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SUBSTANCES ASSESSED IN A COLUMN APPARATUS
Sharon Marie Laughlin
" Under the supe;vision of Professor J.T. Carstensen
&.digsolution ceolumn was designed for use in

evaluation of the effect of various experimental parameters

on dissolution rate of poorly and moderately soluble

'=:substanee3.z Experimental parameters included five mesh .

- cuts, aix recrytallization batches with different épecific

surface area, four solvents, five flow rates, two column
diameters and five initial column loads. Either an
analytical or s preparative pump head on a positive
"displacement pump delivered solvent to the column at a
uniform rate, Dissolution profiles for concentration as a
function of time were compared; dissolution rate was a
function of particle size, total surface area presented to
the solvent, and liguid velocity. ;Hhen eéncentration and
time were expressed in reduced form and the mass-transfer

coefficients were identical, the dissclution profiles for

compounds of different solubility were superimposable.
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Rank order correlation was seen between reduced

' concentration at early time and five iiquid velocities for

. different initial lcads in twe columns.

To determine how surface area of nonspherical

Particles changed during dissolution, several experiments

" were interrupted after either 2%, 50, or 75% of the
.ﬁ material had dissolved; remaining crystals were retained
.-. for microscopiec examination, surface area measurenments by

krypton adsorption, and subsequent dissolution tests.

A model was derived which described the change in mass

‘undissolved with respect to time as a funection of solvent
- flow rate, the solubility and the mass-transfer coefficient"

o of solute.' Two geometric shapes were chosen for this =

analysis, the rod and sphere. Excellent agreement was

found between calculated and measured concentrations for

compounds of poor and moderate solubility. The model was
versatile and could_describe the relationship between area

and mass as a function of time for any partiele shape.
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BACKGROUND

Pissolution kinetics of @ drug substance are of
interest to the Pharmaceutiea] formulator; Since it ig

widely accepted that drug must be in solution in the body

fluids beforae 1t can elicit any pharmaoolog

ical response.
Therefore}

it is important to determine the physical and

chemical Parameters which have an effect an

dissolution
rate;

8 suitable method of testing dissolution rate and

describing the relationship between these

parameters ig
desirable,

- The rate at which solids dissolve was first described

by Noyes and Whitney in 1897 (1); they Proposed an equation

which expresses the dissolution rate of a s0lid as a

funetion of the difference between the solubility and

coneentration of the compound, and of a proportionality

constant which is related to the masg-transfer coefficient
of the system, . - S
Nernst pPresented an important modification to the

Noyes~whitney equation (2); he Suggested that the

proportionality constant contained a4 dependence on the
Surface ares of s0lid exposed to the diss

Olution medium,
Thus, the Mmodified Noyes

~Whitney equation was defined; this
has served as the basis for

many discussions of digsolution
kineties,




A simplification of the modified Noyes-whitney
equation was derived by Hixson and Crowell to describe

dissolution kinetics in 3 dilute solutien (3}; they assumed

that the concentration of the Solute was sufficiently small

compared to the solubility that the former could be

lgnored. It was also necessary to assume that particles

dissolved 1sometrica11y {i.e. the relationship between the

Surface area angd volume of each particle remained constant

independent of the Particle size). The dilute conditions

. deseribed here sre often referred to as sink conditions,

e3peclally in the Pharmaceuticsl 1iteratu§e;
discussion,

for this

. 3ink condition is defined as a situation in
which thé concentration i{s less than 15% of the solubility
of the compound,

Dlassolution of poorly soluble compounds has been
deseribed in the literature

King et a1

from many scientifiec areas.
studied dissolution of Zine and magnesium in
aelds (4,5,6) and of benzolc acid in dilute alkali (7).

Geologists Vap Name and QO~-Wworkers reported dissolution

kinetics for various metals in lodine, dissolved halogens,

and in several acids (8,9,10,11), Dissolution rate of

single erystals of nickel sulfate hexahydrate ip

e¢thanol ~watap mixture

has been reported {12,13). Nelson
compared dissolution rates of various compounds of

Pharmaceutical interest,

including weak acids such as




benzeoie acid, salicylic acid, phencbarbital and
sulfathiazole (14); dissolution properties of salicylie
acid and griseofulvin powders under sink conditions were
reported by Ullah and Cadwallader (15,16). Wnile
dissolution studies are usually done in dilute conditions,
a compound which has low solubility may dissolve to the
extent that the concentration rises sbove 15% of the
solubility, and thus nonsink conditions develop. It would
be important to determine what parameters give rise to
ﬁonsink conditions, and what effect they have on

dissolution.

ﬂissolution i3 well recognized as necessary and often
the rate«limiting step in the sequence of obtaining a
pharmacological response following administration of a drug
to a patient. Edwards may have been the first to conclude
and report that dissclution of a drug in the
Bastrointestinal tract is the rate process controlling
absorption of that drug into the blood stream (17).
Although absorption may not always be
dissolution-controlled, the possible relationship between
these factors should be questicned in the investigation of
any drug. The effect of diasolution on drug availability,
which has stimulated a great interest in the subject of

dissolution kinetics, has been discussed in numerous




reviews (18,19,20,21).

' " To study dissolution and how it is influenced by
various physiéal, chemical, and biological parameters, a
suitable apparatus and experimental procedure must be
developed. The ultimate goal of any dissolution procedure
is (generally) to cbtaiﬁ dissolution_results {(in the
laboratory) which would simulate or could be related to the
bioclogical response obtained from administration of the
drug (in the same form, be it a suspension, powder or

tablet) to an animal; this is referred to as in vivo - in

yitro correlation.

.Q”In the Levy and Hayés study of local gastrointestinal
irritation and absorption of a drug as a fuﬁction of
dissolution rate, the first well-defined dissolution
apparatus was deseribed (22}, Commonly known as the Levy
beaker method, it consisted of a 800 ml pyrex beaker
immersed in a constant temperature bath. 1Its contents of
250 @l of 0.1 ¥ HCl were stirred by & 3~blade, 5 em
diameter polyethylene stirrer, centered and immersed to a
known depth in the beaker. Constant stirring at 59 rpm was
used and following temperature equilibration of the
dissoiution medium, the dosage form (an aspirin tablet),
was introduced in g known, reproducible fashion. Sampling
procedures were also well defined. A direet relationship

was observed bhetween the dissoluticn rétes of varjous size




particles and gastrointestinal irritation experienced by

the elinieal subjects (23). Thus began the search for an

apparatus which could provide meaningful correlation

between in vitro data and an in vivo response for all
compounds.

U Since 1960, the number and type of such dissolution
apparatus has grown extensively.  No detailed discussion

will be presented here of these apparatus; however, reviews

of dissolution methodology have been written by numerous

authors (24-29). Classifications are often based on

associated hydrodynamics (i.e. forced ve. free convection)

and/or concentration conditions (i.e. sink'vs. nonsgink)

which develop within the apparatus during a dissolu;ion

experiment. Advantages and disadvantages of each system

exist and have been stated in many of these reviews. One

clear econclusion is that no ideal dissolution methodology

has yet been identified which can provide an adequate in

vitro - in vive ecorrelation for all compounds.
Three basic eriteria for any dissolution spparatus and

Rethodology were preposed by Wagner (21). The method must

have sufficient flexibility to adapt to the wide range of
experimental parameters which might be used in dissoclution

experiments. It is important that the data obtained be

reproducible and zcourate. The method must be sufficiently

sensitive to allow detection of small differences among




dissolution kinetics of various samples.

A column or flow-through dissolution method is,
historically, the newest of the methods utilized in an
attempt to meet these eriteria. While the first use of
column dissolution occurred in the United States, the
method has been more popular in Europe in the past two
decades. Myers reported the development of a column

apparatus designed by Dr, Frank Wiley of the U.S. Food &

Brug Administration (30). The vague deseription eontained

few details, but it fs known that a eylindrical tube
contained glass wool used as 2 filter to retain the dosage
form (a tablet here) within the column; recyeling of the
dissolution fluid to a reservoir or remo#al of analytical
'samples was facilitated by a sidewarm on the column.
Temperature waas controlled by immersion of the column into
a water bath at 37°C. No further discussion or
experimental results were reported about this appp&ratus.
In 1969, a European investigator, Langenbucher,

extensively described the advantages and an evaluation of a
eolumnetype dissolution apparatus (31)., The advantages
noted for column dissolution were the ease of
standardization with laboratory equipment and the lack of
dependence of column design on arbitrary or

matgrial-related parameters. The process which oceurs in

column disgolution is basically one of mass transfer from a




fixed bed of solid to a liquid stream, whiech continually
flows through material confined in a vertically oriented
column, Such processes have been extensively studied in
the field of chemical engineering (32-35).

Langenbuchert's dissolution cell consisted of a column
of known cross-sectional ares (i.e. 2 or 4 om?) {31).
Stainless steel screens and glass beads at either end of
the column confined the granular solid to a known volume.
An appropriate solvent was transferred by a metering pump
from a reservoir through a heat exchanger, for temperature
eontrol, and from bottom to top of the column. This eluted
volume could then be collected directly or recirculated
through the cblumu.. Experimental parameters which were
studied included three particle diameters of benzoiec acid
granules, four liquid velocities (i.e. flow rate per cell
¢ross-sectional area), and four initial mass loads;
delonized water at 25°C was the dissolution medium.

Based on experimental results and theoretical
considerations, Langenbucher concluded that several
advantages support further use of column dissolution to
study dissolution kiﬁetical Liquid veloelty and
mass-specific:cell area (i.e. initial weight of sample per
cell cross-sectional are) were identified as the only

spparatus-dependent parameters of importance: since they

are based on flow rate and cell diameter, they are easily




controlled and defined. The reproducibility of + 9% £

standard deviation in dissclution of homogeneous granules

was considered acceptable. There was no need to define the

total disselution liquid volume prior to the experiment, or
to identify organic solvents or adsorbents for use in
maintaining sink conditions, Scale-up couid be easily
achieved by simply maintaining uniform liguid veloeity and
hass~-specific celil ares. Data from column dissolution
experiments were well deseribed by the cube root law for
dissolution from uniform-sized granules; the effects of
partiecle diameter, liguid veloeity and initia)l mass load on
dissolution rate were consistent with literature data. The
system could 5130 be easily adapted if a change of solvent
medium during an experiment (i.e. from gastriec to
intestiral fluid) was required.

A modification of the Wiley/Myer's column was
developed by Baun and Walker in 1969 (36); this column was
used to study dissolution kinetics of a dosage form.
Hydrochlorothiazide tablets were confined to a known veolume
of glass tubing. A continuous-duty oscillating pump,
eontrolled by a variable transrormer, pumped the fluid at 3
set rate from a reservoir, bottom to top through the column
and back to the reservoir. The contents of this reservoir

were then sampled and assayed to determine the amount

dissolved ag 3z function time.




A critical parameter in column dissolution is notably

the uniformity and rate of sclvent flow through the column.
The infiuence of pulsation on dissolution rate was examined
by Lerk and Zuyurman (37). Aspirin tablets placed in a
column dissolved as 0.1 ¥ HCL at 37°C was pumped through
the cell at a rate of 120 ml/min. This flow rate was
markedly faster than the rate used by previous
investigators, but this may have bheen necéssary to
elucidate differences among the plunger, centrifugal, and
four peristaltie pumps evaluated. Pulsation of peristaltic
pumps, which is common and variable between pumps, led to
differences in dissolution results as compared to the
centrifugal pump. The authors concluded that the
centrifugal pump was best since it showed no pulsation, and
therefore the dissolution results should be related to the
hydrodynamics of the linear fluid veloeity. However, use
of a centrifugal pump is not simple since integration with
& system of check valves and flow meters is required to
maintain constant, low veloecity flow rates; flow, rate must
be constantly monitored and adjusted, because back pressure
will develop in the column if insoluble materials clog the
Filters.

The next extensive study of a column apparatus for

dissolution was reported in four parts by Tingstad et al

(38-41), Several advantages of a flow method, as noted by
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Tingstad and Riegelman are: a) a higher degree of
flexibility exists in selection of experimental parameters;
. b) the process yields data in a differential form, which
can be treated directly or integrally; c¢) the solid is
confined to a relatively homogeneous low-volume System; d)
a noneireulating system prevents exceséive gccumulation of
solute in the system: and e) solvent flow is provided in g
¢ontrolled, precise and measurable fashion.

' The dissolution apparatus used by Tingstad and
Riegelman was a3 glass column, 1.9 om in diameter, which
contained filters to confine the tablet or powder to a
known volume (38}.  Pumping of solvent from a reservoir was
provided by a cénfrifugal constant-capacity pump, the flow
rate being controlled by external valves and measured with
8 flow meter. The column fluid stream was pumped directly
to a flow«through cell on a recording spectrophotometer.
Dissolution rate of both prednisone tablets and powder in
water containing various concentrations_(o.o « 0.5%) sodium
lauryl sulfate was monitored. Effect of sample size and
flow rate on the amount dissolved in a given time was also

studied,

A modified column and procedure were later used by

Tingstad et al to evaluate dissolution of isosorbide

‘dinitrate tablets (39); the authors wanted to use a aclumn

constructed solely of commercially available components.
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Here a variable-speed peristaltic pump delivered solvent at
12-14 ml/min. The decreased volume of the column, compared
to the one in the previous study, was selected to reduce
homogeneity problems to a minimum within the column. A
correlation was found between disintegration time and tgq
(time for 504 of the drug to dissolve). Despite a Small
problem with filter clogging, due to the presence of slowly
soluble or insoluble particles, the authors concluded that
the column was acceptable; dissolution results obtained
with the column could be used to distinguish differences
among several tablet formulations. The data were
consistent with Langenbucher's expressicn for the
relationship between dissolution time, liquid velocity and
initial equivalent sperical particle diameter.

Next, Tingstad et al examined the effect of the type
and intensity of agitation within various dissoclution
apparatus {(both flow-through and stirred tank) on
dissolution rate (L0). Salicylic acid pellets of constant
surface area were used in the evaluation. In general, less
variation in dissolution kinetics was found for the
flow-through method than for varlous beaker methods. The
authors concluded that laminar flow was more probable in a
column at low flow rate than in a beaker at slow stirring
speed; thus, column dissolution data should provide a

meaningful in vitre - in vivo correlation.
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The final portion of the study of Tingstad et al
addressed the important consideration of hydrodynamies -
within the flow-through column (41}, Polystyrene beads
were placed within a column; their movement was documented
by a movie camera a3 water was pumped through the column at
various speeds, The occurrence of back~flow, laminar-flow
and/or tﬁrbulence were dependent on column diameter, fiuid
velocity and particle 8ize, The position of the solid
{i.e. centered versus off-centered) alsc affected its
#anner of presentation to the solvent and its dissolution
rate; in the previous study, an off-centered tablet had a
slower dissolution rate (40). . _ )

| Seth used a flow-through ceil method to study
dissolution behavior of dry powder mixtures, wet-granulated
mixtures, and compressed tablets of various
hydroehlorothiazide formulations (42)., He was unable to
quantitate the specific influence of various formulations
factors and processing techniques due to variation in
disintegration time, bed height and surface area exposed to
ihe dissolutiqn fluid.

The beaker, rotating-basket and column methods for
dissoiution of p-acetaminophencl were compared by Bathe et
al  (43), Reproducibility of dissolution results in the
beaker and column were found to be within 15-20%; thus

these methods were concluded to be the more simple and

WA i o,
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favorable forms. Results from the rotating-basket conmpared
poorly with the other methods and this apparatus was judged

to be unsatisfactory.

Groves and co-workers addressed some problems ]
desceribed by previous investigators, such as fluetuation in
flow due to the type of pump used (f.e, peristaltic versus
centrifugél)'and changes in fluid velocity due to column
filter blockage (44), They also wanted to construct a
column of readily available and easily assgembled
components., Flow was monitored and adjusted by a
light-activated switch integrated with a moter adjustment
control on the centrifugal pump; thias minimized the major
problem of fluctuation. To study the hydrodynamics of this
system, dye-containing tablets and dye solutions were
introduced. Fluid back-flow at Re ¢ 10, visible

disturbances in streamlines downstream of tablets at Re >

100, and no significant "dead-space” for Re 10-70 were

observed, where Re is the dimensionless Reynolds number for

the system,

Carstensen and Phupar developed dissolution rate
equations for monodisperse crystals dissolved in a column
at low fiuid velocity {i.e. Re 16-100) (45, They were the
first authors to report the occcurrence of nonsink

conditiona during dissolution; the large mass of material

in the column and its associated bed height are apparently
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responsible for the high concentration of solute in the
column effluent. In fact, the initial portions of fluid
?xiting from the column were very close to the compound's
solubility. By measuring the concentration simultanecusly
at several different column heights, they alsc established
that a eonéenbration gradient exists within the column;
this profile was well described by an exponential function.

The'versatility of a multichannel continuocus~flow
system was reported by Cakiryildiz and co-workers (ib);
formulation and processing differences could be discerned
from the dissolution profiles of bulk powder, tablets and
capsules. - Reproducibility of the flow-through methed,
similar to the USP (paddle) method, was reported to be
1-10% mean RSD (relative standard deviation).

A column apparatus has also been used to study
differences in dissolution kinetics between erystals. When
two erystal modifications of a disubstituted-pyrimidine
were dissolved in a column, different dissolution rate
constants eould be distinguishéd for each (47). This
observation was less obvious with use of the spin-filter
type dissolution apparatus,

Shah and Nelson described a flow«through dissolution
cell used to evaluate a convective diffusion model for drug
disselution (48). Dissolution fluid péssed in a laminar

layer over a compressed pellet of an alkyl p -amino
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benzoate which was coplanar with one fiat side of the cel]l.  §
Despite the fact that this represented an idealized system, f:%

the convective diffusion model could quantitatively account

for the effects of solubility, diffusivity, rate of shear,
and geometry andg orientation of the solid surface relative
to flow,

o Ogata et al compared the dissolution and later the
bioavailability of film-coated chloramphenicol tablets
using eight dissolution methods and six subjects (49,50),
The column was considered suitable for testing intrinsie
dissclution rate ef nondisintegrating drug matrix, put
tnacceptable for evaluating drug dissolution froem

disintegrating desage forms due to clogging of the filter.

Many important features and advantages of a column-or
flow-through dissolution apparatus have been degeribed,

The apparatus parameters of pfimary importance are liquid

veloeity and mass-specific cell area, as defined by
Langenbucher. The rate of movement of a solvent past a
30lid is (one of) the most important parameter(s) affecting
dissolution kinetics (51,52) and must be carefully
considered in selecting a dissolution method; ¢leariy a
najor advantage of a column apparatus for dissolution

experiments is the easily controlled and well defined

hydrodynamios within the.ﬁolumn. In some cases,
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dissolution résulta from a column apparatus have been
consistent with differences betweeﬁ different erystal
properties, differences in formulation components and/or
processing factors. A column apparatus can be used to
study dissolution kinetjes under both sink and nonsink
conditions; the bed height of s0lid in the column and flow
rate’ of solvent through it apparently determine which
conditions will initially prevail.

| A general guideline in dissolution testing has been
the selection of experimental condition which will give
rise to sink or dilute conditions throughout (most of) the
experiment. In fact, some researchers have employed
" organie solvents into which the solute can partition (53)
or insoluble solids onto which the solute can adsord {(54)
in order to maintain sink conditions, It has been
suggested that the experiments which might provide the most

meaningful data for 1in vitro - in vivo correlations are

those done in sink conditions (53,55). However, the
solubility of a compound wouid vary in different body
flulds along the gastrointestinal tract, depending on pH
and electrolyte concentrations; the volume of fluid
available also varies and is difficult to assess.

Therefore, it is not illogical to assume that a drug may be

dissolving under nonsink conditions in some biological

fluids (56). Thus it may be useful to observe the kinetjes




of nonsink dissolution and to derive a mathematical model
to describe the relationship between the parameters which

affect {t.

17
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STATEMENT OF THE PROBLEM

The purpcse of this study is:

1. to develop experimental procedures which allow

dehermination of the effect of particle size, solumn load,

specifie surface area, solubility, ecolumn diameter, solvent

flow rate and pulsation on column dissolution kinetics

under nonsink conditions for a poorly soluble substance,

:'2. to atudy the effect of particle size and specifie
surface area on column dissolution kineties under nonsink

conditions of a more soluble compound of pharmaceutical

interest,

3. to study how surface area of nonspherical particles

changes during column dissolution under nensink conditions,

and

. to develop and test a mathematical model which
describes the effect of sclubility, flow rate, and column

lcad on dissolution kinetics of both poorly and more

soluble compounds,
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EXPERIMENTAL

MATERIALS

_ Potassjum sulfate {analytical reagant grade)l and
acetaminophen2 were each recrystalliized from ASTM Type II
water. . _

'  ; Ethanol, U.S.P. (95% ethanol)? was used as received.
Type II water waa cbtained from an jonwexchange .';'.ye.t:t'eni{+
which was fed by single distilled water.

Premixed combinations of krypton and helium gase35
were used in surface area measurements; pure krypton gasS
and pure helium ga35 were used for calibration and
degasaing,'reSpectively. All gases were labeled as 99.995%

minimum purity level, and were used as recejved.

APPARATUS -

A Hanson Dissolution Test Station® was used for the
recrystallization of potassium sulfate; water bath
temperature was controlled by the Hanson Solid State

Temperature Controi® unit and a Lauda/Brinkman Bath and

1. Mallinckrodt, Inc.

2. Mclei) Consumer Products

3. U.5. Industrial Chemicals Co.

§, PCS Water Purifications, Barnstead Co., Division of
Sybreon Corp.

5. Matheson, Division of Searle Medical Products UsA, Ine.
6. Model QC 72 RLE, Hanson Research Corp.
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Circulator7.

-~ Bamples for solubility studies were equilibrated in a

constant temperature bath equipped either to rotate samples
endwover-end aﬁ 32 rpm or to agitate samples more than 30
times per minute;

;in Cenco-Meinzer Sieve Shakeraand appropriate
éombinations of 20, 30, 40, 60, 80, and 100 mesh ASTM
sievea8 were used to separate corystals inte various size
fractions.

A polarizing microscopeg was used to observe potassium
suifate and acetaminophen erystals. Photomiqrographs of
various erystals were taken with black«gnd-white filmlo in

a 35 mm.SLR camera,ll : |
| Surface srea measurements wera made.using the

Quantasort Sorption System.l? A 1 gy, output chart
recorder,13connected tﬁ the Quantasorb, provided a
permanent record of results. _

A powder diffractometer 14 was used to expose K2304

erystals to Xw-rays; intensty of diffraction at various

7. Model RC20T, Lauvda/Brinkman, Subsidiary of Sybron Cerp.

8. gentral Scientifie Co., Division of Cenco Instruments
orp.

9. Model POH«2, Nikon, Ine., Instrument Divisicon

10, Plus-X pan, Eastman Kodak Co.

11. Minolta SRT101, Minolta Camera Co., Ltd.

12. Quantachrome Corp. :

13. Model IR~18M, Heathkit, Heath Co,

14, Philips Electronics, Inec.
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angles was recorded and unit cell dimensions were
caleulated.

' Desiceators containing saturated salt solutions were
used to establish the equilibrium moisture content of
potassium sulfate at various relative humidities.

" Glass capillary tubes containing acetaminophen were
heated in é controlled«temperature oil bathlsto determine
melting point of the compound.

Pycnometers and Ostwald viscometers were employed to
measure density and viscosity, respectively, of various
potassium sulfate solutions,

4 specially constructed glaass columnl6 was designed
fof the dissolution studies. All dissolution solvent was
maintained inside a reservoir in a constant temperature
water bath, A positive displacement pump17 transported
fluid from the reservoir to the dissolution column. The
pump was equipped with & pul se dampener17 and either ap

analytic§117 or preparative pump head.17

Three different techniques were employed for analysis
of dissolution samples. Acetaminophen concentrations were

determined with a recording UV spectrophotometer.18 Two

15. Model 6406-H Capilliary Melting Point Apparatus, A.H.
Thomas Co. ) :

16. Mr. N.D. Erway, Glass Blowing

7. Altex Model 1104, Altex Scientifie Ine., Subsidiary
of Beckman Instruments, Ina,.

18. UV~Visible Spectrophotometer, Model 559, Perkin Elmer
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.méthoda were used to determine potassium ion
concentrations., An ion-exchange eolumn, containing an
organle strong acid eation exchanger,lg converted potassium
sulfate to H2304' which was titrated with Naon20 sclutions
to a colorometric endpoint. Potassium ion activity (not
concentration) was more frequently quantitated with an
lon-zelective eléctrode,ZI an appropriate reference

electrode,22 and a digital pH/mv meter .23

METHODOLOGY

Solubility

- . Ethanol, U.S}P. and Type Il water were mixed on a V/V
basis at 25°C;.mixturés of 30, 35, 40, 45, 50, and 60% V/V
ethanol.and water were prepared for solubility and
dissolution studies., In the following text, for example, a

40% ethanol solution will refer to ethanol mixed with water
on a #0% V/V basis.

22

Clean glass ampuls were filled with an approbriate : -é.f

solvent and suffiecient K2804 to saturate the solution.

Sealed ampuls were placed in a water bath of appropriate

Rexyn AGSCO{H), Fisher Scientifie Co.

Malliinekrodt, Ine,

Monovalent Cation Electrode, #476220, Corning Secience
Products, Corning Glass Works

Silver/Silver Chloride Double dJunction Reference
Electrode, #476067, Corning Science Products

Orion, Model 7014, Orion Research. Ineorp.
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temperature and were rotated or shaken until equilibrium
was reached.

z Ampuls were removed from the bath and broken. The
contents was filtered, aliquots were measured by weight
and/or by volume, and were added to glass vials. The
samples were evaporated to dryness, and the weight of K230

4
remaining was determined.

- Literature values for the solubility of acetaminophen

in water at 25°C are available (57).

Recristallization

~i_The'purpoae of recrystallization in all cases was not
to increase the.purity of the compound, but to obtain a
wide distribution of Particle sizes of the same compound
(i.e. the same polymorph and erystal habit). Acetaminophen
and several small batches of potassium sulfate were
recrystallized in the same manner. An amount of solid,
which exceeded the solubility of the compound at 25°C, was
added to approximately 800 ml of Type II water in a one
liter beaker. The contents were stirred on a hot plate.
All s0lid dissolved at about 70°¢; heating continued until
the solution reached approximately 85°C., ‘The solution was
quickiy filtered through coarse Whatman #2 filter paper.

The temperature of the sclution decreased as the contents

was stirred, leading to precipitation of the compound;

SERD R el




cooling rate could not be cafefully controlled with this
procedure. After the contents reached room temperature,
the beaker was immersed in an iee bath to continue cooling
and increase yield of the crystals,

The erystals were Subsequently filtered from the
liquors. Potassium sulfate crystals were rinsed with
ethanol.“ Both types of crystals were then air-dried at
Foom temperature to constant welght,

The recrystallization procedure described above
produced a wide variation in the erystals; surface area and
physical appearance (eluster type) varied from one
recrystallization bateh to the next. Thus, it was _
hecessary to repeat recerystallization on a sufficiently
large scale to yield one large batch of erystals for use in
all subsequent experiments.

In order to recrystalliize this large bateh of KZSOQ,
the fellowing procedure was used, Approximately 600 grams
of chemical was added to 3600 ml of Type II water in a 4
liter flask._ A magnetic stir bar provided mixing as ihe
flask was heated on a hot plate. All the soiid dissolved
at approximately T79C; the solution was heated to a final
temperature of 859C, and was immediately filtered through
Whatman #2 coarse filter Paper. The solution, which had
¢ooled to 75°C, was evenly divided among four plastie round

bottom flasks (or stations) of a Hanson Dissolution Test

R
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Apparatus. Each station was stirred by a USP XX
Tluorocarben~coated dissolution paddle and covered with an
acrylic plate to minimize evaporation; the paddles were
rotated at 200 4+ 3 rpm. The dissolution drive control
unit provi&ed a digital display of the paddle speed 42
times each minute. The water bath surrounding the -
dissolution flasks was eriginally set at 37 * 0.5%¢ using
the Solid State Temperature Control. The heating/cooling
coil from the Lsuda/Brinkman Bath and Circulating system
was also submerged in the bath, and this unit was set-to
37%.

When the hot K;30, solution was added to the flasks,
atirring commenced immediately, the Hanson temperature
control system was turned OFF and the Lauda cooling system
was reset to 5°C. The water bath temperature increased 2°¢C
within the first 20 minutes, and subsequently decreased to
15%¢ aver approximately 4 hours; this temperature drop
caused potassium sulfate to precipitate. Agitation of the
water bath was provided by both the air eirculation which
is part of the instrument design and by a USP paddle which
was installed in one of the aix statien positions with no
fiask beneath it.

The contents of the four flasks were then vacuum
filtered through a Buchner funnel lined with Whatman #2

coarse fllter paper, and the crystals were rinsed with 95%

o B e B R e Sl it
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- ethanol. They were air-dried at room temperature to
constant weight, Crystals from the four beakeré were

combined and considered one bateh for further experiments.

Sieving

'33  £ach recrystallization bateh was separated into
hérﬁicle*size groups using a nest of U.S. Standard sie?es
shaken on a Cenco sieve shaker for an appropriate time
period. Sereen numbers 20, 30, 40, 60, 80, and 100 with
sleve openings of 840, 590, 420, 250, 177, and 149 um,

respectively, were used to obtain five mesh cuts which are

designated as 20/30, 30/40, 40/60, 60/80, and 8cs100,

Microscopy and Photomicrog;aphs
Crystals were visually examined with the use of a
polarizing light microscope. A sufficient quantity of

erystals was distributed on a glass siide, but no

dispersion liquid or coverslip was uysed. Photographs of

representative crystals were taken with a 35 mm SLR camera,

whose lens was removed. The camera was placed at the top
of the microscope, a 4X or 10X lower microscope objective

. Was selected, polarized light was used as needed to enhance

contrast, and an appropriate shutter speed was set, 411

pictures were taken with black-and-uhite film.

' Miercseopie examination of potassium sulfate crystals
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provided a means to closely observe surface properties of

o 2 T

the crystals. After potassium sulfate erystals were rinsed
with ethanol, they were observed with 100X magnification;

no change in erystal surfaces due %o ethanol rinse could be

Seen.

Surface gggg

A commercially available instrument was used to
determine the surface area of many samples, A mixture of
sn adsorbing gas (krypton) and a nonadscrbing gas (helium)
i3 passed through a cell which holds the sample. The

principle ofhthe method is to compare the thermal.

conductivity of the gas Both.up and downstream of a sampie
and to quantitate any difference between these.

When the sample cell 1is immersed in liquid nitrogen (T
= 77°K), krypton gas is removed from the gas stream as it
is adsorbed onto the solid surface; then the sample cell is
returned to a higher or room temperature, and krypton gas
is added to the gas stream when it is desorbed from the
solid surface. Thus a dynamic measurement of the change in
thermal conduetivity of the gas stream as it encounters the
sample will provide a measure of the amount of krypton gas
which was adsorbed onto and later desorbed from the surface

ef the solid. A& previcusly balanced Wheatstone bridge

provides an electrical response when the thermal
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conductivity changes; this response is then integrated
internally and a digital count is displayed. Generally,

only the desorption values are used for calculation; the

BET equation relates this guantity to the surface area of

the material.  The amount of krypton adsorbed and desorbed

rust be quantitated by measuring a similar electrical

'response to the injection of a known volume of pure

krypton.

" A macro or large sample cell was used in all

méasurementa. This allows the analysis of a large sample
size, (i.e, several grams), which is nedessary when the
specific surface areas is small {(i.e. <0.1 mzfgm} {58}.
Krfpton, which has é'very low vapor preasure (2.63 torr) at
17°K, demonstrates little problem with thermal diffusion
and thus 1s preferred over nitrogen gas for measurement of
low surface areas (58). Experiments showed that sample
pretreatment, elther with heat and/or degaasing with

helium, gave no significantly different results for surface

areas of KZSOA; therefore, no pretreatment was used on
subsequent samples. However, several hours of_pretreatment
with gas, either pure helium or krypton mixed with helium,
plus elevated temperature was necezsary before the surface
area of acetaminophen erystals could be determined.

All samples were analyzed at three different

combinations of krypton and helium, where the krypton was
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present in an amount to give P/Po = 0.090, 0.183, or 0.265;
for surface area measurements, it is typical to start with
" the mixture of lowest 'P/Po' adsorbate concentration and
Ithen preceed to higher ratios, A minimum of two
adsorption~desorption e¢ycles and two calibrations uere.
completed at each gas mixture.  Pure krypton, injected with

g microsyringe, was used for calibrations,

X-ray Powder Diffraction

To confirm that reerystallization of K2304 from water-
did not change the ecrystal form, samples were analyzed with
X«ray powder diffraction. _

.. Crystals were ground td a very fiﬁé powder in a mortar
and pestle. Sufficient powder was used to fill the
rectangular cavity 15 the sample holder and the surface was
smoothed. A powder diffractometer, using CuKa as a
radiation source, was set to scan the sample from 5% go 50°
at 1°/minute. Based on the resulting peaks and information
from the X-ray Powder Data File #5-0613 for Kzsoa, (59}
three angles corresponding to multiples of Millér indjices
were selected for further analysis, After setting
appropriate time constant, scale factor and multiplier
speed, these three angles were scanned at 1/4° per minute.
The intensity of diffracted radiation at the corresponding

angles was recorded on a strip chart recorder.
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Equilibrium Meisture Content

Samples of potassium sulfate were spread in glass
petrie dishes and placed inside desiccators; these
desiccators contained saturated salt solutioms whieh
maintain environments of known relative humidity. A range
of 22% to 84% RH at 25°C was studied. |
'_   Weight change of the'samples was monitored; after é
miﬁimum of 7 days, little change had occurred and the
Samples were.assumed te have reached equilidbrium.

- "8imilarly, a sample of potassium sulfate was dried at

65°C for one week; weight change was recorded.

Density and Viscosity

Solutions of 1.0, 2.0, 3.0, and 4,0 mg/ml Kzso4 in 40%

ethanol at 259C were prepared. Density of eash solution

and of H0% ethanol was measured using calibrated 25 ml

pycnometers.. Viscositles of these same solutions were
measured using Ostwald viscometers of 150 pm capillary

diameter.  Type 11 water was used as reference liquid.

Dissolution in a Column Apparatus

A glass column was constructed for use in all the
dissolution experiments. A photograph of the 9 mm column

is shown in Figure 1, In general, the column is similar to

the ohe described by Langenbucher {31). FEach column
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Figure 1. Photograph of § mm dissolution ¢elumn.

31
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consisted of twe pleces of glass tube, either 8 mm or 9 mm
I.D.; at one end of each biece, an Q«ring joint was fusged
to the glass tube. Fritted glass filters of coarse
porosity were fused into each half coclumn at least 4 cm
away from the O-ring Joint; when the two column parts are
joined, these filters define the "length" of the column and
confine the solid to a known volume during the dissoclution
experiment.

Three advantages of this column design are: 1) the
total column length can be varied as desired by using
column parts of different length; 2) zample introduction is
easylsince the column {s split in half; and 3) this design
facilita%ea easy interruption of a dissoclution experiment
and removal of undissolved materials from the column.

The top half of the column was tapered above the
filter and the tube was bent to an angle greater than 50°
to facilitate easy sample collection. An O=ring and c¢lamp
were used between the top and bottom.portiona of the
column, The bottom plece was also tapered below the
fritted filter. This allowed easy attachment to the fluyid
pumping system. For the K2304 dissolution experiments,
various ethanol-water mixtures were used aa.solvent. Water
Was used for acetaminophen dissolution. Prior to use,
these solvents were degassed under vacuum for a short time

at room temperature. Then the solvents were maintained in
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8 constant temperature bath at 25.0 + 0.19C. The solvent

was delivered to the dissolution column st a constant rate

by a positive displacement pump. For a pumping rate of 0.1
to 9.9 ml/min the analytical pump head was used; a faster :f
pumping rate, 0.3 to 27.7 ml/min in 0.3 ml increments, was _;
provided by a preparative pump head attached to the pump . Ei
"¥  On.the pump system, the inlet filter assembly
consisted of a stainless steel fritted filter attached to
teflon tubing; this assembly was placed in the
temperature~equilibrated solvent., The other end of the
teflon tube was attached to the ‘inlet check valve of the
pump. ..

. St#inless steel tubing connected the upper check valve
to a pulse dampener; fluid was carried from the dampener by
more stainless steel tubing. An empty pre-column (i.e.
approximately 6.5 om long) was sttached to this tubing with

‘ferrules and Swagelok fittings.

To begin an experiment, the two ¢lean, dry column
parts, an Q-ring and clamp, were weighed., A known weight
of solid was placed in one perticen of the column, the
O-ring was centered on the connecting Joint and the column
was clamped together. This was then welighed again to

confirm the initial weight or load of solid in the column.

Tygon tubing of appropriate diameter was used to connect

the glass dissolution column to the‘stainless steel
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- pre-column mentioned above,

Fluid was then transported from the reservoir in the

: cdnstant temperature bath to the hottom of the column at a
pre-set pumping rate. The ;olvent was pumped from bottom
to top of the column to minimize the contribution of free
convection to fluid movement; free convection here is due
~to the deﬁsity gradient which arises within the column when
solute dissolves into the solvent. During all experiments,
the pressure\}eading was barely detectable on the pump
gauge; it was always well below 500 psig as indicated on
the. meter,

_;;_Sample collection for all dissolution experiments
oécu?red in the following manner. The column effiuent was
coliected in glass test tubea, which were then covered;
samples were collected for one-minute intervals during the
first ten minutes. Then every five minutes, the column
effluent was collected for either a one or two minute
period. Since the column was made of glass, it was
possible.to watch the movement of the soiid within the
column as solvent was pumped through it. ‘The time was
noted when all the solid had dissolved (i.e. it was no
longer visible)}; samples were generally collected for an
additional 30 minutes, and then the experiment ended.

For some experiments, rather than allew all the

contents of the column to dissolve, the dissolution was
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interrupted. Based on previously generated dissolution
profiles, the time for 25, 50, and 75% of the potassium
sulfate to disaolve was calculated. The experimental f E:
procedure was as folliows: at the appropriate time, the pump ;
was stopped and the dissolution column was disconnected
from the pre~column. After the O-ring joint was opened,
the undissolved contents were rapidly filtered off with
coarse porosity filter paper. The column was rinsed with
95% ethanol to obtain quantitative transfer of the X,50,.
The undissolved material on the filter paper was also
rinsed with ethanol; this soiid was dried at room
temperature, weighed and retained for fur;her experiments,
- Flow rates were frequently monitored by eollecting
contents of the column during a specified time interval.
Although fluctuation was infrequent, it could generally be
attributed to insufficient degassing of the solvent or
deterioration of the pump seal. Both of these problems

were easily remedied.

Preparation of Samples for Analysis

As will be described later, a minimum sample volume of
75 ml was needed 1f the sclution was to be analyzed with

the ion-selective electrode; thus, all samples required

dilution. It was also determined that the etbanol content

of the solution has an effect on the potential recorded.
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Therefore, after the volume of each sample was measured to
confirm that no significant flow réte fluetuation occurred
~during the experiment, an aliquot was mixed with a volume
of ethanol and diluted to 100 ml with Type II water.

: Standard solutions containing known concentrations of
potassium ion were prepared by dilution of a 0.5 M Kzsoa
stock solution; nine sclutions with potassium ion
concentrations from 101 te 1077 M were prepared.
Standard soiutions and samples were prepared to contain the
same ethanol concentration.

. Potassium sulfate samples analyzed by lon-exchange
were first diluted to appréximately 50 ml."gcetaminophen.
saqples Qere diluted with Type II water as needed to have

absorbance less than 1.5 at a wavelength'of 282.5 nm.

fnalytical Technigues

_ three different analytical technilques were employed
to determine the concentration of solute as a function of
time in effluent from the dissoiution studies. UV
spectroscopy was used for analysis of acetaminephen.
Samples were diluted a23-necessary so that their absorbance
at 242.5 nm was less than 1.5; a Beer's law plot was
prepared for caleculation of conecentrations.

The concentrabiéns of K,50, were determined with

either an ion-exchange column or an iomn-selective
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electrode. Each will be described below, beginning with
the latter.

"An ion-selective electrode, which is gpecific for
monovalent cations, was used as received. This electrode
is approximately eight times more sensitive to potassium
{on than to sodium ion, and even less sensitive to lithium
and cesium.i Its working concentration range is from !00 to
16"3 moles/liter of monovalent cation. According to the
instrument literature, the electrede response is unaffected
by pH of the sclution as long as it is at least twoe pH
units higher than the pK (where pK is defined as the ~iog
(§K+)).; Thus, response of the electrode should follow the
Nernst equation for agueous solution of Kzsoa above a
potassium ion concentration of 10 4; however, below this
concentration some lack of agreement would not be
unexpected.' When not in use, the electrode was stored in
an aqueous solution of 1073 M KCl.

This ion selective electrode must be used in
conjunction with a reference electrode. A siiver/silver
chioride glass double junction reference electrode was
selected; this electrode would not exhibit the interference
from K+, €17, or Agt as would be expected with an ordinary
single junction reference electrode.

The reference electrode has both an internal and

external chamber. Upon receipt from the manufacturer, the
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internal chamber contained a Ag/AgCl element surrounded by
a solution of 4 M KC1 saturated with AgCl. This sﬁlution
was retained in the internal chamber; when it was necessary
to replace this solution, due to evaporation or any other
cause, again, a solution of 4 M KCl saturated with AgCl
was used..

AT M KNG, solution was ﬁresenﬁ in the external
chamber upon receipt or.the electrode from the
manufacturer. Since this solutlion contained the ion which
was to be analyzed, it was necessary to replace it with
gnother fully dissoclated electrolyte solution to avoid
interference. Initially, a 1 M MgS04 solution was
prépafed and used in the external chamber. A Nernst-type
plet of potential versus logarithm of potassium ion
concentration was obtained, but after relatively few
determinations, equilibration time became extremely long.
The MgS0, was apparently clogging the external ceramic
junction,  57:' '

After remoﬁal of this solution, and cleaning of the
electrode with hot Type II water, a 1 M Mg(N03)2 solution
was prepared and introduced into the cuter chamber. Again,
this provided a Nernst-tLype potential vs. logarithm of K+
concentratiop response curve, although slightly different
than that described above., In general, response times were

now acceptable, and junction’ clogging was minimal. Thus,




the Mg(NO3)7 solution was used for the remaining
experiments. When not in use, the electrode was stored in
the 1 M Mg(NO#)z solution.

o The ion-selective and reference eleatrodes were
plugged into a digital pH/mv meter. . Rather than reading a
response in pH units, potential in millivolts was read from
the digital display.

A minimum of 75 ml of the solutlion to be analyzed was
placed in a small beaker, and the two electrodes were
immersed to a depth of not less than 3 em. The.pﬁ meter
was turned from Standby te MV. Rather than adding a
magnetie stir bar to the solution, the electrodes were
agitated in the solution for approximatély 40 seccnds. Then
at ong minute intervals, the potential éf the solution was
neted and recorded, until the potential remained constant

for 60 seconds; this was defined as the endpoint of

H gnalysis of that sample. The selector dial was changed

from MV to Standby, and the electrodes were removed from

the solution.. They were wiped dry and immersed in the next

sample, Note that a typical time required for the signa}l

to stabilize was 3 to 6 minutes, and 8 minutes for K

; concentration less than 10™% M.

In addition to measuring the potential of the Sanmples,

standard solutions of known XK' concentration were analyzed

i in the same manner. Thus, each unknoun sample was

—
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bracketed by standards. It was important to measure these
standards within a relatively short period of measuring the
unknown solutions.

': For all samples {unknowns and standards) it was
neéessary to use a Faraday cage which was grounded to the
metal case of the pH meter and to a house ground (60,61);
Figurg.a_shbus the Faraday cage used. Thiﬁ helped to
minimize aberrant fluctuations in the response of electrode
to other than monovalent cation concentrations. In
addition; close proximity of a pefson and movement within 3
feet 2lso caused potential fluctuation. Therefore,
following the HO sécond agitation, it was necessary to move
at least 5 feet.away from the electrode in”order for the
signal to stabilize. .. | L

Reprodueibility.éf any meésﬁrement made within an hour
or two was generally ': 0.1 mv.'-Houever, due to _
fiuctuations in house current, one day to the next, one
might see a variation of as much as =+ 2.5 mv. Therefore,
it was important to measure and recérd the potential of all
relevant standard solutions each time unknowns were
analyzed. _ | . o

At times, fluctuations in house current led to long
equilibration times. There are two methods to overcome
this problem. - It has been reported (60) that a power-stat

tranzformer will supply constant voltage to the meter, and




Figure 2. Photograph of Faraday cage and ion-selective

. and reference electrodes.
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thus eliminate this extraneous fluetuation. Another
alternative, and the one employed in these studies, was to
analyze the samples during a time of day when house current
fluctuation was at a minimum (i.e. at night).

In general, response time for toneselective electrodes
ls quite long compared to pH electrodes {60,61);
theoretically it is predicted to be monotonic and
ésymptotic and a function of the step-change in sample
activities. Therefore, it is best to analyze samples and
standards in descending (or ascending) activity levels
wherever possible; this procedure should minimize
equilibration time. ‘

When equilibration times became extremely long,

compared Lo response times previously noted for sclutions

of the same activity, it was necessary to change the
solutions in the internal and external chambers of the
reference electrode. Following removal of these solutions,
hot Type 1I water was uéed to dissclve any crystals which
may have precipitated in either chamber. These liquids
were removed, and again 4 M KC1 saturated with AgCl for
the internal chamber and 1 M Mg(NO3), solution for the
¢xternal chamber were added,  Following any such cleaning
of the electrode and change of solutions, an equilibration

time of not less than 18 hours was allowed to pass before

the electrode was used again,
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The alternate method for analysis of K,30, solutions
was the techniqué of ion exchange (6?). Due to long
analysis time per sample (i.e. 45-60 minutes), this
procedure was used only to validate the ion-selective
electrode method described above. An organic strong acid
cation exchanger, Rexyn AG50(H), slurried in Type II water,
was packed in a 50 ml burette. A 4 N HySO, solution was
percolated through the column to generate the acid form of
the resin. Based on the weight of resin present, the total
exchange capacity was approximately 90 meq. of cation.
Assuming about 70% efficiency, this column should be
capable of exchanging approximately 5.65 grams K,S0, before
regeneration with 4 N H2504 would be required.

Potas;ium sulfate samples were diluted to a volume of
approximately 50 ml. This volume was slowly percolated
through the column, followed by about 100-150 ml Type II
water; this was sufficient to wash the H+ 6ut of the
column.

Solutions of NaOH were prepared by dilution of a
saturated solution. These dilutions were standardized by
titration of dried potassium biphthalate, using two drops
of phenolphthalein in ethanol (1 g in 100 ml) as an
acid-ﬁase indicator.

The H2804 solution from the ion-exchange column was

then titrated to a colorometric endpoint with a previously

w
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standardized NaOH solution. Methyl red dissolved in
ethanol (0.1 g in 100 ml) was the indicator; a color change
from red to yellow was observed over the transition -

interval of pH 4.2 to 6.2 (63).
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RESULTS

Solubility of Potassium Sulfate

The solubility of potassium sulfate in 30, 35, 40, 45,
50, and 60 % V/V ethanol,USP was measured at three
different temperatures. The results were determined
gravimetrically and are reported in mg/ml in Table 1. Each
value is the average of four to six determinations; the

standard deviation of each value was less than 1%.

Photomicrographs of Crystals

Variations in crystal shape are best shown by
photographs of the crystals.l Figure 3 consists of
photographs of potassium sulfate crystals from several
recrystallization batches. Variatiop batch-to=-batch is
noted, as well as heterogeneity within each batch. Any
single mesh cut contained a combination of crystal clusters
and a small_percentage of individual crystals. '
Magnification factors are listed for each photograph.

:“ Several dissolution experiments were conducted in
which, rather than dissolving the entire contents of the
column, the dissolution experiment was interrupted when
approximately 25, 50, or 75% of the initial load of

material had dissolved. Representative photomicrographs'of

remaining crystals are shown in Figure 4,




TABLE 1. SOLUBILITY OF POTASSIUM SULFATE IN ETHANOL-
WATER MIXTURES.

(V/V) 19.9 °c 25.0° ¢C 40.0 °c
30 9.57 10.78 15.00
35 6.33 7.42 11.52
40 4,34 4.70 5.85
45 2.85 3.08 3.82
50 1.85 1.99 2.42
60 0.74 0.78 0.91

# Each value is the mean of 4-6 measurements.
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Surface Area of Recrystallized Solids

The surface area of each mesh cut of potassium sulfate
and acetaminophen used in dissolution studies was measured.
As described in the previous chapter, gas adsorption was
used to quantitate surface area.

To ecalculate surface area, the Brunauer, Emmett, and
Teller (BET) equatibn (64) was applied to gas adsorption
data obtained from use of the Quantasorb Sorption System.
The BET equation is:

D -1

(p/Po) ] b
Wnl1 - P/Po] ~ WmD ' —WmD Po (1)

where 'P/Po' is the relative pressure of the adsorbate
krypton, 'W' ;s the weight of krypton sorbed at a
Larticulhr relative pressure, 'Wm' is the weight of
adsorbate corresponding to a complete monolayer, and the

constant 'D' is defined by the following expression:
D = B exp [kﬂl - HL)/R é] (2)

where 'B' 1s a constant, 'Hy' is the heat of adsorption,

) 'HL' is the heat of liquefaction of bulk adsorbate, 'R' is

the gas constant, and 'T' is absolute temperature.
When (P/Po)/(W(1-P/Po)) is plotted versus (P/Po), Eq.
(1) predicts a straight line with slope equal to (D=1)/WmD

and intercept equal to 1/WmD; typically, linearity is seen
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ih the range 0.05 < P/Po < 0.35 (58). Algebraic
manipulation of the slope and intercept léad to expressions
for 'Wm' and 'D'; Wm = 1/(slope + intercept) and D = 1 +
(slope/intercept). Then the specific surface area 'As' of

the sample is given by:

As = WmNQ (3)

MKrNS

where 'Wm' is defined above, 'N' is Avogadro's number, Q!
is the cross-sectional area of an adsorbate molecule, 'MKr'!
is the molecular weight of krypton, and 'Ws' is the sample
weight. A cross-sectional area of 19.5 x 10"20 m2/krypton
molecule was assumed in this study (58).

A value for 'W', the weight of krypton sorbed at a
particular relative pressure, was calculated from averaged
desorption and‘calibration values as follows:

N A Vc[f-:-:—"—r—] (%)
where 'X' is the averaged integrated area of desorption
peaks at a given relative pressure, 'Ve! and 'Xe' are the
volume and avéraged integrated area, respectively, of the
Tt calibration, and 'Pa' is atmospheric pressure measured in
the laboratory at the time of analysis.

Several samples were analyzed multiple times to

determine the precision of the method under these

experimental conditions. Surface areas of potassium




sulfate and acetaminophen were calculated as described

above and all values are reported in Table 2.

X-ray Diffraction of Potassium Sulfate Crystals

Potassium sulfate crystals, ground to a fine powder,
were analyzed by X-ray diffraction; the technique, which is
based on measurement of the radiation diffracted by planes
of the crystal lattice, was used to identify the
crystalline phase obtained from recrystallization.

Bragg's law describes the relationship between the
radiation and diffraction by various atomic planes in the |
crystal:

m)y =2d sin 8 (5)
where 'm' is the order of diffraction, 'A' is the
wavelength of radiation, 'd' is the crystal lattice
spacing, and © is the angle of diffraction (65).

The ASTM X-ray Powder Data File #5-0613 (59) provides
1nformation.needed to interpret X-ray diffraction results
for K9S04. Values for three interplanar spacings (d), the
Millefiindices to which they correspond (hkl), and the
relative iﬁtensities (I/11) are listed in Table 3. The

" CuKql radiation target had a wavelength of 1.5405 R; values
| for 20 have been calculated according to Bragg's law and
are also listed in Table 3.

The KS04 sample was slowly scanned from 15-20°, from

K

_




TABLE 2. SURFACE AREA OF VARIOUS MESH CUTS OF
POTASSIUM SULFATE AND ACETAMINOPHEN

SURFACE AREA OF K50 (m’/g)
MESH CUT
RECRYST.
BATCH 20/30 30/40 40/60 60/80 80/100
A 0.025 0.030
0.027
B 0.012 0.013 0.017
0.014
c 0.008 0.015 0.017
D 0.025 0.026
E 0.039 0.038 |
F ' 0.025 0.028 0.031
G 0.009 0.011 0.020 0.026 0.026
0.010 0,012 - 0.021 0.027 0.028
0.016 0.029
SURFACE AREA OF ACETAMINOPHEN (n2/g)
MESH CUT
RECRYST.
BATCH 40/60
H 0.058
J 0.060




TABLE 3. PREDICTED AND OBSERVED ANGLES AND UNIT
CELL DIMENSIONS FOR X-RAY PONDER
DIFFRACTION OF K2504
o
d(A)® I/11% hkl#® 20#
2.886 53 200 30.99
5.036 8 020 17.6
3.743 18 002 23.8
20
Calculated# 30.99 17.6 23.8 v
Experimental 30.92 17.60 23.75
Unit Cell Dimensions (%) :
a b c
Reported® 5.772 10 072 T.486
Experimental 5.996 10.190 7.650
. Ref. 59. '
# Calculated from Bragg's law
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22-26°, and from 29-33o at 1/4 degree, per minute to
precisely identify the angles at which maximum diffraction
occurred; these angles were read from the chart recording.
Again, Bragg's law was used to convert these experimental
values for 20 to corresponding unit cell dimensions;
reported (59) and experimental values for these lattice

spacings are also listed in Table 3.

Equilibrium Moisture Content of Potassium Sulfate

Samples of KZSO4 exposed to a wide range of relative
humidities showed very little weight change. The final
weight of each sample reported as a percentage of its :
initial weight is reported in Table 4 as a function of
relative humidity.

A sample of K,S0, dried at 65°C for 7 days reached an
equilibrium weight 99.98% of its original weight.

Density and Viscosity of Potassium Sulfate Solutions

~ In any dissolution experiment the concentration of the
solute varied from approximately its solubility to zero
concentration. Table 5 lists the density and viscosity of

30, 35, 40, 45, and 50% ethanol and of 1.0, 2.0, 3.0, and

4.0 mg/ml of KZSO4 in 40% ethanol at 25°cC.




TABLE 4. EQUILIBRIUM MOISTURE CONTENT OF
POTASSIUM SULFATE at 25°C

Saturated Salt SRH* ¢ Original Weight
KCZHBOZ 22 99.92
MgCl, 33 99.96
K2C03 43 99.93
NaBr 58 99.96
NaNO4 64 99.95
NaCl 75 100.00
KC1 8u 100.02

---------—--------—----—-------—-u---—-—-———--------
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TABLE 5. DENSITY AND VISCOSITY OF ETHANOL-WATER MIXTURES
AND OF K,S0, IN 40% ETHANOL at 259¢

%Ethanol K280 Density Viscosity

(v/v) (mg/m&) (gm/ml) (cp)

30.0 0.0 0.959 2.010

35.0 0.0 0.952 2.157

45.0 0.0 0.935 NA

50.0 0.0 0.925 2.429

40.0 0.0 0.944 2.246 i
40.0 1.0 0.945 2.294 f
40.0 2.0 0.946 2.281

40.0 3.0 0.947 2.279

40.0 4.0 0.947 2.278
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Calibration and Use of Ion-Selective Electrode

Unlike standard pH measurements, which require use of
only two standards to bracket a wide range of activity (or
concentration), measurements of activities of other ions
with an ion-selective electrode must be accompanied by
multiple calibrations over the concentration range studied.
Over a range of five orders of magnitude of potassium ion,
for example, the relationship between potential (in
millivolts) versus logarithm of potassium ion concentration
is nonlinear. |

The equilibrium potential values corresponding to a
wide range of potassium ion concentration are listed in
Table 6. Ionic'strength of the solution had no significant
effect on the potential values here; this is shown by the
use of a 1-1 electrolyte, KCl, as well as a 2-1
electrolyte, K2804, to establish the range of potassium ion
concentrations. These values were measured with the
jon-selective and reference electrodes, as described in the
previous chapter. For these experiments the outer chamber
of the reference electrode contained a 1 M MgSO,
solution.

Due to rapid clogging of the ceramic tip of the
reference electrode, the 1 M MgSO4 solution was removed

and a 1 M Mg(NO3)y solution was used instead. Due to the

difference in ionic strength of this solution compared to




TABLE 6. POTENTIAL (mv) AS A FUNCTION OF POTASSIUM
ION CONCENTRATION

[K+] log [%+] Pot§$§g§1 Pote:gial‘
(mv) (mv)

1 x 100 0.0 + 90.7 _—

4 x 107" -0.398 + 76.5 ---

1x 107t -1.0 +51.0 -—-

4 x 1072 -1.398 + 32.2 —

1x 1072 -2.0 - 0.4 - 0.4

4 x 1073 ~2.398 - 23.0 —

1x 1073 -3.0 - 59.5 - 59.4

4 x 1074 -3.398 - 84.8 -—-

1x 1074 -4.0 -122.4 -120.8

4 x 107 -4.398 -149.3 —

1x 1072 -5.0 -174.9 -174.0

o red no sthanol.

Reference electrode external chamber contained
1 M MgSOA

PR
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the MgSOa solution, the range of potentials resulting from
the same range of potassium ion concentration was
different.

Typical potentials measured for solutions of KZSOA
from 1072 to 1072 M are listed in Table 7. These values,
as well as those from Table 6, are shown in Figure 5, where
potential in millivolts is plotted versus logarithm of
potassium ion concentration.

Potential is also dependent on the dielectric constant
of the solvent. Values of potential as a function of
ethanol concentration at a constant potassium ion
concentration are listed in Table 8 and plotted in Figure

6.

Dissolution Experiments

Eight experimental parameters were varied in the
dissolution studies to be reported. They were the solute,

recrystallization batch, mesh cut, column load, solvent,

- flow rate, column diameter, and type of pump head. These

parameters are more extensively described in Table 9. This
table serves as a glossary for Table 10, which is a
complete list of all the dissolution runs conducted and the
specific experimental parameters in each. Tables 11
through 27 contain the concentrations of solute measured as

a function of time for all experiments listed in Table 10.



TABLE 7. POTENTIAL (mv) AS A FUNCTION OF POTASSIUM
ION CONCENTRATION

[x*] LOG [K*] Poggigfal
(mv)
1x 1072 -2.0 - 39.2
y x 1073 -2.398 - 69.6
1x 1073 -3.0 -116.4
4 x 107 -3.398 -147.3
1x 107" -4.0 -192.7
4 x 107° -4.398 -217.2
1x 107° -5.0 -251.0

Note: Solutions contained 6.5 % ethanol.
Reference electrode external chamber contained
1 M Mg(NO3)2
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TABLE 8. POTENTIAL (mv) AS A FUNCTION OF ETHANOL

CONCENTRATION
¢ Ethanol Potential (mv)
0 - 3606
10 - 51.5
20 - 66.2
30 - 81.0

Note: Potassium ian concentration, present as K2504,
was 5 x 107 M
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TABLE 9. LIST OF EXPERIMENTAL PARAMENTERS

SOLUTE #1: Potassium Sulfate
#2: Acetaminophen

(Recrystallization) Batch:
Potassium Sulfate A through G
Acetaminophen H and J

Mesh Cut: 20/30, 30/40, 40/60, 60/80, 80/100
(Initial Column Contents) Wt: 0.43 - 1.50 gram .
% Ethanol: 30, 35, 40, 50, 60 (V/V)

Flow Rate: from 3.2 to 25.3 ml/min

Column ﬁiameterﬁ 8§ mm or 9 mm I.D.

Analytical pump head

Pump Head: A
P Preparative pump head

T Ty 4 7, LR N ALURM e SIS, T AT TN N R T

z s S A AT AR
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WT(g)

1.00

1.00
1.00
1.00

Ethanol

Table 10. Column Dissolution .Experiments
MESH
RUN# SOLUTE BATCH CUT
1 1 A 60/80
2 1 A 60/80
3 1 A 60/80
4 1 A 60/80
5 1 A 60/80
6 1 A 60/80
7 1 - A 60/80
8 1 A 40/60
9 1 B 60/80
10 1 B 40/60
1 1 B 40/60
12 1 B 30/40
13 1 B 30/40
14 1 B 30/40
15 1 c 60/80
16 1 c 40/60
17 1 D 60/80
18 1 E 60/80
19 1 E 40/60
20 1 G 80/100
21 1 G 80/100
22 1 G 60/80
23 1 G 60/80
24 1 G 60/80
25 1 G 60/80
26 1 G 60/80
27 1 G 40/60
28 1 G 40/60
29 1 G 40/60
30 1 G 40/60
31 1 G 40/60
32 1 G 40/60
33 1 G 40/60
34 1 G 40/60
35 1 G 40/60
36 1 G 40/60
37 1 G 30/40
38 1 G 30/40
39 1 G 30/40
40 1 G 30/40
41 1 G 30/40
42 1 G 20/30
s 43 1 G 20/30

FLOW
RATE
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Tab

RUN

##

le 10. (cont.)
MESH 4 FLOW COLM P
# SOLUTE BATCH cuUT WT(g) Ethanol RATE DIAM H
1 G 20/30 1.00 40 5.35 9
1 G 20/30 1.00 40 5.3 9
1 G 20/30 1.00 50 5.45 9
1 G 40/60 1.00 40 5.35 9
1 G 40/60 1.00 40 5.35 9
1 G 40/60 1.00 40 5.35 9
1 G 40/60 1.00 40 5.35 9
1 G 40760 1.00 40 5.35 9
1 G 40760 1.00 40 5.35 9
1 "G ## 1.00 40 5.3 9
1 G ## 1.00 40 5.35 9
* 1 G 40/60 1.00 40 5.35 9
* 1 G 40/60 1.00 40 5.35 9
* 1 G 40/60 1.00 40 5.35 9
* 1 G 40/60 © 1.00 40 5.35 9
* 1 G 40/60 1.00 40 5.35 9
* 1 G 40760 1.00 40 5.35 9
LA | G 40/60 1.00 40 5.35 9
1 G ## 1.00 40 5.3 9
1 G ## 1.00 40 5.4 9
1 G 40/60 1.00 40 5.35 9
1 G 40/60 1.00 40 3.2 8
1 G 40/60 1.00 40 5.35 8
1 G 30740 0.77 40 3.25 8
1 G 30740 0.77 40 6.4 8
1 G 30740 o0.77 40 9.8 8
1 - G 30740 o0.77 40 12.7 8
1 G 30740 0.77 40 15.8 8
1 G 30740 1.00 40 3.25 8
1 G 30740 1.00 40 5.25 9
1 G 30740 1.00 40 10.6 9
1 G 30740 1.00 40 15.6 9
1 G 30740 1.00 40 20.8 9
1 G 30740 1.00 40 .25.3 9
2 H 40/60 1.00 0 5.6 9
2 Jd 40/60 1.00 0 5.6 9

Stopped after 50% dissolved.
Stopped after 75% dissolved.
See text for description of material used.
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T TABLE 11, K2SO, CONCENTRATION (mg/ml) FOR DISSOLUTION
- OF VARIOUS COLUMN LOADS OF 60/80 MESH, BATCH A
“ ---------------------------------------------------------
- RUN #
m TIME #1 #2 #3 #4 #5
i’ (min) 0.43 g 1.00 g 1.12 g 1.25 g 1.50 g
[
o et
i
i 0.5 3.57 4.27 4.29 4.51 4,49
3 1.5 3.63 4,32 4.33 4.55 4.49
2 2.5 . 3.60 4,28 4.29 4.56 4.4y
? 3.5 3.55 4,25 4,32 4.56 4.43
) 4.5 3.50 4.27 4.29 4.56 4,45
' 5.5 3.44 4,22 4.31 4.58 4.48
i 6.5 3.35 4,22 4.31 4.56 4.50
! 7.5 ° 3.27 4,22 4.30 4.56 4.49
8.5 3.18 4,24 4.29 4,55 4.50
9.5 3.10 4,22 4.29 4.55 4.50
15.0 2.66 4.09 4.27 4.53 4.55
20.0 2.17 3.94 4.18 4.50 4.53
25.0 1.57 3.76 4.03 4.40 4.47
30.0 . 1.00 3.47 3.84 4,27 4,42
35.0 0.55 3.22 3.58 4.01 4.30
40.0 0.28 2.66 3.19 3.66 4.13
45.0 0.04 2.22 2.79 3.13 3.93
50.0 0.01 1.79 2.25 2.69 3.66
55.0 <0.01 0.80 1.56 2.14 3.39
60.0 0.12 0.14 0.43 2.93
65.0 0.03 0.01 0.10 2.14
70.0 0.01 0.01 0.03 0.30
75.0 <0.01 0.01 0.01 0.07
80.0 0.01 <0.01 0.03
85.0 <0.01 0.03
j © 90,0 0.02
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TABLE 12. K750, CONCENTRATION (mg/ml) FOR DISSOLUTION OF
1.00 GRAM OF 60/80 MESH FROM VARIOUS BATCHES
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TABLE 13. K,S0, CONCENTRATION (mg/ml) FOR DISSOLUTION OF
1.00 'GRAM OF 40/60 MESH FROM VARIOUS BATCHES

RUN #
TIME #8 #10 #11 #16 #19

(min) A B B c E

0.5 4.78 4.40 4.39 4.66 4.60

1.5 4,72 4.37 4.45 4.51 4.57

2.5 4.61 4.36 4,44 4. k49 4.59

3.5 4.61 4.32 4.4 4.48 4.63

4.5 4.54 4.28 4.35 4. 41 4,64

5.5 4.54 4,24 4.37 4.35 4.54

6.5 4.55 4.28 4.4 4.33 4.59

7.5 4.55 4.23 4.39 4.4 4.59

8.5 4.51 4,25 4.35 4.37 4.70

9.5 4.48 4.16 4.27 4.38 4.59

15.0 4.33 4.08 4,14 4.18 4.54 E
20.0 4.13 3. 87 3.93 4.06 4.61 ¥
25.0 3. 81 3.68 3.69 3.77  4.53 k
30.0 3.44 3.33 3.36 3.44 4.26 !
35.0 2.94 2.97 3.00 2.98 3.69 -‘
0.0 2.145 2.149 2.50 2.50 2.62
45.0 1.79 2.00 1.88 1.86 0.85 |
50.0 1.00 1.44 1.25 1.22 0.25
55.0 0.31 0.92 0.72 0.67 0.07 |
60.0 0.07 0.52 0.27 0.25 0.04

65.0 0.02 0.18 0.10 0.08 0.02
70.0 0.01 0.08 0.04  0.02 0.01

75.0  <0.01 0.03 0.02 = <0.01  <0.01

80.0 - 0.02 0.02

85.0 <0.01 0.01

90.0 0.01

©95.0 <0.01

TR T T TP
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TABLE 14. K,S0, CONCENTRATION (mg/ml) FOR DISSOLUTION OF
1.00 GRAM OF VARIOUS MESH CUTS AND BATCHES AT
DIFFERENT FLOW RATES

TIME #6 #7 #14 #12 #13
(min) A 60/80 A 60/80 B 30/40 B 30/40 B 30/40
Flow Rate (ml/min):
9.2 9.2 9.2 5.25 5.3
0.5 3.89 0.61 2.97 3.24 3.96
1.5 3.91 0.61 2.98 3.34 3.95
2.5 3.89 0.61 2.96 3.34 3.61
3.5 3.88 0.62 2.95 3.20 3.98
4.5 3.88 0.60 2.90 3.00 3.96
5.5 3.85 0.63 2.87 3.12 3.93
6.5 3.79 0.63 2.80 3.16 3.83
7.5 3.71 0.64 2.80 3.19 3.72
8.5 3.69 0.64 2.74 3.28 3.82
9.5 3.65 0.64 2.70 3.26 3.80
15.0 3.29 0.66 2.47 3.05 3.58
20.0 2.93 0.65 2.21 2.91 3.38
25.0 2.49 0.63 1.98 2.80 3.14
30.0 1.95 0.64 1.71 2.63 2.89
35.0 1.06 0.59 1.47 2.44 2.63
40.0. 0.12 0.58 1.19 2.31 2.35
45.0 0.03 0.53 0.98 2.08 2.09
50.0 0.01 0.43 0.73 1.87 1.77
55.0 <0.01 0.38 . 0.53 1.68 1.43
60.0 0.33 0.35 1.51 1.08
65.0 . o 0.21 1.29 0.81
70.0 0.1 1.10 0.56
75.0 0.05 0.88 0.36
80.0 0.02 0.68 0.22
85.0 0.50 0.12
90.0 0.34 0.05
95.0 0.19 . 0.01
100.0 0.13 <0.01
105.0 0.09
110.0 0.03
115.0 0.02
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TABLE 15. K»SO, CONCENTRATION (mg/ml) FOR DISSOLUTION OF
) B%TC G, 40/60 MESH AND VARIOUS COLUMN LOADS

#27 #28 #29 #30 #31 #32 #33

0.5 3.53 4.15 4.33 4.19 4.03 3.96 4.31
1.5 3.57 4.07 4.23 4,22 4.04 3.97 4.32
2.5 3.54 4.01 4.24 4.19 4.04 3.95 4.31
3.5 3.48 4.00 4,22 4.13 4.08 3.89 4.29
4.5 3.48 4.00 4.22 4.25 4.05 3.95 4.26
5.5 3.41 4.01 4.17 4.16 4.08 3.96 4.33
6.5 3.36 3.99 4.19 4.16 4.09 3.89 4.32
7.5 3.29 3.87 4.16 4.18 3.94 3.91 4,34
8.5 3.24 3.90 4.14 4.18 3.89 3.90 , 4.30
9.5 3.14 3.90 4.1 4.13 4.01 3.85 4.29
15.0 2.64 3.60 4.00 4.13 3.97 3.96 4.19
20.0 2.35 3.37 3.9 3.95 3.94 3.86 4.14
25.0- 1.90 3.04 3.67 3.75 3.93 3.75 4.03
30.0 1.40 2.58 3.4 3.45 3.82 3.70 4.o4
35.0 0.89 2.05 3.12 3.08 3.69 3.55 3.99
40.0 0.50 1.41 2.67 2.63 3.39 3.41 ° 3.96
45.0 0.27 0.82 2.14 1.93 3.17 3.14 3.73
50.0 0.13 0.44 1.51 1.39 2.82 2.85 3.55
55.0 0.05 0.20 0.85 0.79 2.31 2.46 3.27
60.0 0.02 0.08 0.36 0.37 1.76 2.03 2.88
65.0 <0.01 0.02 0.12 0.12 1.1 1.49 2.40
70.0 <0.01 0.03 0.03 NA 0.90 1.77
75.0 _ 0.01 0.01 NA 0.36 1.01
80.0 - <0.01 <0.01 0.05 0.08 0.19
85.0 0.01 0.04 0.05
90.0 <0.01 0.01 0.02
95.0 : 0.01 0.01

1 100.0 _ : <0.01 <0.01
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TABLE 16. K7SO; CONCENTRATION (mg/ml) FOR DISSOLUTION
Og VARIOUS MESH CUTS OF BATCH G

(MIN) 20730 20/30 30/40 30/40

0.5  .3.28  3.27  4.12 4,34
1.5 3.15  3.19  4.08  4.14

2.5 3.10 3.1 4.03  4.07

3.5 3.11  3.12  4.00  4.04

4.5 3.12  3.08  3.98  3.99

505 3.13 3-09 3-98 3-90

6.5 3.18  3.05 3.94  3.90

7.5 3.13  3.07  3.94  3.90

8.5 3.09 3.0 3.95  3.90 |
9.5 3.09 3.03  3.90 . 3.82

15.0  2.91 2.8  3.71  3.66

20.0  2.76  2.73  3.49  3.46

25.0  2.65 2.59  3.31  3.25

30.0  2.48  2.47  3.02  3.00

35.0  2.26  2.30  2.70  2.73

40.0  2.14 2,09  2.37  2.43 |
45.0  1.96  1.96  2.02  2.09

50.0 1.7 1.77  1.63  1.57

55.0 1.57 1.60 1.26 1.32
60.0 1.40 1.44
65.0 1.26 1.29 . 0.63
70.0~ 1,09 - 1.14 0.32 0.39
75.0 0.96 1.00 .
80.0 0.81 0.87 0.08 0.1
85.0 0.67 0.75 0.02 0.04
90.0 0.49 0.60 <0.01 0.01
95.0 0.43 0.47 : <0.01
100.0 0.31 0.37
105.0 0.21 0.28
110.0 0.14 0.21
115.0 NA 0.15
120.0 0.09
125.0 0.05
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TABLE 17. K2S04 CONCENTRATION (mg/ml) FOR DISSOLUTION
0% VARIOUS MESH CUTS OF BATCH G

#24 #25 #20 #21
(min) 60/80 60/80 80/100 80/100

0.5 4,24 4.19 4.19 3.82
1.5 4.13 4.16 4,14 3.73

2.5 4,14 4.15 4,10 3.76

3.5 4.13 4,12 4.10 3.72

4.5 4,18 4,07 4.16 3.67

5.5 4,12 4,11 4.16 3.68 i
6.5 4,13 4,12 4.16 3.84

7.5 4.18 4.1 4.16 3.87

8.5 4,13 4,08 NA 3.98

9.5 4,13 4,22 4,18 3.96

15.0  4.10  3.91 4,10  3.90 l
20.0 4.06 3.84 4,02 3.87 '
25.0 3.89 3.76 4.08 3.84

30.0 3.69 3.49 3.74 3.63 f
35.0 3.37 3.22 3.40 3.30 :
40.0 2.95 2.88 2.98 2.94 i
45.0 2.37 2.39 2.51 2.149 ‘
50.0 1.37 1.53 0.40 0.47 !
55.0 0.12 0.26 0.08 0.18 |
60.0 0.06 0.07 0.03 0.03

65.0 0.03 0.04 0.01 0.01

70.0  0.02  0.02  0.01. <0.01
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TABLE 18. K9S0 CONCENTRATION (mg/ml) FOR DISSOLUTION OF
vERIOUS MESH CUTS OF BATCH G IN 30% ETHANOL

#42 #37 #34 #22
TIME
(min) 20/30 30/40 40/60 60/80

0.5 6.55 9.03  9.90  9.76
1.5 642  8.74  9.67  9.70
2.5 6.34  8.66  9.44  9.67
3.5 6.27 8.63  9.33  9.64
4.5 6.19  8.55  9.30  9.55
5.5 617  8.40  9.19 9.1
6.5 612  8.23  9.14  9.30
705 6-06 8.1" 9000 9.27
8.5 6.01 7.82  8.84  9.11
9.5 5.94  7.84 8.74  8.95 |
150  5.45  6.47  T7.35  T.47
200  B.57  4.90  4.76  5.06
55°0  3.70  3.12  1.06  0.23
30.0  2.83  1.31 0.11  0.20 |
350  2.10  0.35. 0.04  0.04 !
1.0  1.37 0.08 0.03 0.0 !
45.0  0.79  0.04  0.02  0.02

50.0  0.36 0.04 0.01 0.01
55.0  0.11 0.03 0.01 0.01
60.0  0.04 0.02 <0.01 <0.01
65.0 0.03 0.01

70.0  0.02 <0.01

75.0  0.01

80.0  <0.01
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TABLE 19. K,SO, CONCENTRATION (mg/ml) FOR DISSOLUTION OF
VARIOUS MESH CUTS OF BATCH G IN 35% ETHANOL

#43 #38  #35 #23
(min) 20/30 30/40 40/60 60/80

© 0.5 4.55 5.67 6.20 6.25
1.5 4.57 5.56 6.16 6.17
2.5 4.54 5.61 5.98 6.05
3.5 4.55 5.49 5.96 6.06
4.5 4.50 5.45 5.93 5.98
5.5 4.46 5.40 5.98 5.98
6.5 4.47 5.41 5.91 5.85
7.5 4.45 5.32 5.88 5.90
8.5 4,42 5.26 5.86 5.96
9.5 4.42 5.29 . 5.88 5.98
15.0 4.13 4.97 5.51 5.62
20.0 3.93 4.37 5.09 5.21
25.0 3.50 3.83 4.49 4.45
30.0 3.09 3.22 3.35 3.48
35.0 2.69 2.49 2.01 2.06
40.0 2.20 1.75 0.90 0.43
45.0 1.77 1.04 0.32 0.11
50.0 1.4 0.54 0.11 0.05
55.0 1.05 0.27 0.06 0.03
60.0 0.75 0.12 0.04 0.04

65.0 0.49 " 0.05 0.03 0.01
70.0 - 0.29 0.03 .
75.0 0.15 0.02 0.01 0.01
80.0 0.06 0.01 0.01 <0.01
85.0 0.03 0.01 <0.01

90.0 0.02 <0.01

95.0 0.01

100.0 <o0.01
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TABLE 20. K2 CONCENTRATION (mg/ml) FOR DISSOLUTION OF

RIéUS MESH CUTS OF BATCH G IN 50% ETHANOL

TIME
(min) 20/30 30/40 40/60  60/80

WNHN=0oo~NoMNEWNN =0
.

.5 1.28 1.66 1.72 1.84
.5 1.29 1.65 1.68 1.85
5 1.26 1.64 1.70 1.84
.5 1.25 1.62 1.69 1.84
.5 1.24 1.61 1.70 1.83
.5 1.24 1.61 1.75 1.83
.5 1.24 1.61 1.69 1.83
.5 1.24 1.48 1.66 1.82
.5 1.24 1.47 1.66 1.83
.5 1.24 1.47 1.68 1.81
5.0 1.24 1.58 1.66 1.81
0.0 1.24 1.59 1.67 1.80
5.0 NA NA 1.66 1.80
0.0 1.22 1.56 1.65 1.81
35.0 NA NA 1.66 1.81
40.0 1.18 1.48 1.63 1.79
45.0 NA NA 1.60 1.79
50.0 1.18 1.40 1.58 1.76
55.0 NA NA 1.56 1.74
60.0 1.13 1.34 1.52 1.70
65.0 - NA NA 1.49 1.65
70.0 NA 1.28 1.45 1.59
75.0 1.06 NA 1.42 1.55
80.0 1.03 1.26 1.41 1.46
85.0 NA NA 1.36 1.38
90.0 0.90 1.15 1.27 1.29
95.0 NA " NA 1.24 1.19
100.0 0.87 1.04 1.14. 1.07
105.0 NA NA 1.04 0.93
110.0 0.81 0.98 0.95 0.80
115.0 NA 0.86 = 0.84 0.60

120.0 0.75 0.80 0.73 0.37
125.0 0.7 0.73 0.60 0.13
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TABLE 20. (CONT.)

#46 #u41 #36 #26
(min) 20/30  30/40 40/60 60/80

135.0 NA 0.60 0.39 0.05
140.0 0.61 0.53 0.30 0.03
145.0 NA 0.47 0.22 0.02
150.0 0.55 0.41 0.16 0.02
155.0 NA 0.36 0.1 0.01
160.0 0.49 0.30 0.07 0.01
165.0 NA 0.24 0.05 <0.01
170.0 0.43 0.20 0.04
175.0 NA 0.16 0.03
180.0 0.37 0.13 0.02
185.0 NA 0.10 0.02
190.0 0.32 0.08 0.01
195.0 NA 0.06 0.01

225.0 0.16 <0.01
230.0 0.14
235.0 0.12
240.0 0.11
245.0 0.09
250.0 0.08
255.0 0.06
260.0 0.05
265.0 0.04
270.0 0.04
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TABLE 21. K,SO

INTERR

CONCENTRATION (mg/ml) FOR DISSOLUTION
UPTED AFTER 25% DISSOLVED

- D D P D WD D D D D S - D D D D - - - - - - - - - - - - - -

0.5 4.27
1.5 4.27
2.5 4,25
3.5 4,26
4.5 4,24
5.5 4,27
6.5 4,22
7.5 4,24
8.5 4,22
9.5 4.18
Mass 0.75
Remaining
(gram)

4.24
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TABLE 22. K,S0, CONCENTRATION (mg/ml) FOR DISSOLUTION
IﬁTEﬁRUPTED AFTER 50% DISSOLVED

#55 #56 #57 #58 #59 #60 #61

0.5 4,38 4,17 4,06 4.12 4.10 4.01 4,12
1.5 4. 4y 4.16 4.14 4.18 4.02 4,01 4.19
2.5 4.42 4.20 4.28 4,13 4.08 4.02 4.20
3.5 4.34 4.20 4,05 4.11 4.05 4.08 4.16
4.5 4.35 4.20 4.05 4.03 3.99 4,05 4,13
5.5 4,31 4,16 4.05 4,06 4.03 4.04 4.11
6.5 4,31 4.16 - 4.11 4.01 4.01 4,05 4.13
7.5 4.33 4.14 4.01 3.99 3.99 4.05 4,13
8.5 4.28 4.13 3.99 4.01 3.99 3.99 4.11
9.5 4,28 4.1 3.99 3.98 4.00 4.01 4.18
15.0 4,16 3.98 3.94 3.89 3.85 3.81 3.96
20.0 4,03 3.92 3.84 3.83 3.78 3.68 3.82
25.0 3.98 3.87 N/A 3.76 3.74 3.82 3.75
MASS 0.44 0.46 0.52 0.50 0.41 0.51 0.53
REMAINING
(gram)
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TABLE 23. K,S0, CONCENTRATION (mg/ml) FOR DISSOLUTION
TERRUPTED AT VARIOUS TIMES

WWwWwwWwuwuwwwwww

84

0.5 3.96 3.85 3.96 4.29
1.5 3.98 3.85 3.91 4.33
2.5 4.02 3.85 3.93 4.29
3.5 3.99 3.86 3.90 4.30
4.5 3.96 3.87 3.95 4.30
5.5 3.96 3.87 3.91 4.32
6.5 3.94 3.85 3.95 4.29
7.5 3.92 3.84 3.94 4.29
8.5 3.86 3.82 3.93 4.28
9.5 3.89 3.81 3.93 4.25
15.0 3.91 3.70 3.81 4.13
20.0 3.77 3.61 3.75 4.00
25.0 3.61 3.50 3.7 3.79
30.0 3.41 3.34 3.63
35.0 3.14 3.09 3.25
40.0 2.83 2.74
45.0 2.42 2.22
50.0 1.92 1.49
55.0 1.39 0.64
60.0 0.81 0.14
65.0 0.34 0.04
70.0 0.13 0.04
75.0 0.08 0.03
80.0 0.06 0.01
85.0 0.05 0.01
90.0 0.04 <0.01
: 95.0 0.02
~ 100.0 0.02
110.0 0.01
120.0 <0.01
MASS 0.24 0.47

REMAINING (gram)
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TABLE 24. K,SO, CONCENTRATION (mg/ml) FOR DISSOLUTION

OF 1.00 GRAM IN AN 8 mm I.D. COLUMN
RUN #
IMI TIME #65 #66 #72
nim) (min) 40/60 40/60 30/40
Flow Rate: '
----- 3.2 5.35 3.25
2 (ml/min) (ml/min) (ml/min)
0 | ececcccccccceccccccececee e e e ee e e —-———————————————

¢.S 0.5 §4.25 3.91 4.19
¢.f 1.5 4,21 3.93 4,23
a.e 2.5 4,24 3.90 4.02
e.e 3.5 4,21 3.96 4,02
a. 4.5 4.19 3.89 4.04
.y 5.5 4.26 3.94 4.02
¢.8 6.5 4.21 3.98 4.02
2.¢ 7.5 4,22 3.91 3.97
0.7 8.5 4,20 3.83 4,02
g.Le 9.5 4,21 3.84 3.93
. 15.0 4.13 3.69 3.89
gl 20.0 4,07 3.57 3.84
gLt 25.0 4,08 3.46 3.81
€. 30.0 4,06 3.26 3.72
0.¢ 35.0 4.07 2.93 3.64
0. 40.0 3.94 2.60 3.51
G 45.0 3.67 2.26 3.39
.ol 50.0 3.57 1.91 3.23
¢.a7 55.0 3.27 1.50 3.04
G.. 60.0 3.07 0.97 2.83
C. 65.0 2.75 0.18 2.59
C.in 70.0 - 2.6 0.04 2.33
2.8 75.0 1.89 0.04 2.1
0. ic ~80.0 _ 1.44 . 0.02 1.85
T a0 ' 85.0 1.02 0.01 1.55
J Ul saen 90,0 0.56 1.22
Yo 95.0 0.17 . 0.90
Y, 0 100.0 0.07 . 0.62
m— 105.0 - 0.03 0.40
A 110.0 0.24
A 115.0 0.13

120.0 0.08

125.0 0.03

130.0 0.03




TABLE 25. K2504 CONCENTRATION (mg/ml) FOR DISSOLUTION
OF 0.77 GRAM IN AN 8 mm I.D. COLUMN AT
FAST FLOW RATES
RUN #
#67 #68 #69 #70 #71
TIME
(min) 3.25 6.4 9.8 12.7 15.8
(ml/min) (ml/min) (ml/min) (ml/min) (ml/min)
0.5 4.19 3.65 2.85 - 2.49 1.92
1.5 4,01 3.60 2.72 2.44 1.98
2.5 3.97 3.55 2.78 2.39 1.89
3.5 3.92 3.50 2.74 2.31 1.83
4.5 3.90 3.42 2.70 2.23 1.76
5.5 3.91 3.37 2.62 2.19 1.71
6.5 3.85 3.30 2.50 2.16 1.64
7.5 3.88 3.25 2.47 2.05 1.59
8.5 3.88 3.21 2.42 2.03 1.55
9.5 3.82 3.18 2.36 1.94 1.47
15.0 3.76 2.87 1.96 1.59 1.20
20.0 3.66 2.58 1.68 1.32 1.01
25.0 3.56 2.25 1.42 1.06 0.85
30.0 3.36 1.92 1.17 0.85 0.69
35.0 3.17 1.61 0.92 0.65 0.56
40.0 2.99 1.33 0.69 0.48 0.43
45.0 2.73 0.97 0.45 0.31 0.32
50.0 2.47 0.66 0.24 0.15 0.20
55.0 2.13 0.38 0.08 0.06 0.11
. 60.0 1.90 0.18 0.03 0.02 0.05
65.0 1.59 0.07 0.01
70.0 1.29 0.02 .
75-0 o. 98
80.0 0.71
85.0 0.45
90.0 0.30
95.0 0.18
100.0 0.10
105.0 0.05
110.0 0.02
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TABLE 26. Kgsoa CONCENTRATION (mg/ml) FOR DISSOLUTION
OF 1.00 GRAM IN A 9 mm I.D. COLUMN AT FAST

FLOW RATES
RUN #
#73 #74 #75 #76 #77
TIME
(min) 5.25 10.6 15.6 20.8 25.3
(ml/min) (ml/min) (ml/min) (ml/min) (ml/min)
0.5 3.80 2.96 2.73 2.29 2.22
1.5 3.72 2.87 2.68 2.33 2.17
2.5 3.69 2.85 2.58 2.33 2.12
3.5 3.70 2.82 2.50 2.21 2.03
4.5 3.67 2.80 2.42 2.15 1.98
5.5 3.67 2.82 2.35 2.06 1.87
6.5 3.64 2.81 2.36 1.98 1.79
7.5 3.65 2.77 2.27 1.93 1.69
8.5 3.63 2.77 2.21 1.89 1.60
9.5 3.65 2.68 2.14 1.79 1.53
15.0 3.45 2.37 1.77 1.40 1.11
20.0 3.32 2.09 1.47 1.09° 0.82
25.0 3.10 1.79 1.17 0.81 0.59
30.0 2.92 1.49 0.89 0.58 0.39
35.0 2.68 1.19 0.64 0.37 0.24
40.0 2.43 0.92 0.41 0.20 0.12
45.0 2.16 0.64 0.23 0.10 0.06
50.0 1.88 0.41 0.12 0.04 0.02
55.0 1.60 0.24 0.06 0.02 0.01
60.0 1.30 0.13 0.03 0.01
65.0 1.02 0.07 0.01
70.0 0.77 0.03
75.0 0.54 0.01
80.0 0.35 0.01
85.0 0.22 0.01
90.0 0.12 0.01
95.0 0.07

100.0  0.03
105.0  0.01
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TABLE 27. ACETAMINOPHEN CONCENTRATION (mg/ml) FOR
DISSOLUTION OF 1.00 GRAM OF 40/60 MESH
i FROM TWO BATCHES

TIME d RUN #78 RUN #79
(min) Batch H Batch J
0.5 14.3 14.8
1.5 14.3 14.7
2.5 14,3 14,7
3.5 14.1 13.9
4.5 14,2 14.1
5.5 14.1 14.1
6.5 14.1 13.9
7.5 13.8 13.5
8.5 13. 12.8
9.5 13.0 11.3
15.0 1.23 *1.69
20.0 0.586 0.651
25.0 0.448 0.405
30.0 0.312 0.369
35.0 0.225 0.338
40.0 0.231 0.307
45.0 0.103 0.275
50.0 0.083 0.208
55.0 0.033 0.199
60.0 0.012 0.158
65.0 0.013 0.138
70.0 0.007 0.099
75.0 0.068
80.0 0.063
90.0 0.049
100.0 0.029
110.0 0.021
120.0 0.016
130.0 0.002
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Each experiment is designated by the run number assigned in
Table 10.

The KZSO4 concentrations in these tables were
calculated in the following manner:

1) The potential of the unknown or sample was measured
and recorded.

2) Potential of two standard solutions which bracketed
the potential of the unknown were also measured; note that
these standards contain a known potassium ion concentration
and the same ethanol concentration as the unknown.

3) A linear potential gradient was assumed between any
two standard solutions, and the potassium ion concentration
was calculated by interpolation. These values have been
reported in mg/ml.

Acetaminophen concentrations listed in Table 27 were

calculated from a Beer's law plot.
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DISCUSSION »

A column apparatus has been used by numerous
investigators to aséess dissolution properties of both
powders and dosage forms. Studies of the dissolution
kinetics for K,S0, and acetaminophen in a flow=-through
system are reported here. The effect of several
experimental parameiers on dissolution rate was monitored;
these variables included particle size, column load,
specific surface area, solubility, column diameter, solvent
flow rate, and type of pump head. Dissolution kinetics,

which occurred under nonsink conditions, have been

described by a mathematical model.

A. Effect of Particle Size on Dissolution Rate

Langenbucher (31) and Tingstad et al (38) studied
the relationship between particle diameter of benzoic acid
granules and prednisone powder, respectively, and

dissolution rate in a column. A Reynolds number,

- designated Re, was defined to include a dimensional

- dependence on particle dimension:

Re = 220P - (6)

A"
where 'Qa' is liquid velocity (cm/min), and Qa = Q/Ac =
(volumetric flow rate)/(cell cross-sectional area), 'Dp' is

equivalent spherical particle diameter (cm), 'V' is
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kinematic liquid viscosity (cmz/min), and v = p/p or
viscosity/density. Langenbucher derived the following
relationship (for Re of 0.1 to 1.0):

T a (ngO)l.s-l.s (7)

where 'Dp,o' was the particle diameter at zero time, and
'T' was the time for 100% of the material to dissolve, as
predicted by the Hixson-Crowell or cube root equation (3);
dissolution occurred under sink conditions in all
experiments (31). Langenbucher did not correct flow rate
and liquid velocity for the porosity of the column; such a
correction would be difficult to quantitate since porosity
changes with time as particles dissolve. The Reynolds
number, as defined by Langenbucher, would decrease to zero
during the experiment as the particles dissolved.
Equivalent spherical diameters studied were 750, 410,
and 260‘pm. Dissolution resulfs followed a trend; as
particle diameter decreased, specific surface area

increased, and thus dissolution rate increased. Agreement

« with the same relationship was reported by Tingstad t al

(39) for dissolution of isosorbide dinitrate tablets.
However, no evidence was provided about the size of
particles into which these tablets disintegrated; it was
assumed by those workers that the particle size of

dissolving particles was related to, if not the same as,
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the starting material.

In the studies reported here, five mesh cuts of K9S0,
were dissolved under various experimental conditions. Each
mesh cut, 20/30, 30/40, 40/60, 60/80, and 80/100, contained
a range of particle sizes, which was assigned average
diameters of T15, 505, 335, 213.5 and 163 pm, respectively.
The average diameter of particles reported for each mesh
cut is an approximation based on the arithmetic mean of the
sieve openings for each pair of screens used (67). »

One gram K,S504 samples from five mesh cuts of the same
recrystallization batch G were allowed to dissolve in 40%
ethanol, which was pumped at a flow rate of 5.3 or 5.35
ml/min through the 9 mm column;l Data from these five
dissolution runs #20, 24, 30, 39, and 44 are shown in
Figure 7,»uhich has been included as an example of the
typical way in which column dissolution data have been
presented in the literature to date (31,38)§ generally
cumulative amounts dissolved (or undissolved) versus time

have been plotted. Ironically, this means of presenting

_ dissolution data fails to take advantage of a unique aspect

of column dissolution (i.e. that results are obtained in
differential form). Dapa presented in integral form look
very similar; differences between runs are difficult to
detect. In Figure 7, many.points are graphically

indistinguishable, and have been represented by solid

R i |




1000~

3
T

AMOUNT DISSOLVED (mq)

S
o

o)
7

?

|

40 60 80
TIME (MINUTES)

I00

120

94




95

circles. All profiles appear to be 1{near for as long as
20 - 30 minutes, which suggests that the dissolution rate
was constant for this time. |

The same data have been plotted in differential form,
as concentration of solute in column effluent versus time,
in Figure 8. For graphical clarity, only three of the
first ten data points for each profile are shown; lists of
data appear in Tables 15 - 17. Solid circles represent
points which are graphically indistinguishable. Comparison
of Figures 7 and 8 shows some important differences between
them and noteworthy features of the latter figure. While
data smoothing is considered appropriate here, this
differential form presents real flucfuations which are more
easily discerned. Small differences in concéntrations and
changes in concentration among dissolution profiles are
more easily distinguished. Different forms of dissolution'
curves (i.e. continual decline in concentration versus an
apparent plateau) and the location of an inflection point,
arelmore easiiy discerned from this type of plot. All
Subsequent dissolution results will be graphically
Presented here in differential form.

The five dissolution profiles in Figure 8 each had
different features. Run #44 (20/30 mesh) had an initial
‘Concentration which was significantly lower than the other

Mesh cuts; the concentration of solute from this mesh cut
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decreased at (almost) constant rate after approximately 7

minutes. Since the solubility of K2804 in 40% ethanol at
25°C is 4.7 mg/ml, sink conditions occur when the
concentration is less than 0.705 mg/ml. Thus, by the time
the cohcentration of solute in the effluent had fallen to
sink conditions, approximately 95% of the K2804 had already
dissolved.

The 30/40 mesh sample, run #39, dissolved Similarly to
the 20/30 mesh. Since the Specific surface area of the
former mesh cut was greater (see Table 2), one would
expect, as predicted by thé modified Noyes-Whitney
equation, that the dissolution rate would be faster; the
results were consistent with that assumption. Here, less
fluctuation was noted in éoncentrations at early times;
although the concentration decreased with time, the slope
was clearly not linear. An inflection point was noted at
aébroximatély 60 minutes; this also corresponded to the
time when sink conditions developed.

When a 40/60 mesh cut was dissolved, an iﬁportant
difference was noted in the dissolution profile; run #30 is

shown in Figure 8. The'initial concentration was

~ approximately the same as for the 30/40 mesh cut, but a

constant concentration or plateau was recorded for
approximately 10 minutes before a decline occurred. The

rest of the dissolution curve had a smooth sigmoid shape;
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sink conditions oécurred after about 55 minutes.
The 60/80 and 80/100 mesh cuts each represented
smaller particles and larger specific surface areas than
the other mesh cuts (see Table 2); note that these two mesh
cuts had approximately the same surface area as measured by
gas adsorption. As described previously, this was related
to the type of crysial clusters from which they were
formed. i
Upon dissolution, both runs #29 and #20 for 60/80 and
80/100 mesh, respectively, exhibited plateaus in the
concentration versus time profiles, similar to that noted
for the 40/60 mesh cut. Thg concentrations of all three
plateaus were within 5%, which was within the range of ‘ T
reproducibility of the method (a point which will be
discussed later). The length of time when a plateau
occurred increased as the equivalent particle diameter
decreased; the longer a plateau existed, the steeper was
the subsequent decrease in concentration with time. The

two smaller particle size groups (i.e. 60/80 and 80/100

s mesh) did not exhibit a smooth sigmoid-shaped decline in

b

concentration with time. Instead the "inflection point" in
these profiles occurred at a very low concentration, after
all particles had apparéntly dissolved. Further decline in
concentration represented only dilution of the column

contents.
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Concentrétion and dissolution rate were clearly
dependent on particle size and the related surface area; in
general, as particle size decreased and surface area
increased, dissolution rate increased. This dependence of
dissolution rate on surface area follows directly from the

modified Noyes-Whitney equation:

=9

it ° kA(S - C) (8)

However, as will be discussed, an apparent maximum
dissolution rate was noted for some experimental
conditions. An increase in surface area, beyond a given

value, was not accompanied by a similar increase in

"dissolution rate. Also, the difference between the

solubility and concentration of the solute, which served as
the driving force for dissolution, appeared to approach a

limiting value; the maximum concentration measured here was
approximately 90% of the solubility of the compound. These
conclusions ‘will be addressed in a different fashion by the

next group of experiments to be described.
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B. Effect of Column Load on Dissolution Rate

In the previous section, the change in dissolution rate
for 1.00 gram samples of five mesh cuts from the same
recrystallization batch was described. Each mesh cut
presented a different surface area to the solvent for
dissolution; the surface area was a function of both the
particle size and the type of crystal cluster in each mesh
cut.

To minimize the effect of the dependence of surface
areas on crystal cluster type, several column loads of the
same mesh cut were used; samples of two KZSOQ mesh cuts
from two different recrystallization batches were dissolved
and the effluent Qas anal&zed. The experimental results.
are listed in Tables 15 and 1 ané shown in Figures 9 and
10, respectively.

Shown in Figure 9 are results from dissolution runs
#27, 28, 30, 31, and 33, for 0.5, 0.75, 1.0, 1.25, and 1.50
gr;ﬁs of 40/60 mesh K,50,, respectively, (batch G) in 40%
ethanol at 25°C; solvent flow rate was 5.3 = 5.35 ml/min.
(This is the same recrystallization batch described in the
previous section.) For graphical clarity in Figure 9,
except for the 0.5 g sample, only 3 of the first 10 minute
" concentrations are shown; all data are listed in Table 15.

The shapes of the dissolution curves were similar to

v et
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those shown in Figure 8; in general, the curves were
sigmoid shaped.

The initial concentrations increased with
increasing load, except for the 1.25 gram sample; this
could only be explained on the basis of the reproducibility

of the method, which will be discussed in Section E of this
chapter.

As the initial load of the column exceeded 0.75
grams, the initial concentrations exhibited a plateau, as
was previously seen. All the concentrations followed a

smooth decline; as initial load increased, a steeper

decline in the concentration profile was noted.

Figure 10 shows the dissolution results for 0.43, 1.0,
1.12, 1.25, and 1.50 gram samples of 60/80 mesh K,SO,
(batch A) dissolved in 40% ethanol at 25°c pumped at 5.0 -

5.35 ml/min. Data for these dissolution runs #1 through 5
are listed in Table 11.

The K2304 crystals were from
different type crystal clusters, and the crystals had a

higher specific surface area than those described above;
hoqever, these dissolution profiles followed the same
trends as shéwn in Figure 9. Below some critical load,
described in terms of mass or more appropriately in terms
of surface area, the initial concentration increased as a

function of load, and the later slope of the dissolution
profile became steeper.

Again, a plateau value was noted
at a concentration of approximately 95% of the solubility

of xzsoa, for the profiles of the three larger initial

T T I L e e T



h-

N

107

loads.

The magnitude of this declining slope was related to
the number of particles present in the column. It was
assumed that all particles in the column dissolved at
essentially the same rate, and thus the number of particles
present throughout most of the dissolution experiment
remained constant. Therefore, even after a substantial
amount of material had dissolved, and the concentration had
decreased below the plateau value, the amount of solid
remaining was divided among many small particles. The
increased surface area associated with the larger number of
particles in each successive run would account for the
faster dissolution rate and steeper decline in the |
dissolution profile.

The Noyes-Whitney equation describes the relationship
between dissolution rate and the surface area of the solid;
the only limiting factor comes from the concentration,
thch obviously cannot exceed the solubility of the

compound. In a closed system, such as the sealed ampuls

" used for determination of the solubility of K2504, the same

volume of solvent is in contact with a given amount and
surface area of material. Even in a static system, a
finite period of time, often several days, is required for
the contents to reéch an equilibrium concentration equal to

the solubility of the compound; this approach to

o
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equilibrium is asymptotic.

In an open or flow-through system,_such as the column
apparatus described here, new volumes of liquid are
continually coming in contact with the solid surface; it is
reasonable to conclude that the solid can dissolve rapidly,
but the bulk concentration of solute will always remain
below the solubility of the compound. A critical or
minimum surface area could be defined in terms of the
amount needed to give rise to this plateau in concentration
at 90 -« 98 % of the solubility of the compound; within a
reasonable rahge of initial column loads, any fuqther
increase in surface would not lead to an appreciable
increase in dissolution rate. If the initial column load
was increased several orders of magnitude, then the
concentration might increase to a value very close to the
solubility; however, this could be related to the surface
area to which the liquid was exposed, and the length of
time the liquid and solid were in contact. Within the '

~ range of column loads which might typically be studied, the

. concentration should always be somewhat lower than the

Solubility; as long as some minimum surface area still
existed in the column, dissolution would occur at
essentially the same rate (i.e. concentration exhibited a
Plateau).

Consistent with the trends noted in the previous
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section for dissolution rate as a function of particle
size, there may be some minimum or critical surface area
for each material and set of experimental parameters.

Below this critical surface area, an increase in mass or
load and a concurrent increase in surface area will lead to
an increase in initial concentration and a change in the
shape of the profile's decline from almost linear to
sigmoid shape. But when this critical surface area or mass
is exceeded, the concentration of solute in the effluent
may appear constant for some time period. When sufficient
material has dissolved such that the surface area now
presented to the solvent is equal to or just less than this
critical surface area, the concentration will decline in
some nonlinear manner. The slope of that declining curve
was dependent on the number of particles which were
present; as the number of particles which made up any given
"surface area" or "load" increased, the slope of the later
portion of the concentration versus time profile was
steeper.

~w¢ In all these experiments, dissolution occurred under
nonsink conditions until morevthan 85% of the column
contents were dissolved; yet previous investigators have
reported that sink conditions were observed during column
dissolution experiments (31,38-40,43,44). Results

described here show that the initial concentration is
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related to the column load. As will be discussed later,
dissolution kinetics are also dependent on the solvent flow
rate. Thus, fluid velocity, the initial column load and
its associated bed height within the column determine if

sink or nonsink conditions will prevail initially.
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C. Effect of Specific Surface Area on Dissolution Rate

Potassium sulfate and acetaminophen were each
recrystallized to provide a large quantity of various
particle sizes (mesh cuts) for dissolution studies. It was
initially assumed that various recrystallization batches
would provide individual crystals of the same crystal
habit, and thus the same specific surface areas for each
mesh cut.

Microscopic examination showed that while the crystals
were of the same habit, particles of all mesh cuts from
each recrystallization batch were heterogéneous mixtures of
crystal clustérs and of a few individual crys%als. The
type (i.e. number and dimensions of crystals per cluster)
of clusters also varied from one batch to the next; this
difference was noted microscopically and was consistent
with surface areas measured by gas adsorption.

Measurements of surface area are listed in Table 2;
data are reported in mz/g. Within anonne material, the

" reproducibility of the technique (i.e. 10% variation)'is
indicated by replicate measﬁrements. Within-
recrystallization batches, the trends were as expected;
Specific surface area (mz/g) increased as particle size
decreased. However, for some batches such as B, D, ﬁ, and

G, the surface area measurement of two consecutive mesh
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cuts did ndt indicate any significant difference between
them; this was not in agreement with the assumption that
the particles are spheres, but was consistent with the fact
that the particles consisted of crystal clusters in most
cases.

Photographs of representative crystals from each mesh
cut of every recrystallization batch used in dissolution
studies are shown in Figure 2. Wide variation is noted
between crystals from the same mesh cut of different
batches. The type of crystal clusters shown are consistent
with the range in surface areas measured by gas adsorption.
In Table 28, the measured surface area for five mesh cuts
of batch G are compared with surface areas caléulated for
each mesh cut, assuming the mean of the sieve openings
corresponded to the diameter of spherical particles. There
is approximately a three-fold difference between the
measured and calculated surface areas.

Dissolution profiles were generated for both 40/60 and
60/80 mesh cuts of various recrystallization batches of

- K2804. For the 60/80 mesh cut, crystals from |
recrystallization batches A, B, C, D, E, and G were
Studied; corresponding dissolution runs were #2, 9, 15, 17,
18, and 24, respectively, and data are listed in Tables 11,
12, and 17. 1In the order of lowest to highest surface

area, the batches ranked as follows:
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TABLE 28. COMPARISON OF MEASURED AND CALCULATED SURFACE
AREAS FOR VARIOUS MESH CUTS OF POTASSIUM
SULFATE (BATCH G)

Mesh Average Calculated * Measured
Cut Spherical Surface Surface
Diameter Area * Area *#%
(pm) (m2/g) (m2/g)
20/30 715 0.0032 0.0095
30/40 505 0.0045 0.0113
40/60 335 0.0067 0.0205
60/80 214 0.0106 . 0.0270

80/100 163 +0.0138 0.0270

® Calculated for spherical particles,/ﬁ>= 2.66 g/cm .
#% See Table 2.
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B=C<D=G<AKE
where batch E had two times greater specific surface area
than batch B for the same equivalent spherical particle
diameter. Batch G had a surface area which was
approximately mid-range between the extremes.

Comparison of some dissolution profiles is presented
in Figure 11, where data for batches B, G, and E only are
shown. In each case, 1.00 gram of 60/80 mesh crystals
dissolved as 40% ethanol was pumped through the 9 mm column
at 5.35 « 5.4 ml/min. For graphical clarity, only four of
the first ten data points are shown; solid circles
represent multiple points'which are graphically
indistinguishable.

When one gram of crystals from batch B was dissolved,
the initial concentration was approximately 95% of the‘
solubility of the compound; the concentration profile
followed a smooth but rapid decline. Though not shown on
Figure 11; profiles for batches A and C looked similar to
the profile for batch B; concentration of batch C was a bit
higher initially and dissolution rate was slightly faster
at the end, while the concentration for batch A was '
Slightly lower than batch B at the beginning and was
slightly higher after the concentrations had fallen below
2.0 mg/ml.

The dissolution profile for Batch E, which had the
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highest specific surface area, was not typical of any

~ reported thus far. For this run, a smooth, significant
increase in concentration occurred during the first 20
minutes, followed by a very rapid decline. Such an

increase could have been caused by a number of factors. If

the surface of the solid was poorly wetted initially, and

if wetting increased with time, then at 20 minutes, a
greater surface area would have been exposed and available
for dissolution. Since this type of profile was not
obtained for any other batch or any other particle size and
since no problem of air bubbles on the crystals was
observed, this explanatioﬁ was discarded.

If there was a probiem in the analysis of the samples,
such as fluctuations in house current giving erroneous
potential readings, it is unlikely that the data would have
followed such a smooth curve.

It was known from'microscopic examination that these
crystals'represented clusters of a large number of
crystals. If these clusters bréke apart during
dissolution, and if this resulted in an increase in surface
area of K2304 as seen by the solvent, then aﬁ increase in
concentration at early time could have occurred. This
explanation was consistent with an observation recorded in
the laboratory notebook for this experiment which described

how the bed height within the column was not clearly
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defined during this experiment; instead, many small
particles were entrained in the solvent and moved
throughout the length of the column duriﬁg the entire
experiment. This was not a typical observation; generally,
particles of all mesh cuts remained in an expanded bed in
the base of the column until particles were smaller than
100 pm.

Crystals from batch G dissolved in yet another way;
this is also shown in Figure 11. A plateau was noted at a
concentration approximately 88% of the solubility for about
20 minutes. Then concentration declined on a smooth, steep
curve, with the concentration above but approaching ihe
profile for batch B. o ’

While not included in Figure 11, the profile for Batch
D was very similar to that for batch G, but the plateau was
higher, at about 95% of the solubility of K;304; the rest
of the curve looked the same.

A similar comparison was made for 40/60 mesh cut. For
five recrystallization batches, in order of lowest to
highest specific surface area, the batches ranked as'
follows: |

B<CC<CGC<CAKE
based on data from Table 2. This was the same rank order
of surféce areas observed for the 60/80 mesh cut. For the

40/66 mesh cuts, which represented larger particles than
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the 60/80, surface area of batch E was three times greater
than batch B, with batch A half-way between them.

Dissolution profiles for batches A, B, E, and G are
shown in Figure 12. Results from profiles A and B were
very similar in form; initial concentration for batch A was
higher, and was reported to have been approximately equal
to the solubility of Kzsoa. It is unlikely that the
concentration reached the solubility; if the solvent was
prepared improperly so that the ethanol concentration was
slightly lower than 40%, the higher solubility of K2304
could have led to a higher concentration. Unfortunately,
due to the solvent preparation procedure used, it was not
possible to ana}yze this batch of solvent, nor could the
experiment be repeated due to an insufficient amount of
crystals. The dissolution profile for batch C was very
similar to that for batch B.

The profile for batch G looked very similar to the one
shown in.Figure 11; concentration values were on a plateau
for approximately 15 minute, followed by a sﬁooth sigmoid

" decline similar to curve B.

The dissolution profile for batch E was similar in
form to that for batch G, but the initial concentration
pPlateau was higher. This curve did not increase and then
decrease as reported for 60/80 mesh; rather, the

concentrations were on a plateau followed by a smooth but
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rapid decline. During the experiment, the crystal bed
remained fairly well contained in the bottom of the column;
there was no dispersion of particles as was observed for
60/80 mesh.

Here, batch E, which had the largest specific surface
area, had the highest concentration and fastest dissolution
rate of the batches compared. However, dissolution rates
for the other three batches did not fall in the same rank
order as their surface areas.

Other 1nvestigatoralhave described relationships
between surface area and dissolution rates. Quay et al
found a rank order correlation between in vitro
characteristics (i.e. specific surface area measured by gas
adsorption and a mass transfer coefficient from‘dissolution
in a modified USP rotating basket) and bioavailability
results (i.e.area under the blood level versus time curve)
for cinoxacin capsules (68). Moller suggested that the
surface Qrea which is effective in dissolution is more
accurately described by gas permeability measurements than
by gas adsorption or estimates from a hemocytometer
(69,70). Nimmerfall and Rosenthaler reported a correlation
between mean spherically equivalent particle size,
dissolution time measured with a flow-through column, and
AUC(i.e. area under the blood level versus time curve) for

three different crystal sizes of proquazone (71). Each of
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these studies suggested that a different type of surface
area was the appropriate measure to use in evaluating

dissolution data.

The conclusions drawn from the experiments reported
here are: 1) dissolution rate may not be directly
proportional to specific surfaée area as measured by gas
adsorption; 2) geometric area, or surface area based on
equivalent spherical particle size, is not an appropriate
parameter either since this would suggest that dissolution
rate should have been the same for the different
recrystallization batches.l Based on the results discussed
here, and the conclusions of other investigators,_the
‘ appropriate measure of surface area to use in describing
its effect on dissolution rate is not readily apparent;
this will be addressed in Section J, in the development of

a mathematical model for column dissolution kinetics.




S 124

D. Effect of Solubility on Dissolution Rate

To study the effect of solubility of the compound on
the dissolution rate, four different ethanol-water mixtures
were used as solvents. Potassium sulfate crystals from the
same recrystallization batch (batch G) were dissolved in
each solvent.

According to the Noyes-Whitney equation, the
difference between the solubility and concentration of a
compound acts as the driving force for dissolution. This
suggests that a .compound with a large solubility will
dissolve faster than a poorly soluble material.

Column dissolution of four mesh cuts, 20/30, 30/40,
40/60, and 60/80, were studied in four solvents, 30, 35,
40, and 50% ethanol, at 25°C; flow rate of solvent was 5.3
- 5.4 ml/min with an average value of 5.35 ml/min. K2504
has a solubility range of 1.99 -« 10.8 mg/ml in 50 - 30%
ethanol, respectively; thus, the solubility changes more
than fivé fold over the ethanol range studied. It has been
shown that when a column dissolution cell is used, the
compdund may dissolve under nonsink conditions during most
of the experiment. .

The concentration versus time profiles for the four
ethanol concentrations could be compared directly, but it
would be difficult to discern if each described dissolution

under the same general conditions.



—

125

If the dissolution process is the same in all
solvents, and if the mass-transfer coefficient from the
Noyes-Whitney equation is the same for all four solvent
systems, graphs of the dissolution data in some reduced
form should be superimposable.

The parameters chosen to convert concentration and
time to dimensionless quantities were based on both
material and experimental parameters. Reduced
concentration, 'C#', is defined as C* = C/S, where 'S' is
the.solubility of KoSO, in the solvent of choice. Reduced
time, 't*', is defined in terms of the time which would be
required for the contentQ of the column to dissolve if
concehtration equalled the solubility at the flpw rate
used. Thus, t' = m, /SW where 'm,' is the initial column
load in mg, and W is the solvent flow rate in ml/min; and
t* = t/t. |

The concentration and time values for the various
experiﬁents are listed in Tables 18 (for 30% ethanol), 19
(for 35% ethanol), 15, 16, 17; (for 40% ethanol), and 20
(for 50% ethanol). Values of reduced time and reduced
concentration are listed in Tables 29 throuéh 32 and are
shown in Figures 13'through 16, respectively.

Reduced data from 30, 40, and 50% ethan61 can be
Superimposed and exhibit very good agreement within the

range of reproducibility of this method. While the reduced



TABLE 29. REDUCED TIME AND REDUCED CONCENTRATION FOR
DISSOLUTION OF K,SO4 IN 30% ETHANOL

Reduced Concentration

Reduced Run #42 Run #37 Run #34 Run #22
Time 20/30 30740 40/60 60/80
0.029 0.607 0.837 0.918 0.904
0.087 0.595 0.810 0.896 0.899
0.144 0.588 0.803 0.875 0.896
0.202 0.581 0.800 0.865 0.894
0.260 0.574 0.793 0.862 0.886
0.317 0.572 0.779 0.852 0.873
0.375 0.567 0.763 0.847 0.862
0.433 0.562 0.755 0.835 0.860
0.490 0.557 0.725 0.820 0.845
0.548 0.551 0.727 0.810 0.830
0.866 0.506 0.599 0.682 0.692
1.154 0.423 0.454 0.442 0.470
1.443 0.343 0.290 0.098 0.021
1.731 0.263 0.122 0.010 0.019
2.020 0.195 0.032 0.004 0.004
2.308 0.127 0.008 0.003 0.001
2.597 0.074 0.004 0.002 0.001
2.885 0.033 0.003 0.001 0.001
3.174 0.010 0.003 0.001 0.001
3.462 0.004 0.002
3.751 0.002 0.001
4,039 0.002 A

- 4,328 0.001
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TABLE 30. REDUCED TIME AND REDUCED CONCENTRATION FOR
DISSOLUTION OF K,S0, IN 35% ETHANOL

- . - - - - . D - - - - - - - - — -

Reduced Concentration

Reduced Run #43 Run #38 Run #35 Run #23
Time 20/30 30/40 40/60 60/80
0.020 0.614 0.765 0.835 0.842
0.060 0.615 0.749 0.830 0.832
0.099 0.612 0.756 0.806 0.815
0.139 0.614 0.740 0.804 0.817
0.179 0.606 0.734 0.799 0.805
0.218 0.601 0.728 0.806 0.805
0.258 0.603 0.730 0.797 0.789
0.298 0.599 0.717 0.792 0.796
0.337 0.596 0.708 0.790 0.803
0.377 0.596 0.713 0.792 0.805
0.595 0.556 0.669 0.743 0.757
0.794 0.529 0.588 0.687 0.702
0.992 0.471 0.515 0.605 0.599
1.191 0.416 0.434 0.452 0.468
1.389 0.362 0.336 0.271 0.278
1.588 0.297 0.236 0.121 0.057
1.786 0.239 0.140 0.043 0.014
1.985 0.189 0.073 0.014 0.006
2.183 0.142 0.036 0.008 0.004
2.382 0.101 0.016 0.005 0.005
2.580 0.067 0.007 0.004 0.002
2.779 0.039 0.004 0.002 0.001
2.977 0.020 0.003 0.002 0.001
3.176 0.008 0.002 0.001

3.374 0.004 0.001

3.573 0.002

3.771 0.001
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TABLE 32.

Reduced
Time

129

REDUCED TIME AND REDUCED CONCENTRATION FOR
DISSOLUTION OF K,S0, IN 50% ETHANOL

Reduced Concentration

Run #46

20/30

Run #41

30/40

Run #36

40/60

Run #26

60/80
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profile for 20/30 mesh dissolved in 35% ethanol is

superimposable on the profiles for the same mesh cut
dissolved in thé other three solvents, the profiles for the
other three mesh cuts dissolved in 35% ethanol are
significantly lower than analogous profiles for the other
solvents. .

If the reduced profiles for differént experiments are
superimposable, then the mass-transfer coefficient should
be the sme for these dissolution runs. Since the results
for dissolution of K2804 in 35% ethanol compared to other
solvents appear to be different, a change in the
mass-transfer coefficienf should be considered.

The mass-transfer coefficient, 'k' in the ‘
Noyes-Whitney equation, has been described as a combination
of numerous parameters; some of these parameters are more
easily measured or estimated than others. It is not
necessary to invoke any particular theory or model for mass
transfér, such as film theory, surface renewal, or

“  boundary-layer theories in this discussion (72). The
'dependence of mass transfer on the diffusivity is defined
by Fick's first law, which states that diffﬁsive mobility
equals the flux of a material divided by its concentration
gradient. The equation of continuity (or maés balance) is
a sum of terms which are dependent on the density of the

sSystem and also on the flux of the solute. Thus, when the
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mass balance for a system is written, dependence on density
and diffusivity, or the mass-transfer coefficient, follows
directly.

For solids dissolved in liquids, the diffusivity of
the solute is proportional to the flux; it is known that
the diffusivity of solute 'a' in solvent 'b', or 'Dab', can
be described as follows (72):

, Y
D.. a [M] 9
ab u
where 'Ms' is molecular weight of the solvent, 'P' is
viscosity of the solution, and 'y' is a constant. Over a
wide range of concentrations, the diffusivity would be
expected to change, since it is inversely proportional to
viscosity. As values for various K2804 solutioﬁs in
ethanol listed in Table 5 illustrate, an inorganic salt has
littﬂe effect on the viscosity of its solution. Note also
that the density of the liquid varies little over the same
concentretion range, which is as high as 90% of the
- solubility. Thus it has been assumed here that for each
:’solvent, the diffusivity and mass-transfer coefficient are
constant over the range of concentrations of each
experiment.
The trend in the viscosity and density values reported
7 in Table 5 is consistent with reported values (73). The

lack of agreement for the reduced dissolution profiles of
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KZSO4 in 35% ethanol cannot be explained on the basis of
inconsistencies in density or viscosity; measurement of the
solubility of the compound in 35% ethanol was repeated, and

results were within 0.5% of the previously reported value.

Since Figures 13, 15, and 16 can be superimposed, it
was concluded that the mass-transfer coefficients for KZSO4
dissolved in 30, 40, and 50% ethanol are the same. Lack of
agreement of the data in 35% ethanol remains unexplained.
The use of reduced concentration versus reduced time
profiles suggests that compounds of very different
solubilities can be compared; differences between profiles
may be related to the mass-transfer coefficient for the

solute in the system.
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E. Effect of Dissolution on Surface Area

The Noyes-Whitney equation states that the dissolution
rate at any time is proportional to the surface area of the
material present at that time. In discussions of
dissolution under sink conditions, it is generally assumed
that the particles dissolve isometrically and the ratio of
surface to volume of particles remains constant,
independent of particle size; this assumption may be
acceptable if the surface area change is small, but may not
be suitable when one describes nonsink dissolution of a
large number of particles which clearly deviate from
spheres. Therefore, it would be of interest to know how
the surface area of nonspherical particles changes during
dissolution.

One advantage of the column dissolution method is that
a dissolution experiment can be easily interrupted at any

'time, and the undissolved contents of the column can be
‘_ removed and retained for further experiments. Study of
dissolution profiles allows one to calculate the time when,
for example, approximately 25, 50, and 75% éf the column
contents have dissol?ed. This time can then be used to
establish when other dissolution experiments.should be
stopped.

Numerous dissolution experiments were done in which
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1.00 gram of 40/60 mesh (batch G) KpSO, was placed in the 9
mm I.D. column; 40% ethanol was pumped through the system
at 5.35 ml/min. The surface area of the initial column
load was 0.0205 m2 (from Table 2). These experiments were
theh interrupted at various times.

Six dissolution runs, #47 through #52, were done in
which the experiment was stopped after approximately 25% of
the initial material had dissolved; the concentrations for
these runs are listed in Table 21. 1In each case, the
experiment was stopped after 10 minutes, the crystals
remaining in the column were filtered, dried, and retained.
Each quantity of undissoived crystals was weighed; this
ranged from‘0.73 to 0.77 gram, with an aver;ge of 0.75
gram., | . |

These remaining crystals were then examined
microscopically; photographs of representative crystals are
shown in.Figure 4. Since the particles still consisted of
clustefs and clearly deviated from smooth spheres, an
estimate of surface area from hicroscopic examination would
have been extremely difficult to make.

The crystals remaining from the six ruhs were combined
and the surface area was measured by gas adsorption; thus a
samp1e>size of approximately 4.5 gram was anélyzed with
mixtures of krypton and helium gases. The specific surface

area calculated was 0.019 mz/g, which, within the
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reproducibility of the instrument and method, is the same
as the starting material. Thus for this material, a loss
of 25% of the initial mass of the material represents a
very small (probably no more than 10%) change in specific
surface area; if the particles were assumed to be spheres,
this loss in mass would suggest an 18% reduction in surface
area.

An examination of the photographs of the partially
dissolved crystals showed that the clusters did not break
apart; the ends of some rods and the corners of larger
crystals appeared to have become slightly rounded. The
crystals looked quite siﬁilar to the starting material.

Then 1.00 gram of this combination of pa;tially
dissolved materials was dissolved under the same
experimental conditions; the material was completely
dissolved, and from its dissolution profile (i.e. run #53),
the time was estimated for 50% of the material to dissolve.
The disSolution data run #53 is listed in Table 23, as well
as for run #54, which was intefrupted when approximately
50% had dissolved.

The crystals remaining from the latter.experiment were
collected, dried and examined microscopically. A
Photograph of representative crystals is shoﬁn in Figure 4.

The starting material in these two experiments is

different from any other material used in dissolution
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experiments; since 25% of the mass has been previously
dissolved from the surface, the remaining surface has
different characteristics. While few clusters still
existed, the rod-shaped particles have retained their
general shape; larger single crystlas have become prolate
ellipsoid in shape.

Although the surface area measurement showed no
distinguishable difference, within the limits of the
method, a comparison of the dissolution profile for run #53
to that for run #30 (i.e. the starting material) shows that
crystals from the "25% dissolved" experiments dissolved
differently than the staéting material; dissolution
profiles are shown in Figure 17. Despite the fact that the
material in run #53 probably had a slightly higher specific
surface area than the starting material, the dissolution
rate was slower.

A possible explanation is based on the surface
properties and, in particular, the surface energies of the
two solids. There is no means.of measuring this property,
but it has been reported that crystals preferentially
dissolve from high energy areas, such as edges,
dislocations, defects, and asperities (74,75). If many of
these high energy portions were dissolved in.the first 25%,
the remaining surface would have lower energy; and

Subsequent dissolution from these lower energy surfaces
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would be slower. This explanation is consistent with the
profiles shown in Figure 17.

Next, seven dissolution runs, #55 through #61, which
are listed in Table 22, were done in which the experiments
were stopped after approximately 50% of the initial column
load had dissolved. Again the material was filtered,
dried, weighed and photographed; representative crystals
are shown in Figure 4.

The yield of crystals from run #59 was low due to
problems in transfer of the undissolved column contents at
the end of the experiment, and not due to a more rapid
dissolution rate. |

Ail crystals were combined and a Qpecific ;urface area
of 0.027 m2/g Qas calculated from gas adsorption data. The
specific surface area was more than 30% greater than. that
of the starting material. Thus, for each 1.00 gram sample
in the column, a 50% loss in mass corresponded to

. ((0.0205 m?) - (0.5 g)(0.027 m%/g))

~or a loss of 0.007 m' in surface area, which is
approximately a 35% decrease; if the particles were spheres
of equivalent diameter, a 50% weight decreaée would
correspond to a 37% decrease in surface area. Note that
the specific surface area here is comparable.to that
measured for the 60/80 mesh cut of the same batch G.

Photographs of some representative crystals, in Figure
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4, show that the ends, edges, and corners became rounded.
The crystal clusters remained intact; some edges receded
more in the center than near the corners of the crystal
faces.

Two 1.00 gram samples of the material remaining from
the "50% dissolved" experiments were used in runs #62 and
#63. In the former run, all the material was dissolved, so
that the time for 50% of this material to dissolve could be
determined and used in the latter run. Dissolution data
for these are listed in Table 23.

' The starting material here was notably different than
the 40/60 mesh particles which were used as the original
column loads. The former'crystals had a surface area which
was more than 30% greater than the latter. However, if the
conclusion proposed in a previous discussion is correct,
these "partially dissolved" crystals had lower surface
energy than the original material.

, A comparison of the dissolution profiles for runs #62
and #30 (the original material) is shown in Figure 18.
Despite the differences between the materials, the
dissolution profiles are nearly identical. From the
Noyes-Whitney equation and from the previous discussion
(Section C, Effect of Specific Surface Area on Dissolution
Rate), it is known that dissolution rate is dependent upon

the surface area presented to the solvent. As was
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concluded in the earlier discussion, the surface energy of

the solid can also affect the dissolution rate. The

profiles in Figure 18 suggest that these factors have
opposite effects, such that they essentially counterbalance
each other in their influence on dissolution rate.

A single dissolution experiment, run #64, was done in
which the run was stopped when approximately 75% of the
column contents had dissolved. The procedure to recover
and retain crystals was the same as previously described.
The yield was 0.244 gram K,50, which remained undissolved.
This amount of solid waslinsufficient for surface area
determination by gas adsorption. However, the crystals
were examined microscipically; a photograph of
representative crystals is shown in Figure 4. The shapes
of the remaining material are very irregular; some
particles have become very rounded while the rods have
narrowed to sharp points.

After 75% of the material had dissolved, the remaining .

i éfystals looked quite different than the starting material.
While clusters remained intact, some corners became very
rounded, and others very pointed; a hole dissolved in_ the
center of one crystai. The diameter of rod-shaped crystals
decreased more in the center than at each end. 1In general,

the crystals did not dissolve isometrically.
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The large number of dissolution runs done with the
same starting material, solvent and flow rate provided an
indication of the reproducibility of column dissolution.
When the concentrations for the first 10 minutes of these
runs were compared, a range of + 7% was noted, with most
results within 5%. This compares favorably with the
reproducibilities reported by other investigators for
column dissolution experiments; Langenbucher: + 9% std.
dev., (31); Bathe: 15 - 20% (43); and Cakiryildiz: 1 -10%
RSD (46).
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F. Effect of Column Diameter on Dissolution Rate

Both Langenbucher and Tingstad et al studied the
effect of column diameter on dissolution rate (31,38,39)
Langenbucher found that dissolution time (i.e. the time to
dissolve the material completely) was proportional to
linear flow velocity, 'Qa', raised to a power of -0.2 to
-0.5 for particle dissolution. When prednisone tableﬁs
were dissolved, Tingstad showed a linear relation between
the amount dissolved in the first 15 minutes and flow rates
from 10 to 54 ml/min. Both authors noted that it was
important to compare expériments based on the linear
velocity, 'Qa’'. '

Two dissolution columns, of 8 mm and 9 mm- I.D. were
used; the cross-sectional area of the columns differed by
14%. After 1.00 gram of 30/40 mesh K2504 crystals was
poured into each column, the bed height of the crystals was
measured. The height of 17 mm and 24 mm leads to a volume
of 1.08 and 1.21 cm3 for the 9.mm and 8 mm columns,
respectively; these differ by 12%, which indicates that >
wall effects (as might be expected) are greafer in the
Smaller diameter column; this difference in packing at the
walls could have an effect on the hydrodynamics within the
column. |

-

In runs #72 and #73, 1.00 gram KoS0, (batch G, 30/40
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mesh) was dissolved in 40% ethanol, using the 8 mm and 9 mm
columns, respectivgly. Dissolution results are listed in
Table 24 and 26, respectively; Figure 19 shows the
dissolution profile for these two runs.

Dissolution is obviously quite different in these two
cases, if they are compared on the basis of concentration
versus time. But since the flow rates were different, the
data should be compared on the basis of mass dissolved per
time; values for these two runs, reported as mg/min
dissolved at various times are listed in Table 33. While
the linear velocities vary by 28%, the mass dissolved in,
for example, the first 10 minutes differed by as much as
47%.

These two dissolution runs represented the same total
surface area, but different bed heights, of KZSO4 presented
to the solvent. If the column load in the 8 mm column was
rédueed to 0.77 gram, then the bed height decreased to 17
mm, which was the bed height of 1.06 gram in the 9 mm
‘column. Results from the dissolution of 0.77 gram in the 8
mm column, run #67, are listed in Table 25; the dissolution
profile is included in Figure 19. The shape of this
dissolution curve is.similar to the profile for run #73 for
dissolution of 1.00 gram of the same mesh cut; the
concentration is higher because the linear velocity in the

8 mm column is slower than in the 9 mm (i.e. 6.46 cm/min
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TABLE 33. POTASSIUM SULFATE DISSOLVED PER TIME
RUN #72 RUN #73
TIME 8mm 9mm
(min) (mg/min) (mg/min)
0.5 13.63 19.94
1.5 13.73 19.54
2.5 13.06 19.37
3.5 13.06 19.43
4.5 13.13 19.26
5.5 13.06 19.26
6.5 13.06 19.09
7.5 12.90 19.15
8.5 13.06 19.04
9.5 12.78 19.15
~15.0 12.65 . 18. 11
20.0 12.46 17.40
25.0 12.39 16.27
30.0 12.10 15.35
35-.0 11.82 14.05
40.0 11.41 12.74
45.0 11.01 11.31
50.0 10.51 9.86
55.0 9.88 8.39
60.0 9.20 6.84
65.0 8.43 5.34
70.0 T7.56 4.03
75.0 6.85 2.82
80.0 6.03 1.85
85.0 5.04 1.13
90.0 3.97 0.65
95.0 2.94 0.36
100.0 2.03 0.18
105.0 1.30 0.05
110.0 0.78
115.0 0.42
120.0 0.24
125.0 0.11
130.0 0.09
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compared to 8.25 cm/min). Thus, solvent is in contact with

the material in the 8 mm column for a longer time.
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G. Effect of Solvent Flow Rate on Dissolution Rate

Investigators have suggested that it is important to
comparevexperiments in which the 1liquid velocity, 'Qa', is
the same (31,38). They showed that if the same column load
was used, then different diameter columns gave comparable
dissolution results for the same linear velocity in sink
conditions.

‘ In experiments to be described here, the two columns,
8mm and 9mm , were charged with 0.77 and 1.00 gram samples
of 30/40 mesh (batch G) KZSOQ’ respectively. The solvent,
40% ethanol, was pumped at five different flow rates
through each column; the preparative pump héad was used on
the pump for all experiments.

Solvent flow rates were selected so that they were
Spaced at equal intervals and they utilized the maximum
capacity of the pump head; the flow rates were in the
approximate ratio of x:zx:3x:ﬁx:5x. However, these were
Selected such that the linear velocities for the two-
columns were not the same, but they overlappgd.

In these experiments then, the solvent flowed through
powder beds of the séme height; however, thevmass of the
Solute and the linear velocity of the solvent were
different between the two columns.

Data for dissolution runs #67 through #71 for the 8mm
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and #73 through #77 for the 9mm are listed in Tables 25 and
26, respectively. It was difficult to compare data in this
form and to reach any conclusions. But if the data were
converted to a reduced form of 't*' and 'C*' as defined
previously (see.Section D), the differences in initial mass
and flow rate would be taken into account. Then the
profiles could be compared with respect to the linear
velocity of the system.

Tables 34 and 35 contain the 't¥*' and 'C*' values for
the five flow rates in each of the 8mm and 9mm columns. |
The linear velocities, 'Qa', are also listeq for each
dissolution run.

In Figure 20, only three of the reduced runs have been
shown; profiles for runs #67, 69, and 77 represent the
highest, lowest and an intermediate value of 'Qa' in
reduced form. These are shown to illustrate how variation
in 'Qa"changes the form of these reduced profiles.

If one compares the data from all ten dissolution runs

: invreduced form, the rank order of these profiles, based on
the value of 'C*' at early 't*', should be correlated with
the linear velocity of the solvent. Such a comparison of
the experimental data here is excellent; all profiles fit
in rank order with respect to 'Qa', with the exception of
run #71, with the fastest flow rate through the 8 mm

column. Table 36 lists the dissolution runs in "expected"




161

TABLE 34. REDUCED TIME AND REDUCED CONCENTRATION FOR
* POTASSIUM SULFATE DISSOLVED AT VARIOUS
FLOW RATES IN 8 mm COLUMN

Run #67 Run #68 Run #69
W = 3.25 ml/min W = 6.4 ml/min W = 9.8 ml/min
t® Cc» t C* t# c*
0.010 0.890 0.020 0.777 0.030 0.607
0.030 0.851 0.059 0.766 0.090 0.578
0.050 0.845 0.098 0.755 0.150 0.591
0.069 0.835 0.137 0.744 0.209 0.583
0.089 0.830 0.176 0.729 0.269 0.574
0.109 0.832 0.215 0.718 0.329 0.557
0.129 0.820 0.254 0.703 0.389 0.531
0.149 0.825 0.293 0.691 0.449 0.525
0.169 0.825 0.332 0.683 0.508 0.516
0.188 0.813 0.371 0.676 0.568 0.502
0.298 0.801 0.586 0.610 0.897 0.416
0.397 0.778 0.781 0.550 1.196 0.357
0.496 0.758 0.977 0.478 1.495 0.303
0.595 0.716 1.172 0.407 1.794 0.249
0.694 0.675 1.367 0.342 2.093 0.196
0.793 0.635 1.563 0.284 2.392 0.147
0.893 0.582 1.758 0.207 2.691 0.096
0.992 0.524 1.953 0.139 2.990 0.050
1.091 0.453 2.148 0.080 3.289 0.017
1.190 0.404 2.344 0.039 3.589 0.005
1.289 0.338 2.539 0.015
1.389 0.275 2.734 0.004

- 1.488 0.208
1.587 0.150

“ 1.686 0.096
1.785 0.063
1.885 0.039
1.984 0.022
2.083 0.011
2.182 0.005

12.72 em/min Qa 19.48 em/min

6.46 cm/min Qa =
5 25.60 min ot = 16.72

0.41 min t!
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TABLE 34. (CONT.)

‘ Run #70 Run #71
W =12.7 ml/min W = 15.8 ml/min
t® c* t* cs
0.039 0.530 0.048 0.407
0.116 0.519 0.145 0.420
0.194 0.509 0.241 0.402
0.271 0.492 0.338 0.390
0.349  0.474 0.434 0.375
0.426 0.466 0.530 0.364
0.504 0.460 0.627 0.349
0.581 0.437 0.723 0.339
0.659 0.432 0.820 0.330
0.736 0.413 0.916 0.314
1.163 0.339 1.446 0.256
1.550 0.280 -1.929 0.214
1.938 0.226 2.411 0.181
2.326 0.182 2.893 0.148
2.713 0.138 3.375 0.119
3.101 0.102 3.857 0.092
3.488 0.065 4.339 0.067
3.876 0.031 4,822 0.043
4,264 0.012 5.304 0.022
4,651 0.004 5.786 0.010
6.268 0.003

Qa = 25;25 cem/min Qa = 31.41 em/min
~t' =2 12.90 min t' = 10.37 min

Sy N
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TABLE 35. REDUCED TIME AND REDUCED CONCENTRATION FOR
POTASSIUM SULFATE DISSOLVED AT VARIOUS
FLOW RATES IN 9 mm COLUMN

Run #73 Run #74 Run #75
W = 5.25 ml/min W = 10.6 ml/min W = 15.6 ml/min
t* cH t* c® t* c*
0.012 0.808 0.025 0.631 0.037 0.581
0.037 0.792 0.075 0.611 0.110 0.569
0.062 0.785 0.125 0.606 0.183 0.550
0.086 0.787 0.174 0.601 0.257 0.531
0.111 0.780 0.224 0.596 0.330 0.515
0.136 0.780 0.274 0.601 0.403 0.500
0.160 O0.T774 0.324 0.597 0.477 0.503
0.185 0.776 0.374 0.589 0.550 0.483
0.210 0.771 0.424 0.589 0.623 0.469
0.234 0.776 0.473 0.571 0.696 0.455
0.370 0.734 0.747 0.504 1.100 0.377
0.493 0.705 0.997 0.445 1.466 0.312
0.617 0.659 1.246 0.381 1.833 0.249
0.740 0.622 1.495 0.317 2.199 0.190
0.864 0.570 1.744 0.253 2.566 0.136
0.987 0.516 1.993 0.196 2.933 0.087
1.110 0.459 2.242 0.136 3.299 0.049
1.234 0.400 2.491 0.087 3.666 0.026
1.357 0.340 2.740 0.050 4,032 0.012
1.480 0.277 2.990 0.028 4,399 0.006
1.604 0.217 3.239 0.014 4,765 0.001
1.727 0.163 3.488 0.007
1.850 0.114 3.737 0.003
1.974 0.075 3.986 0.002
2.097 0.046 4.235 0.001
2.221 0.026 4,484 0.001
2.344 0.015

Qa = 8.25 em/min Qa = 16.67 cm/min Qa
t' = 40.53 min t' = 20.07 min t!

24.53 em/min
13.64 min
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TABLE 35. (CONT.)

Run #76 Run #77
W = 20.8 ml/min W = 25.3 ml/min
t* ' CH# t* cH*

0.049 0.488 0.059 0.473
0.147 0.495 0.178 0.463
0.244 0.497 0.297 0.451
0.342 0.470 0.416 0.433
0.440 0.456 0.535 0.421
0.538 0.439 0.654 0.398
0.635 0.422 0.773 0.380
0.733 0.410 0.892 0.359
0.831 0.402 1.011 0.339
0.929 0.380 1.130 0.325
1.466 0.298 1.784 0.237
1.955  0.232 2.378 0.174
2.444 0,172 2.973 0.125
2.933 0.123 3.567 0.083
3.421 0.079 4.162 0.050
3.910 0.042 4.756 0.025
4,399 0.021 5.351 0.012
4.888 0.009 5.945 0.005
5.376 0.004 6.540 0.002

9.78 cm/min

Qa = 32.70 em/min Qa =
t' = 8.41 min

t' = 10.23 min

oo w
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TABLE 36. RANK ORDER OF DISSOLUTION PROFILES
Flow Rate (column) Qa Expected Observed
(ml/min) (em/min) Order Order
3.25 (8mm) 6.u46 1 1
5.25 (9mm) 8.25 2 2
6.4 (8mm) 12.72 3 3
10.6 (9mm) 16.67 y y
9.8 (8mm) 19.48 5 5
15.6 (9mm) 24.53 6 6
12.7 (8mm) 25.25 7 T
15.8 (8mm) 31.41 8 10
20.8 (9mm) 32.70 9 8
25.3 (9mm) 39.78 10 9

167
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and "observed" rank order. It is unclear why the profile
for run #41 does not follow this trend.

From this set of dissolution runs, it can be concluded
that, if compared on a reduced concentration and time
basis, experiments of different initial load, flow rate and
liquid velocity can be compared, and comparison is valid
under nonsink conditions. A rank-order correlation is
noted in reduced concentration versus time profiles between

'C*' at early 't*' and linear velocities, 'Qa’.

T v —
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H. Effect of Pulsation on Dissolution Rate

Previous workers have investigated the use of various
pumps for column dissolution. Lerk and Zuurman compared
several pumps and found the centrifugal pump, if properly
integrated with check valves and flow meters, to cause the
least pulsation and therefore to be preferred for use in
column dissolution (37); however, the flow rate of 120
ml/min which they used was extremely high. Tingstad et al
found that pulsation from a peristaltic pump was not a
‘(significant) problem at a flow rate of 12 - 14 ml/min
(39).

Other workers have used piston, syringe, peristaltic
and positive displacement pumps (31,36,39,46). At a recent
conference dedicated solely to the topic of dissolution,
Dr. Bernard Cabana from the U.S. Food and Drug
Administration offered some comments about column
dissolution and the FDA's interest in it (76). The type of
pump uséd'is presently considered to be the most critical
parameter of the column dissolution method; while a
positive displacement pump may meet the general pumpihg
needs, the occurrence of pulsation and its effect on
dissolution rate is a subject which requires additional
investigation (77)

Here, the effect of pulsation on dissolution rate was
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studied; two different pump heads were used with the same
positive displacement pump. Runs #39 and #73 describe the

dissolution of 1.00 gm of 30/40 mesh (batch G) K,S0, in 40%

4
ethanol pumped at 5.3 ml/min with an analytical and
preparative pump head, respectively. Dissolution results
are listed in Tables 16 and 26; these concentration .
profiles are shown in Figure 21.

fhe analytical pump head has pumping capacity of 9.9
ml/min, while the preparative head can pump as fast as 27.7
ﬁl/min. Thus, to pump solvent at the same flow rate, the
number of pulses per minute with each pump head would be
different; the analytical head uses more pulses to pump the
same volume of fluid. This increase in the number of
pulses per time period wouid lead to more agitation of
fluid in the column. From Figure 21, it can be seen that
the trend of the profiles here is consistent with increased
agitation in the column; increased pulsation led to a
slightly faster dissolution rate. Since the column was
made of glass, it was possible to observe the motion of the
powder bed as fluid was pumped through the column;
pulsation waS clearly observed with both pumb heads. This
Pulsation has been visually recorded by others (41).

Pulsation seemed to cause no problems with the

Sampling procedure used in these experiments; since the

Pump pulsed more than 30 times per minute, no fluctuation
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was noted in sample volumes for 1 or 2 minute intervals.
However} this pulsation may lead to a problem if a
flow-through continuous detection method was used for
analytical purposes.

Despite the fact that the positive displacement pump
used was equipped with a pulse dampener, the latter
apparently had little dampening effect, since no
significant back pressure ever developed in the system. If
back pressure were artificially established within the
pumping system, then the pulse dampener might diminish
pulsation during pumping.

McMichagl and Hellumﬁ_studied mass transfer and how it
was affected by ﬂulsation in fully developed flow of an
incompressible Newtonian liquid through conduit (78); in
most cases, they found that satisfactory accuracy could be
obtained by ignoring the effect of pulsation. The largest
effect they determined was an 8% change in flux due to

pulsation; this is smaller than the inherent uncertainty in

many mass-transfer coefficients.

While some pulsation iS a normal characteristic of the
Pumping action from a positive displacement pﬁmp, fts
effect on dissolution rate is sufficiently small to warrant
further investigation of the pump's use. The high accuracy
of pumping over a moderate range of flow rates, even

against a significant back pressure, is a clear advantage



of this pump, which may outweigh the pulsation problem.
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I. Column Dissolution of Acetaminophen

Acetaminophen crystals were prepared for dissolution
studies in two different recrystalliiation batches.
Surface areas, measured by gas adsorption, of the 40/60
mesh cut of the two batches are reported in Table 2; these
differed by less than 4%. '

A 1.00 gram sample of each batch was placed in the 9
mm column and dissolved as Type II water (25°C) was pumped
at a flow rate of 5.6 ml/min. Sample collection procedure
was the same as previously described; all samples were
diluted as necessary and analyzed spectrophotometrically.
Concentrations for dissolution runs #78 and 79, for
acetaminophen batches H and J, respectively, are listed in
Table 27; Figure 22 Shows the dissolution profiles for the
two runs.

The solubility of acetaminophen in water at 25°C is
approximately 15 mg/ml (79); this is much higher than the
solubilit& of K2804 in the ethanol-water mixtures studied
here. The shape of the dissolution profiles for the more
Soluble compound in a flow-through system is not unlike
that nbted for less soluble compounds (i.e. K2804). The
concentration exhibited a plateau or a very shallow decline
in concentration for approximately 8 minutes,‘followed by a
Steep drop in concentration when most of the material had

dissolved. Most of the dissolution process occurred under
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nonsink conditions; in fact, the concentration was greater
ihan 90% of the solubility for the first 8 minutes of each
experiment. There was still some solid undissolved and
visible with the column at 50 and 110 minutes in runs #78
and 79, respectively; however, as calculated from a mass
balance, this represented less than 1% of the initial

column load._

.
\

J
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g; Mathematical Model for Column Dissolution

Numerous mathematical models have been proposed to
describe the rate of dissolution of solids. The
Noyes-Whitney equation was the first, and has served as a
basis for many subsequent models (1). Nernst proposed an
important modification, that dissolution rate is
proportional to the surface area of the solid (2); the
following equation then, often called the modified
Noyes-Whitney equation, shall serve as the starting point

for this discussion:

(=8

2 = kA(S - C) (8)

a

. As previously mentioned, most dissolution experiments
reported have been done under sink conditions. Hixson and
Crowell simplified the above equation to describe
dissolution under these conditions (3); two assumptions
were made: 1) the relationship between the surface area and
volume of each particle remained constant, independent of
particle size, because the particles dissolved
isometrically; and 2) the concentration is small and much
less than the solubility when sink conditions exist. The
integrated form of Eq. (10) which resulted, commonly called
the cube-root equation, describes how mass chénges when

particles dissolve under sink conditions.
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Some investigators have found that results from column
dissolution experiments were well described by the
Hixson-Crowell equation (31,38); in their experiments,
dissolution occurred under sink conditions. However, in
the studies described here, nonsink conditions prevailed
throughout most of the experiments; thus the Hixson-Crowell
equation is not applicable.

Despit§ the numerous studies of column dissolution
under sink conditions which have been reported, few models
have been proposed for dissolution in this type apparatus.

Langenbucher derived the relationship

-0.2-0. ] 10)
Ta (Qa)0:2-0-5(p, o)1-5-1.8 (

where 'T' is the time for 100% of the material to dissolve,
as predicted by the cube-root law, 'Qa' is the linear
velocity of the solvent, and 'Dp,o' is the equivalent
spherical particle diameter at zero time (31). This

correlation applied to sink dissolution in flow-through

- conditions only at low Reynolds number (Re between 0.1 and

1.0); here, the dimensionless Reynolds number was defined:

vRe = M | (11)

v

Carstensen and Dhupar wrote an equation to describe

nonsink dissolution in a column apparatus; it described
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dissolution kinetics in terms of thé degree of saturation
of the incoming. and exiting streams (45). For dissolution
of oxalic acid, a highly soluble compound, the model could
account for change in powder bed height as a function of
time and change in bed height as a function of liquid
velocity. They also reported measurement of the
concentration gradient over the length of the column;
concentratioﬁ asymptotically approached the solubility of
the comﬁound as the solvent moved (from bottom to top)

through the column. This relationship can be written as:

. kA
-t
C = S(I e Y ) (12)

where 'k, ' is the mass transfer coefficient, 'A' is the
surface area of solid in the column, 'V' is the éolumn
volume and 't' is time. |
The form of the Noyes-Whitney equation has been
previously discussed. A similar'equation can be written

for dissolution in a flow-through system; it describes

© dissolution rate in terms of the concentration in the exit

stream from the column:

dm | 13
T = .Hct ( )

where 'W' is the flow rate and 'Ct' is the concentration of

Solute in the column effluent at any time 't'. Equation
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(12) can be written to describe the same 'Ct' where 'T' is

the residence time of fluid within the column:

k]A
Ct = S(l - e _V-t) (14)

Since the volume per residence time, or 'V/r' is equal to

'W', the flow rate,'then Eq. (14) becomes:
_k1A
W 15
Ctss(l-eu) (13

If Eq. (15) is substituted into Eq. (13), then:

kA
. _Sw(] e T) (16)

This expression contains the variable 'A', the surface

Q.
3

|

Q

t

area of the column contents, which decreases during
dissolution. Change in area as a function of time is an
implicit relationship; explicitly, area changes as a

function of mass. This can be written as:

neagfef (17)
0

" where 'Ao' and 'mo' are the area and mass of the initial

‘ column load, respectively, 'm' is mass remaining

undissolved in the column at any time 't' and 'A' is a
constant. If the particles are assumed to be spherical,
then/9 = 2/3;/5 = 1/2 for rod-shaped particles, assuming
that these right cylinders dissolve from the side but not
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the ends.

If mass is written in a dimensionless form, then
dissolution from different initial loads are more easily
compared; in reduced form, let:

m* = M_ (18)
mo

-

Substituting Eqs. (17) and (18) into Eq. (16) leads to:

k,A B
dm* SW - :: o('“*) (29)
at " |t -e

o
As was previously discussed, the mass transfer

coefficient 'k,' is assumed to be a constant here. When it

is combined with other cohstants, a new variable is

defined:

1% (20)

Then Eq. (19) can be written:

dm® -SE 1 -a(m*)® (21)
dt N A

which in integral form is:

m*h

' t
dm* ‘ SW .
= -2H g
[1 - e_c(m.)a] m ] (22)

There are two possible methods for solution of Eq.

1

(22). It might be solved by variable substitution for
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'm*', followed by a series expansion of exp(-x). In order
to solve this analytically, only the first three terms of
the expansion could be used (79). Such a termination of
the series was unacceptable here however; neglecting the
higher order terms in the series expeansion is valid only
if 'x' is very large or very small. As will be discussed
later, values for 'x', or '»((m*) ', are not of this
magnitude. Thus, an acceptable analytical solution does
not exist for Eq. (22). »

Numerical integration does provide a means to evaluate
Eq. (22). A computer program was written in BASIC language
to integrate 'm*' from 0.9999 to 0.005 in steps of -0.0001;
this will evaluate the function at approximately 10,000
points. A copy of the program titled 'NAREA.BAS' is shown
in Appendix B; a portion of a typical computer output is
also included in that appendix.

The program contains an algorithm for calculation of
the time-for successive 'm*' values and the corresponding
concentrations; values for reduced time, 't*' and reduced
‘concentration, 'C*', are also calculated for both a sphere
and rod models. Values are then printed for each 100th
calculation. The function in Eq. (22) was evaluated for
only two values of !4', for fﬂ: 2/3 (i.e. sphere model) and
for'7a = 1/2 (i.e. rod model); selection of ;ﬂ' need not be



185

limited to these two values however. The computer program
could be easily modified to allow evaluation for other
values of 76"

An upper 1limit offe = 2/3 follows directly from the
geometric relationship between mass and surface area; a
sphere represents the smallest surface to volume (or mass)
ratio physically possible. Any other shape will have a
larger surface to volume ratio, which corresponds to a
smaller value for 'B'.

It is necessary to provide an estimate of ', as well
as values for flow rate, initial column load, and
solubility, to initiate the integration program. Equation
(20) defined 'e¢' in terms of three experimental parameters.
Equation (15) showed how these parameters were related to
measurablé quantities (i.e. concentration at any time 't'

and solubility). It can be assumed that since 'A' changes

~little during the first minutes of the dissolution

experiment, then 'A' is approximately equal to 'Ao'. Thus,
one can obtain an estimate of '« from dissolution data at

early times, where:

(g}

o= ,-'ln(l - S—t) (23)

Various 'e' values have been calculated from the
dissolution experiments described here; corresponding

values for 'm*' and concentrations for both shapes (rod and
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sphere) have been generated accordingly. Figure 23 shows
the profile for run #44, dissolution of 1.00 gram of 20/30
mesh Késo4 in 40% ethanol at fiow rate of 5.35 ml/min; also
shown are the concentrations predicted by the model for
both sphere and rod-shaped particles. Here, <= 1.20 was
calculated from the concentration of the Solute measured in
the first one-minute sample. Agreement between calculated
and experimental concentration values is very good; the
sphere model was in better agreement with experimental
data than the rod model over the entire dissolution
profile. The lowest concentration shown on each line in
Figure 23 corresponds to ihe time calculated for 99% of the
material to di;solve. No better agreement between
experimental data and generated models occurred for the
values of &< = 1.10, 1.15 or 1.25. Here, the model
predicted a higher concentration for rods as compared to
spheres, until approximately 85 - 90% of the material had
dissolved.

A similar figure could be drawn for each dissolution
run, with 'e' calculated from the concentration measured at
éarly time points, as defined by Eq. (23). if the
concentration of solute in the column effluent decreased

from early time, very good agreement between experimental
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and calculated concentrations can generally be obtained for
0.10 < m* < 0.99. However,if the concentrations exhibited
a plateau value at early times, as was observed in numerous
dissolution runs, the calculated concentrations deviate
markedly from measured concentrations.

The model is based on the premise that during any
dissolution experiment, concentration should always decline
with time; if the initial mass is sufficiently large, the
model predicts that the initial concentrations may exhibit
an apparent plateau, but at a concentration almost
indistinguishable from the solubility.

However, as was noted for numerous dissolution runs
previously described, the concentration often exhibited a
plateau at values of 90 to 98% solubility; the length of
time when this apparent plateau existed also varied
proportionally to the initial load and surface area.

The parameter 'o«{' was defined in terms of and
calculatea from actual dissolution data. However, in cases
when an apparent plateau existed in the concentration.
profile, '{' must be used as an adjustable parameter, if
concentration profiles generated by thé modei are to

coincide with the declining slope of the dissolution

-curves. A value of '«{' calculated from initial

concentration values could be used as a first estimate, but
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then 'o{' must be adjusted (generally higher) to generate
other sphere and rods profiles which might be in closer
agreement with the experimental data.

Figure 24 shows the dissolution profile of run #20,
for 80/100 mesh (batch G) which dissolved as 40% ethanol
was pumped at 5.35 ml/min; also shown are the
concentrations predicted by the model for o= 2.20, which
was calculated from concentration at early time. Neither
sphere nor rod geometric model prediction is in close
agreement with observed concentrations. However, Figure 25
shows how this agreement can be improved if a larger value
of '' js used. While t};ese values of '« predict higher
than observed concentrations at early times, they can more
closely describe the declining part of the dissolution
profile, even when it is very steep as shown here. The rod
model predicted concentrations which were in excellent
agreement with experimental results for 20-50 minutes of
the expériment. The 1lowest concentration shown on each
line in Figure 25 corresponds to the time calculated for

99% of the material to dissolve.

This mathematical model has been compared to column

dissolution data for K2804 only. No assumptions were made

in the derivation which would limit its applicability to
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poorly soluble substances. Test of the versatility of the
model should include a comparison of the agreement between
measured and calculated concentrations for acetaminophen, a
compound of moderate solubility.

Profiles for dissolution runs #78 and 79 have been
previously described and shown in Figure 22. The initial
concentration noted for run #79 (i.e. C = 14.80 mg/ml) was
used to calculate a value for 'e'; from Eq. (23), with S =
15.0 mg/ml, o< = #4.3. Shown in Figure 26 is the
experimental data from Figure 22, with the profiles
generated for both a rod and sphere model, as previously
described. Agreement between these models and results is
very good; aﬁ 11 minutes, where the results from ruh #78
fall below the concentrations predicted by the model, 855.
of the column contents has already dissolved. Note that

the time scale is expanded here compared to that used in

o

Figures 23, 24, and 25. Thus, the mathematical model
appears to be applicable to column dissolution for more
soluble materials, which also dissolve under nonsink

conditions.

. It would be desirable to have a means of comparing
dissolution profiles from runs under different experimental

conditions; this would test the capability of the model to
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describe dissolution with respect to various flow rates,
surface areas, initial mass, and solubilities. As .
described in previous sections, concentration and time can
be converted to dimensionless forms, and various
dissolution runs can be compared. Again reduced

concentration and reduced time, as they were previously

defined .
cr = & tr = 50 (20
where
m
v (25)

The dependence of dissolution on the mass-transfer
coeffieient 'klf (which is assumed to be constant), initial
surface area 'Ao' and flow rate 'W' has been included in
‘¢!« The influence of these parameters can be determined
from a plot of reduced concentration versus reduced time

_ for different values of 'e('.
| In'Figurea 27 and 28, 'C*' versus 't*' is plotted for
values of ' from 1.2 to 10.0 for the rod and sphere
model, respectively. Although there is no maximum value of
'o', the limiting values for 'C*' and 1t® . at large '¢' are
each 1.0; this follows directly from the way in which each
was defined. = This range of values for 't pfovides

dissolution profiles of virtually all the shapes noted in
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these experiments; however, ‘it predicts that any plateaus
will occur at C* >0.999, not at the values of 0.90 to 0.98
observed here. The lowest concentration shown on each line
in Figures 27 and 28 corresponds to the time calculated for
99.0% of the material to dissolve.- ipe fnzin - Rammler -
Srer Profiles for the rod model are higher than profiles:.¢n
for sphere-shaped particles for all 'e'.at early 't¥*';.
however, the slope of the former profiles is steeper at ;i1
small 'm*',; and they generally cross the latter profiles at
'm*'. of 0.8 to 0.9.. of maurerial disscolved "o’ 2t time 'L
ny A different "Y' value could also be used if another
geometric shape were considered more appropriate for the
dissolving partici;s. * The use‘of aﬁy singie 'ﬂ' valJ;S)
throughout the predicted profile suggests that the'), '’
particles were isotropic and retained the same shape during
the ent}re.dissolution experiment s+ If the observed data
were in close agreement with one geometric model for a
portion §£¢hhe profile but were better simulated by another
geometric shape in a later portion, it might be concluded
that the pafficles did not di;solve isotropically. R
"If 'C%®' versus 't*' profiles at various '« values.
were prepared for other particle shapes (i.e. other 'S’
values), similar trends would be expected..r Smaller 'B'=a

values would lead to profiles with more curvature :and shown

steeper decline than those in Figure 27; however, the “or




limiting values of 1.0 for 'C¥*' and 't*' at large 'e' would

still exist.

Equation (21), the differential form of the hodel
defived here, is similar in form to the Rosin - Rammler -
Sperling or Weibull distribution (80); the Weibull function
has been used to describe numerous processes, including
kinetic processes such as dissolution (81,82). The Weibull
function, applied to dissolution rate data, expresses the
cumulative fraction of material dissolved 'm#' at time 't'

by
-(t - T.)b/d
m#-[l-e i ] (26)

where 'a' is a "scale" parameter (i.e. for time 't'), 'b'.
is a "shape" parameter to describe the shape of the cdrve,
and 'Ti' is a "location" parameter which accounts for lag
time in Ehe process, if necessary. |

By comparison, Eq. (21) as previously presented is:

dt m°

dm* §_»1[] : e-u(m*)e] (21)

Many similarities exist between Eqs. (21) and (26).
If the location parameter, 'Ti‘ is eliminated from the
latter, then each equation'contains two parameters. The
;erms '<! and 'a' are each scale factors for time; as shown

in Figures 27 and 28, 'X' affects the length of time for
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the process of dissolution to occur. The parameter 'a' in
the Weibull function is used to define the time scale of
the process. While 'b' and VB' are both described as shape
factors becausé they characterize or determine the general
shape of the curve, they lack further similarity; 'b' is
not related to any specific physical characteristic of the
system (81), while 'p' defined in Eq. (17) is related to a
specific particle shape of rods or spheres, and how the
surface area changes with change in mass.

The left hand sides of Eqs. (21) and (24) clearly
differ; while the former describes the first derivative of
'm*' with respect to time, the Weibull function describes
an integral form, or cumulative amount dissolved, 'm#'.
For reasons described previously, column dissolution data
can be presented in integral form, but it is easier to
discern the influence of various experimental factors if

data are presented in differential form.




CONCLUSIONS

1. The column was a simple, versatile apparatus with well
defined hydrodynamics, which was used in the study of
dissolution kinetics under both sink and nonsink
conditions. A positive displacement pump delivered solvent
to the column at a uniform rate, with minimal pulsation;
either an analytical or a preparative pump head can be
used, the latter provided a maximum flow rate of

approximately 28 ml/min.

2. For a poorly soluble substancg, column dissolution
kinetics are affected by numerous variables. Dissolution
rate increased as average spherical particle diameter
decreased; as column load, or total surface area of solid,
increased, dissolution rate increased. While dissolution
rate u;iAproportional to some measure of surface area, no
correlation or rank order was seen between dissolution rate
and specific surface area as measured by gas adsorption for
the same mesh cut of several recrystallization batches.

The plateau exhibite& in concentration profiles was
appafently related to some critical surface area for the
column contents; while surface area was equal to or above

this value, a maximum dissolution rate was noted, and
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concentrations were 0.90 to 0.98 times the solubility.
Nonsink conditions apparently developed due to the bed
height in the column and the length of time solvent was in
contact with the solid.

Dissolution profiles for experiments using different
solvents or different flow rates were more easily compared
if concentration and time were converted to a reduced form;
the reduced dissolution profiles were similar for 3 of the
4 solvents, suggesting that the same mass-transfer
coefficient existed for these systems. When experimental
results for 10 runs with different flow rate and initial
load were compared, rank order correlation was observed
between reduced concentration at early time and the linear
velocity of the solvent.

Both an analytical and preparative pump head were used
on a positive displacement pump. While each pump delivered
solvent at a uniform flow rate, undesirable pulsation of
solvent due to stroke frequency caused some agitation of
fluid within the column. The pulsation may have some
(small) effect of dissolution rate.

Dissolution of a more soluble compound, acetaminophen,
showed a similar profile; concentration initially was very
close to the solubility, remained virtually constant for
some time, and then declined very rapidly after more than

85% of the material had dissolved. Nonsink conditions
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existed for most of the experiment.

3; When dissolution experiments were interrupted, it was
observed that nonspherical particles dissolved in many
ways; clusters remained intact, rods became rounded or very
pointed, and largér single crystals became prolate
ellipsoid-shaped after more thén 50% had dissolved.
Differences in dissolution rates between equal masses of
materials with different past histories (i.e. original
starting material versus pooled sample from "25% or 50%
previously dissolved") were consistent with change in
surface energy of a solid; higher surface energy surfaces

dissolved faster than lower energy surfaces.

4. A mathematical model was derived which described the
change in mass undissolved with respect to time as a
function of the flow rate of solvent, the solubility and
mass-transfer coefficiept of the solute; excellent
agreement was found between the model and dissolution
profiles for compounds of poor to moderate solubility,
While the model was versatile and described the
relationship between the area and mass as a function of
time for any geometric particle shape, two geometric shapes
were chosen for this analysis; concentration profiles

consistent with dissolution of rods and spheres were in
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very good agreement with experimental data for both K9S0y
and acetaminophen. The main assumption used in the
development of the model was that the concentration
gradient in the column could be described by an exponential
function; it was also assumed that the mass-transfer
coefficient was constant throughout each dissolution
experiment. Applicability of the model should not be
limited to nonsink conditions; the concentration measured
at early time was used to define the dependence of
dissolution kinetics on initial load, solubility and

solvent flow rate.
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APPENDIX A: GLOSSARY OF SYMBOLS

P/Po

Qa

surface area in Noyes-Whitney equation
activity of potassium ion |
cross-sectional area of dissolution cell
specific surface area from BET equation
constant in BET equation

concentration of solute

reduced concentration

concentration at any time 't'

constant in BET equation

equivalent spherical particle diameter
cross-sectional area of adsorbate molecule, in Eq.(3)
heat of adsorption, in Eq.(2)

heat of liquefaction, in Eq.(2)
mass-transfer coefficient

mass undissolved

initial column load

reduced mass

molecular weight of krypton

Avogadro's number

relative pressure of adsorbate gas

volumetric flow rate

1liquid velocity
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gas constant
Reynolds number

solubility

specific surface area(mzlg)
absolute temperature

time

reduced time

volume of dissolution column

volume of calibration

solvent flow rate

weight of krypton at any P/Po
weight of monolayer qf krypton
weight of sample for gas adsorption
(adjustable) parameter in Eq.(20)
shape parameter for rod or sphere model, in Eq.(17)
kinematic viscosity

viscosity

density

angle of diffraction

residence time

-
LTS




APPENDIX B: COMPUTER PROGRAM FOR NUMERICAL INTERGRATION

OF EQUATION {(22)

A computer Program was writtep in BASIC language to
provide a means to numerically integrate Eq. (22). The
program, titlegd NAREA.BAS, is listed on @& subsequent page,
along with ap abbraviated form of the typieal output
printed. The variables names within the program are
consistent; however, they may not refer to the same
parameters deseribed in the previgus text,

Each twa lines of the output_consist of results of
" edch 100th caleulation, The.values represent the following

quantities, as defined in the text:
t{rod) t(sph) po cum.mass dissolved Clrod) C{sph}

t*{rod) t#*(sph) m» Cum.mass dissolved C*(rog) C¥{sph)

calculated for dissolution of 1.00 gram of 28/30 mesh
Ppotassium sulfate dissolved in 40% ethanol a¢ 5.35 ml/min;

the valyes are shown 1in Figure 23,




213

.J Ucm
A : dBYSH quan
D=dB8IURDa yayq 00T=183uR0a 41

, — . UL AL

Uswsymany

- BEAOE 50842 LA LA L AR B T AF T I FRPRPY HEIEE T 388042, Butsh ITaS

: . CRY-FEV Y
LELEE LT 11 XY S L2 A8 T I T Y LFEe (L1 A B 3 YLFYEY 44488, BUISn jutea
T . 0L 8518 g5 0108 wayy 00I=adqunon 4y
. . ’ . . 8/3%8=0
S/0000=y
8BS
MUQLlﬂx
AS=3
CRpOd=D
Fit=9m
18y Sxo

T/RS =l
Z/8p0dwzd
.h T+483unva=yaqunon
T o Annoﬂ.tgmaminm:vaxmsﬂv*mnum
AhAnmﬂ.taﬂooo.+;momau*m:uaxm:~uxn+ﬁAmoe.:gmﬂwenmuvaxwaﬁv\qw*ﬁooo.*mxﬂummﬂmm
AAm.camama*mzwmxw:«vumuuvo;
AAnm.:Aﬁooo.+amamavnmcu¢x01"u\n+ann.:umamsnm:vaxmlﬁvxn9*Hooo.nm\ﬁ1mnn&umuna
. L (LS. ) R Ol=F

1000* - <a3s 500°0 03 4444 =10ysH 104
OW/MES=zZ
#JU03 UYd4s  auos poy SSew  deysSW  yds awly  poa aWIY, JUtdad

S¢€.AYTLIQNIOS, 3nauy
QWi,SSeH, Jndut
Mf.a324 mory, jraur
€4,044TE, Jnsur
seqealeu agry




EUN NAREA
aleha? 1.20
flow rate? 5,35
m355? 1000,0
Solubilit=? 4,790
time s=h metar

time rod

0570
0.6143

1,144
0.0287

1.214
0.0431

2,298
4.0575

2,844
0.0720

3.4432

4,021
G.1011

4,602
0.1157

72.942
1.8341

74,715
1.3787

76,499
1.9284

79.013
1.9848

BL.957
2,0611

0,370
0.0143

1,142
0.0287

1.715
. 0432

2.293
0.057¢s

2,871
9.0722

3.451
0.0848

4.034
0.1014

4.4619
0.1161

F4.042
2,1137

84,894
2,185%0

2,2485%

?4.333
2.3720

100,124
2,5174

0.9900
0.9900

0.9800
0.9800

0.9700
Q.9700

0.,2400
0.9600

0,9300
0.9500

0.%400
0.9400
0.92300
842300

0.9300
0.9200

G.04%y
0.0499

0.039¢9
0.039¢

0.0299
0.029¢9

0.01%9
0.01i99

0.0099
C.0099

mass
10.002
16.002

20,003
20,003

30.005
30,005

40,007
40.007

50,008
50.00%

60.010
6G.010

- 70.012
70,012

80.013
80,013

930,053
930.053

260,054
?460.054

?70.054
?70.,054

?80.0%54
?80.054

?90.054
?20.054

rod conc

3.2758
G.a9899

3.2472
0.69518

3.2385

0.69329

3.2494
0.6%9141

3.2407
0.68951

1.2317
0.48759

T Z,299k

LI

0.68%564

3.2133
0.68348

1.1056

0.23523

1.0023
0.21325

0.8813
0.18752

C.7327
0.1558¢9

0.5301
0.11279

srh cane
3.2730
0.469638

I.2415
0.469393

I.24%8
0.69145

3.2380
0.6E894

3.22461%
0.68640

3.2140
¢.48283

3.2018
0.68123

1.1894
0.57B40

9.7053
0.15004

0,6143
0.13074

0.513¢0

0.10918

0.394%
0.08437

¢.2534
0.03391
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FORMULATION #1. THE OFFICIAL FIFTH FLOOR PHARMACEUTICS

RHUBARB CAKE
11/2 cup sugar 1 cup sour milk
1/2 ecup butter 2 cup flour
1 tsp. vanilla _ 1 tsp. baking soda
2 tsp. salt 24 cup rhubarb, cut-up
1 egg (fresh or frozen)

Cream together the sugar, butter, vanilla and salr.
Add the egg and bear well; mix soda with flour. add
flour mixture alternately with the sour milk to the
previous mixture, adding flour first and last; mix well,
Stir in rhubarb. Pour into a greased and floured
9 x 13" cake Pan. Blend together topping ingredients and
sprinkle evenly over batter before baking. Bake at

325% for 1 hour. Cake can be frozen,

Topping: Granulated Sugar mixed with cinnamon
Chopped nuts (optional)




