scc., 21°C.
O: £ = 0.60, V= 1.06 c.co/sec., 22°C.
©: f = 0.58, V = 0.85 c.c./sec., 23°C.
Particles are -40/+60 mesh.
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Fig. 15. Column length as a function of time plot.
®: £ = 0.0, V=2,08 c.c./sec.
€: f = 0.0, V=2,16 c.c./sec.
Particles are -10/+20 mesh.
Temperature of the incoming liquid = 10°¢.
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Fig. 16. Column length as a function of time plot.
®@: £f =00,V =2.%3 c.c./sec.
©@: f£f =00,V =1.90 c.c./sec.
Particles are -10/+20 mesh.

Temperature of the incoming liquid = 15°C.
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Fig. 17. Column length s a function of timne plot.
©: f=0.39, V= 2.89 c.c./scc.
© : £ =0.39, V= 2.27 c.c./s6Ce
Particles are -10/+20 mesh.

Temperature of incoming liquid = 37°C.
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‘Table IT: Volume of dissolution fraciions coliectod.

Volume of water used Diluted to Voluume of}fractions

(ml.) (ml.) collected. (wl.)
L. 32.60 - 50.0 17.40
2. 28.95 50.0 21.05
i5. 28.20 50.0 21.80

4, 23.25 50.0 26.75
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Table ITIX:

Number of milliequi-
valents of sodium-

hydroxide for titration

Number of milliequi-
valents of sodium-

hydroxide for feed

Amounts of oxalic acid dissolved from column.

Number of milliequivalents
of sodium hydroxide for

oxalic acid dissolved from

Weight of
oxalic acid

dissolved

of fractions. liguid. column. from column.
Rlank u\ﬂ.uﬂ - - 0.46 g.
1. 34.39 12.82 21.57 1.26 g.
g, 38.70 15.51 2%.19 1.46 g.
3e 39,32 16.07 23.25 1.47 g.
4, 48.68 19.72 28.96 1.83% g.
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Table TV: Dissolution rates, flow rates and dissolution

rate constants.

" Dissolution rates Flow rates Dissolution rate constants
dm/dt (em./sec.) V (c.c./sec.) k x 107 (cm./sec.)
. 0.073 0.04 D35
2. 0,072 - 1.04 S.44
%  0.067 0.99 9.2
4, 0.076 1l.11 10.91

lggple V: Temperature dependent solubility of oxalic acid

in N/10 Hydrochloric acid solution.

Tempersture Absolute 1000/T Solubility ln-S + 3
| temperature g8t

(£°c.) (2°%) Cxh  (gomi)

1. 20 293.15 3,41 0.132 ©0.975

2. 25 208.15 3.35  0.156 1.142

3, 30 303.15 2,30  0.175 1.257

4 35 308.15 3.25  0.210 1,439

a0
Least squares fit: In S = - i%QQ + 7.65
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10.0 ml. of blank contains 0.40 gm. of oxalic acid.

¢ o Amount of oxelic acid in blenk (oo /mle)
Solubility of oxelic acid in N/HCL (g./ml.)

Oo O‘q
0.152

= 00260

=

The calculation of 'gq' (the degree of saturation of efflux

(outgoingz) licuid) is as follows:

Oxalic acid dissolved from the column in the first fraction
1.%6
17.4
Total emount of oxalic acid in the efflux liquid = weight

collected = = 0.078 g./ml.

of oxalic acid in the blank + weight of oxalic acid dissolved

from the column = 0.04 + 0.078 = 0.118 g./ml.

_ Amount of oxslic acid in the efflux licuid (g./ml.)
Solubility of oxalic acid in N/10-HCl (g./ml.)

Calculation of Ao

Ao (Surface area of oxelic acid crystals per unit length
of column) = (Specific surface area of oxalic acic crystals x
amount of oxslic acid packed in column) / (Total length of

the column).

Ao =.ﬂ9L£%%%§— = 30,97 cm.2/cm.

-



She

The solubility of oxalic acid in N/10 hydrochloric
acid solution was delermined at different temperatures and

the results are shown in Table V and plotted in Fig. 18.

The calculation of 'w' and the specific surface
areas of verious mesh fractions found microscopically
are indicated in Table VI. TFinally rate constants were
calculated according to ecuation number 22 (described

later) for 211 the conditions used.
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Temperature dependence of Solubility of Oxalic

acid in N/10 Hydvrochloric acid solution.
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TableVI: Microscopic measurements of oxalic acid crystals and the calculation of «.

Mesh size Number of Average Average Calculated Actual Ratioc = « =

crystels = length breadth weight (g.) weight Calculated wt.
= — Lo Actual wt.

measured(N) L (n) oaB (n) L Beo-N-P (g.)

-10/+20 50 3972 1370 0.62 0.22 2.81

-20/+40 50 1865 529 0.045 0.022 2.05

~-40/ +60 80 1210 216 0.016 0.0077 2.08

-60/ +80 100 400 144 0.0014 0.0010 . 1.40

Average a = 2.1

Specific surface areas: Ans.m\ms.v

~10/+20 mesh 40
-20/+40 mesh 84
-40/+60 mesh o127
-60/+80 mesh 190

Density of oxalic acid crystals = 1.653% g./c.c. (f)

'm' stands for microns.
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DISCUSSION

Consider a column of solid powder of length £ cms and
crossuscction.ﬂ~cm.2 as shown in Fig.l1l9.The surface area
(cm<2) of the amount of powder (b gm.) in one cm. length
of column is denoted A (cm.g/cm.). The liquid enters from
the bottom of the column at a rate of Vi cm.3/sec. It
will discolve solid from the column and exit with a rate
of V! cm.a/sec., where V' includes the volume increase due
to the dissolved solid. If V denotes the average of Vi and
V', then, if ¢ is the porosity of the powder, the linear
velocity (Vv cm./sec.) will be given by (17):

3

Let one cm. length of column having flcm.” of volume contain
b gm. of powder of density P g./c.c., then porosity € is

given by:

b
e = l - n_'F . (EQQlO)
It was observed in this study, that under the conditions
imposed the liquid was always fzirly close to saturation
upon exit. If one denotes this concentration qS, where q,

the degree of saturation, is close to unity, then following
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Fig.19: Nomenclature uced: Ax surface area per cm. of column
length, x distence from top of column, £ length of
column at time t, S saturation concentrstion,

f degree of saturation of fecd, q degree of saturation
of effux and Cx concentration at point x‘in the

column.
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will hold: in U seconds V& c.c. will have passed through
the column and have saturated to a degree of Sq, i.e.,
will have dissolved Vet.S:(g-f) 8., if the incoming liguid
is of a degree of saturation of'f'.Since there are bt gne.
of solid powder per linear column (cm.), VeteSe¢(g-f)/b cm.

will have disappeared, i.e.,
b =), ~ BE) g o < at (Eq.11)

s0 that the column length should decrease linearly in time.
That this is so is seen from Figs. 4 to 17. The slopes
should be proportional to the liquid velocity (cmB/ S5€C. )e
That this is so is seen in Figs.20 to 22, where slopes

of the column length vs. time plots are plotted against

the liquid velocities. The plots are linear and goes

through the origin as dictated by:

o« = [S(q=£)/b]V =pV (Bq.12)

where: P = (8/b):(g-f) = 8¢ ,8 q (Eq.13)
b b

Hence, if the slopes, B, from Fig.20-22 are plotted versus

the degree of saturation, f, of the incoming liquid, a

linear plot should result; these plots are shown in Figs.

2% & 24,



Fig. 20: Column decrease rate, o (= %%), as a function
of flow rate, V (c.c./sec.) of =10/+20 mesh
particles.

@ : f=0.0
@ : £ = 0.6l
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Fig.21l: Column decrease rate, o, as a i‘unc’cién of fiow
rate (Vy c.c./sec.) of -20/+40 mcsh pavticles.

: £ = 0.0

= 0.18

= 0,35

0.52

= 0,68,
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Fig.22: Column decrease rate, o (cm./sec.) , as a function

of flow rate, V (c.c./sec.) of -40/+50 nmesh

particles.

© : £ =00
® : £ =0.30
@ : £f = 0.59.
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Fig.23: da/dV = B as a function of 'f' for ~20/+40

mesh particles.
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Fig.24: do/dV = f as a function of 'f' for -40/+60

mesh particles.
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It is noted from Figs. 2% & 24 that the plots are fairly linear
and cut +the f-axis close to £ = g = 1 in accordence with
Eq. 1%. The slopes in Figs. 2% & 24 arc -0.1.

Meking reference td Fig. 19 and using the terminology
of this figure, it is noted that a voluue element fL24x which
is x cm. from the top of the column containe. sclid with a
surface erea of Axdx, so that the dissolution rate in this

volume element would be:
. (S~ 4)
k Axdx (s Cx) (Eq.l )

Hence the dissolution rate over the entire column at time
't' vhen the length is } cm. is:

L
-dm/dt = | k-A_+(S-C_).dx (Eg.15)
2 X X

The resuvlts from the experimental determination of A.x
versus 'x' ere shown in Fig.25. It would sppear (as expected)k
Examplewise, the number of particles of dianmeter dl in a
single layer (d1 cm. thick) is.ﬂ/dlg, assuming a ‘'square'
packing. The solid surface zres is then Eﬂ/dlg}ndlg = TrEL |
so that the area per column length is A = T0/d,. If, after
some dissolution the diameter decreases to d,, ther by a similar

argument A, = TLQ/(d2)>.Al (beczuse d2<.dl).
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Fig.2

75

Surface arees per cu. column length, AX, is
plotted as a function of distance, x, after
a dissolution experiuent for a -10/+20 mesh

particle semple.
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that at the bottom of the sclid colummn, Ax is hizh and then
rapidly drops to a constant value. This drop occurs over &
length of less than 3cm. (i.e. less than 10% of the length

of the column); AX is, hence, given by the exprescions:

A = A, x< L (Eq.16A)
Ax = Ao +C (x=4") x4l (Eq.16RB)

wvhere ' as shown in Fig. 25, is the point where AX starts
increasing (and is close to £, the total length of the
‘column). Entering this into Eq.l5 then gives:
A L :
-dn/dt = k_Aof (S-C)dx + kjlij(x-l.')(»‘s-cx)dx (Eq.17)
. 0 L
The concentration profile of oxalic acid along the

column length was determined snd is shown in Fig.26. The
slope of the curve suggests that (with rezl particles in
real packings as opposed to hypothetical spheres with
theoretical porosities) the concentretion Cx is a function

of x by the relation:
Cy- fa
In| 1- -s—-:az—— = gX + {_) (Eq.18)

as shown in Fig.27.



Fig. 26:
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(CX-QL)/(S—CL) is plotted as a function of.
distance, x, for a -20/+40 mesh‘particle
ssmplee. Cx is the concentration of oxalic acid
in the column at distance x, Cyp is the concen-
tration of oxalic acid in the feed liquid and

'S' is the solubility of oxalic acid in N/10

hydrochloric acid solution.
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log [1—{(CX-CL)/(S-CL)H is p;otted as a
function of distance from top, x, for a
~20/+40 mesh particle sample.

G is the concentration of oxalic acid in
the column at distance x, C; is the
concentration of oxalic acid in the feed
liquid and S is the solubility of oxalic

acid in N/10 hydrochloric acid solution.
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Introducing CO (concentration at the top of the column)
= 8q and Cp (concentration at the bottom of the colunn)

-\

= Sf, this nay be written (as shown in Appendix I):

8-C, = S(1-£)- 801 (Eq.19)
, 1 p S
where: . g = ¢ 1n[(1-£)/(1-q)] (Eq.20)

Introducing Eg.19 into Eq.l7 gives:

kA S(1-1) k& S(1-1) )
-dn/dt = __.._9__._1___ (egl-—l) " ____?__w:}'_(gﬁegﬁ_ebi_‘
g eb g=. eb
ke S (1-1) )
gﬂ}egl} + egﬁ)) - T (8L e&ﬂ)) (Eq.21)
g-eb

As mentioned, in the experimental dsts L'~ L, sufficiently
t
so as to allow to equate B to e84 s in which case Eq.21

can be simplified to (as shown in Appendix II):

kA S £ (g-£)

-dm/dt =
1n [(1-£)/(1-q)]

(Eq.22)

The rate constants were calculated according to Eq.22
for all the conditions used. When the experimental values
of k (cm./sec.) obtained in this fashion were plotted as a
function of velocity (c.c./sec.), linear plots result with

the following least squares fit equations:
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Mesh size Equation
~ " r - 4 ? ~1 # v
-10/+20 ko= (2.45:1077)V 4 (4.03-1077) (Eq.23%)
=1 P
_20/4+40 k = (4.76:107") v & (<0.31:107%) (Eq.24)
. - W |
~40/+60 ¥ = (6.57-207 )V + (-4.18-107) (Eq.25)

Then 95% confidence intervals on iptercepts were
calculated and it wés found that they do not differ
significantly from zero. Therefore all the data have
been pooled =znd are shown in I'ig. 28. The confine@ least

squeres fit is:

k = (6.48 + 0.07)-107% v (Eq.26)

where (0.07~10“q) is the 9%/ confidence interval on the
slope. The lengths of the bars in Fig. 28 are 95%
confidence intervels celculated conventionally (one
; 1o aoheouy 1 =) 2 r 5 - ._:.:—_
exanple is shown in Teble VII ) according to ¥ = tn—l,0.0SIﬁ' y
s < Sa +hea nAaas ol i ;
vhere o/f01 is the standard error and tn—l,0.0B is the

Student t-value for (r-1) degrees of freedom.

Tt is shown below that the liguid velocity is of =
magnitude dictating laminar (or slightly turbulent) flow.
This is presumebly the type of flow around a particle in
most dissolution methods. Extrapolation to zero velocity

is possible via Eg. 2% to 25. Carstensen and Patel (15)
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Fig. 28: Dissolution rate constents, k (cm./sec.) as
| a function of liquid flow rate, V (c.c./sec.)
plot. V
= 0.0 , =10/4+20 mesh particles.

0.27, -10/+20 mesh perticles.
= 0.61, -10/420 mesh particles.
= 0.0 , -20/+40 mesh particles.
= 0.18, -20/+40 wmesh particles.
0.35, =20/+40 mesh particles.
= 0.52, -20/+40 mesh particles.
= 0.68, -20/+40 mesh particles.
= 0.0 , -40/+60 mesh particles.
= 0.30, -40/+€0 mesh particles.

T o T T - T s T o T o T o S o T S
n

= 0.59, -40/+60 mesh particles.
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Table VII: V (c.c./sec.) versus k (cm./sec.) values

calculeted according to Eqg.

84,

mesh sample.

Average

Y3 0.05 =
o =

t5,0.05 /@ =7 =

V(c.c./sec.)

e

22 for & -10/+20

0.%4
1.04

0.99
% |

1l.02

9.35

Q.44

9.%52
10.C1

9.76
5¢18
0.77
1.23
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have shown that stetic dissolution rate constants are at
least an order of magnitude smaller then those found from
fusual' beaker type dissolution rate methods. For example,
for a8 flow rate, used here, of the order of 2C+Ce/BEC.

a column cross-section of 0.93 cm.2

and a porosity of O.4
would give a linear flow velocity of 2/(0.4;0.93) = 5.%8
cm./sec. For a 20 mésh particle, the diemeter is d = 0.084
cm. so that the Reynolds number (calculated according to
Tevich (18,19))is Re = v+d-¢/n where $ (gm./c.c.) end

n (poise) sre the density and viscosity of the liquid used
respectively. Assuming values of these to be ¢ = 1.0 g./c.c.
gnd M = 0.0l Poise gives Re = (5.38:0.084:1.0)/0.01 = 45.
Groves et. al. (20) in column work (with' tablets) found
backflow at Re ¢ 10 and instebility at Re >100. In Fig.28
it is observed that the length of the bars is large in
cases of -10/+20 mesh particle ssmples where flow rate is

larger than 1.86 c.c./sec. (Re>100).

A fair smount of work has been reporﬁed on the use
(or potentisl use) of column apparatuses for dissolution
of dosgage forms (7,16,21-28). The film theory type of

eguations have been found to hold in many cases (24,28).

The work reported here does not inftend to describe
snother dissclution method with application to dosage
forms. The szpparatus was constructed because it appears

to be the best way of creating well defined linear liquid
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velocities, and the sole intent of its construction was to
study the dissolution of an easily reproducible crystal.

In the process the equation for dissolution of a dissolving
powder in a column type operation have been derived. Mass
transport equations for column apparatus hsve appeared in
literature (29) but mostly relating to solid supports
(which adsorb and desorb solutes from end intc the feed but
which themselves remain of constant weight) and non-
disintegrating entities (24). Actual dissolution in colﬁmns
has been reported on occasion (30) but in these cases at

high Reynolds numbers (100-1000).

Oxalic acid wes used in this study becsuse it has been
shown (15) to be easily reproducible in fairly coarse
particle size, and it remaihs isowetric during dissolution
so that the general film theory type equations hold during

its dissolution at low Reynolds numbers.

The experiments were carried out at a series of
temperatures; the k-values obtained are plotted as (k/T)
versus 1/T and according to Puisieux and Carstensen (31)
should be linear with slopes between E, and 2E,, where E,
is the energy of activation of the viscosity of the dissolving
liquid. That this is the case is seen in Fig. 29. It is
noted from the figure that oxalic acid dihydrate has a

dissolution rate constant which can be represented by the
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Fig.29: Plot of (k/T) as a function of reciprocal absolute

temperature. E = 3950 cal./mole.
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following cqution:
In (k/T) = -(1988/1) - 4.75 (Fq.27)

This gives an activetion energy of B, = R:1888 = 3950

cal./mole , which is close to the ectivetion energy of

water (4000 cal./mcle).

The least squares fit equations shown in Egns. 23 to
25 have been made with flow rate, V (c.c./sec.) es the
independent variable and the intercept values are shown
not to differ significantly from zero. The flow rates,
V (c.c./sec.) have been converted to liguid velocities,
v (cm./sec.) via Eq.9. The least souares Tit equations
of ¥ (cm./sec.) vs. v (cm./sec.) are conlfined to zero
intercept (i.e., slope = ¥ Xy /(}::-:2,). The slopes and
the S5% confidence linits of the slopes celculated in this

fashion are shown in Table VIII.

It is expected that k-values should be a function
of v (cm./sec.) end, indeed, et smsller particle sizes
they are (11). The studies here fail to show significant
differences at the coarse particle sizes tested as shown
in Table VIII. The last line gives the composite value of
all the mesh fractions tested, i.e., oxalic acid dihydrate
has a dissolution rate constant which can be represented

by the eguation:
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Table VIII: Slopes of k(cn./sec.) vs. v(cm./sec.) plots.

Mesh fraction  Slopes 95% confidence limits Degreces of

(104) on slope (104) frecdom
-10/+420 567 0.51 8
«-20/+40 1.79 0.007 14
~10/+60 1.28 0.0% 8

Compogite 2«58 0.01 52
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sl :
k = (2.58 + 0.01):107 " ¥ (Eq.28)

£y

where k¥ is in cm./sec. opd v is in cm./sec.

This can be used in a practical serse to calculate the
‘average velocity', v (and from this the Reynolds number)
of a dissolution test or a particulsr piece of equipment;
this is done in the following fashion: oxalic acid dihydrate
is prepared by recrystellizetion from water and dried at
room temperzture end atwmospheric pressure to constant
weight. Its stoichiometric composition is verified by
base titration or permanganometry. A sieve fraction of
upper limit of less thaen or egual to 10 mesh and a lower
limit of 60 mesh or higher is sievcd off. A microscopic
particle size measurement is cerried out and the specific
geometric surface area, A' cm.e/gm¢, calculated. n, 8-
of the sample is subjected to a dissolutioﬁ test in the
specific apparatus or piece of equipment that is being
tested for 'average velocity'. The initiel dissolution

rate is given by:
an/dt = k-A'm S (Eq.29)

from which kX is found. It is noted that if S is in mg./c.c.

then m, is in mg.; and if S is in g./c.c., then m, is

in gm. t is measured in seconds. The calculated value of
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k (cm./sec.) is then inserted in Eq. 28 end the value of

v (cm./sec.) calculatead.

It should bLe recalled (32,33,34) that tgo » tgg OT
other paremeter points of a dissolution procedure depend
partly on how the dissolution rate apparatus works as a
disintegrating device. Most dissolution rate curves of

tablets are of the type:
1n [01/Q)-C] = ~K(t~t) + 1n(1/Q) (Eq.30)

vhere M is the zmount of active substance in the tablets
tested, Q is the dissolution volume, C is the concentration
of the active substence in the dissolution ligquid, X is a
dissolution constant which is a function of k and where the
lag time, ti’ is a function of how well the dissolution rate

apparatus works as a disintegration apparatus. The value of

K (but not ti) is therefore related to V.

It has become more and more apparent lately that there
are frequent instrument—to—instrument differences,
laboratory-to-leboratory differences and operator-to-
operator differences. for exanmple, it has been reported
(34) that the wabbling of the shaft in the U.S.P. basket
apparatus gives rise to considerable varietion in results.

An exsmple of a recent comparison of methods is the report
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by Needham and Iwzzi (35). Here the U.S.P. wmethod, the
modified Levy method (%36-38) and the magnetic basket

method (%39,40) werc compared to see if results differed.
The hydrodynswics were different, and as expected the tests
showed a significant method-to-method difference. They

did not show cepsule~to-capsule (or tablet-to-tablet)
differences within the individueal tests. This demonstrates
the integrety of such methods by themselves and the oxalic
acid dihydrate (or other similar substance) could be used
to correlate results from different methods. When different
pieces of equipment of the same construction design are
used, however, piece-to-piece differences are often
substantial, as recently reported in a comprehensive

study of the U.S.P. dissolution test by Knapp (%). Since
hydrodynamic paremeters are very sensitive to geometry

and such (seemingly unimportant) parameters as shaft
position (6) and wabble, it might be worthwhile considering
internal standards for such tests. The study reported here
shows that oxalic acid dihydrate has the foliowing proper-
ties which maskes the rationale for an internal standard
sound: (a) the dissolution rate constant is proportionsl
to the magnitude of the liguid velocity, (b) it is easily
recrystallised and (c¢) the éeometric surface area can be
used. This latter point is, essentially, a flaw, since

the area term in Eq.29 (mdﬂ') is not & true surface area
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the rugosity of fractions between iO and €0 mesh, however,
appear to be sufficiently constant, so that the geométric
surface area is proportionsl to the real surface area. The
rate constants reported here, and Eq.16, hence refer to
geometric surface areas. A practical approach to the use of
oxalic acid dihydrate as an internal standard would be to
meke oxalic acid tablets (of the sanme dimensions as the
actual tablets to be tested) and ascertain that dissolution
(and no disintegration) took place from the compressed
surface. This approach zssumes that a compressed mass has

the same k-value as a single crystal.
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APPENDIY I
Eq. 18 may be written asi
1 -[(C,~Cp )/ (-G )] = (s-cx)/<§qu>= A- BT (Eq.AI-1)

where A = e | (Eq.AI-2)
Eq.AI-1 may be written:

¢, =5 - (S—QA)-AegX (Eq.AI-3)
At x =f, C = 8-f , so:

S.f = S-(8-8f)-A-eBL (Eqo AT~4)

i.ecy A = e"gﬂ . Inserting this, and Co = Sq at x=0 in

Eq.AI-3 gives:
C, = 8:q = § - 8(1-£).e7EL | (Eq. AI-5)
or S(l-q) = S(1-f) e84 (Eq.AI-6)

Hence: egl'=[(l-f)/(1-q)] | (Eq.AI-7)
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ie€e, - .-.}?L: 1n [(1-£)/(1~q)] (Eq.AI-8)
The complete equation, then is:
C, = 5- (s-Sf)-eg<X“‘) : (Eq.AI-O)

or, 8 - C,_ = 5(1-£). B0C=H) (Eq.AT-10)
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APPENDTIX IT

Inserting Eq.l9 into Eq.l?7 gives:
L
~-dm/dt = kAofS(l-f)eg(X"L)dx + k| ¥(x=4')s(1~ )eg(x-ﬁ,)dx
/
¢ L (Eq.ATI-1)

L
or, - dn _xa Mftegxdx + k% 5(1-1) xeS ax
0 oBL BL ,

at

- k&g Séf["l f B¥ax (Fq.ATI-2)

The substitution u = gx (dx = -é— du) is then made with the
appropriate change in the limits: for x = O, u = 0 and

for x = f, u = gf. Eq.AII-2 then becomes:

~dm/dt = kAo ﬁl—é—ﬁzje du + S(lg?j’ ueedu
gne gg‘l
- kKB ﬂl_g)%lj edu (EQ.AII-3)
g-e %},'

Noting that fueudu = ue? - e 4 integration constant, then
Eq.AII-?% expands into:

- gE = kA S l—'f (egl..l) 4 kg S(l .l (bzegﬂ 6‘3 lt gg-‘
d o g-eg ?egi

. eg"'.) _ kgf,"‘s lé? (egL _ 'eglb') (Eq.ATI-4)
g-e

¢t
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With the assumption that far f' so that, also egﬁ‘n/egﬂ

the last two terms vanish, and the equation may be written:

~an/at = xa_ S(=1) (8L 4 (Eq.ATT-5)
o] g-egl

introducing Eq.20, this then becomes:

dm kAoS(l-f)uL

1-1
5E = 1n(%£€;> .[exp.(ln %Eé.)] [{eXp.(ln T:é-)} - l]

(Eq.ATI-6)

Therefore:

kA S L-(q-f)

-dm/dt = (Eq.AII-7)

ln(%f%
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