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Abstract O This study investigated the possible effects pf simultaneous,
noninstantaneous, reversible chemical ionization of carbon acids on the
dissolution of a typical pharmaceutical carbon acid, phenylbutazone, and
its deutero analog. The dissolution rate versus pH profile for phenyl-
butazone was consistent with phenylbutazone acting as if it were an acid
where the ionization can be considered instantaneous, In view of the
dissolution behavior of phenylbutazone under various conditions, it is
unlikely that the noninstantaneous ionization kinetics demonstrated for
this compound play a major role in determining the dissolution rate, ei-
ther in vitro or in vivo, since the average residence time in a typical
aqueous diffusion layer for phenylbutazone dissolution is longer than
the reaction time for its ionization. Slowing the reaction time with a
primary isotope effect by deuterium substitution for the ionizable proton
caused significant deviation from classical behavior for d-phenylbuta-
zone.
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dissolution phenylbutazone O Dissolution—kinetics of phenylbutazone
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In modeling the dissolution of carboxylic acids into
aqueous, alkaline media (1, 2), all reversible ionization
reactions occurring in the diffusion layer are considered
instantaneous!. Carbon acids, where the dissociating
proton is bound to a carbon atom rather than to a hetero-
atom, have been shown to undergo noninstantaneous rates
of ionization (3-5); i.e., proton abstraction rate constants
are considerably slower than 1010 M—1/sec. The present
study investigated the possible effects of simultaneous,
noninstantaneous, reversible chemical ionization of carbon
acids on the dissolution of phenylbutazone (I).

An anti-inflammatory agent, phenylbutazone was cho-
sen because it has been demonstrated to have dissolution
rate-limited absorption (6-9) and noninstantaneous ion-
ization kinetics (3). Furthermore, studies on the mass
transport of phenylbutazone have described behavior that
seemed not entirely explicable by models with the as-
sumption that this drug undergoes instantaneous ioniza-
tion (10-12).

The pH-stat, rotating-disk system described previously
(1) was particularly useful for the study of the phenylbu-
tazone dissolution mechanism in aqueous media of variable
bulk solution pH since buffers have been demonstrated to
catalyze markedly the rate processes involved in its ion-
ization (3). The inclusion of buffers in the dissolution
medium complicates the theoretical considerations of any
model and prevents any possible effects of noninstan-
taneous ionization on phenylbutazone dissolution rates
from being observed.

THEORETICAL

The ionization kinetics of phenylbutazone can be described by Schemes
1and II and are adapted from the work of Stella and Pipkin (3). In these
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! Instantaneous is regarded here in the chemical kinetic sense, in which a reaction
ratel/constant is at or approaches the diffusion-controlled limit of ~2 X 1010
M~1/sec.

1358 / Journal of Pharmaceutical Sciences
Vol. 70, No. 12, December 1981

§Present address: Boehringer Ingelheim, Ridgefield, CT 06877.

A .
@‘N—C\ %
S
©_N_C\\ CiHy
(0]

1

schemes, K is the diketo form of phenylbutazone, E ~ is the enolate anion,
and OH~ and H* represent hydroxide and hydrogen ions, respectively.
It was demonstrated (3) that in an aqueous solution of ionic strength (i)
0.1 and at 25°, an enol form comprises a minor portion of the total un-
dissociated phenylbutazone (~2%). Therefore, it was assumed that solid
phenylbutazone exists predominantly as the diketo form, and any ion-
ization during dissolution due to reaction with water and hydroxide ion
was regarded as occurring solely from this species.

It was assumed that a previously described (1) diffusion layer model
generally applied; the only difference between the previous model and
the present one was that chemical reactions involving the diketo or en-
olate forms of phenylbutazone were assumed to be noninstantaneous with
respect to the diffusion process. Phenylbutazone species were not pre-
sumed to be in equilibrium with one another at any point within the
diffusion layer.

When the bulk solution pH (pHpuyi) was maintained only by controlied
addition of hydroxide ion from a pH-stat system (1), the various reactions
occurring within the diffusion layer were given by Schemes I and IL.

k
K=H*+E-
ko
Scheme I
k
K +OH- =H;0 + E-
k4
Scheme I
Also occurring in the diffusion layer was the spontaneous ionization of
water (Scheme IIT).
H* + OH- = H50
Scheme IIT
At steady state during the dissolution of phenylbutazone, a mass bal-
ance for each diffusing species may be written accounting for both

chemical ionization reactions and Fickian diffusion within the diffusion
layer:

o|K] 22K _
arvale Dk ?}[?2—]" [[Kl(k3[0H ]+ k1)
— [E-Hko[H*] + kg)| =0 (Eq.1)
O|E~ d2E-
A pp 2L [IE‘](kz[H"l + ko)
~ [K](k3]OH"] + k1)i = 0 (Eq. 2)
b[(;?_] = Don 62{;})(}:_] - [kalK] [OH-] — ky[E-]| =0 (Eq.3)
o[Ht J2[HT
{bt } o Dy b[X2] - [k2[E‘][H+] —ki[K]| =0 (Eq.9)

where [K], [E~], [OH™], and [H*] represent the concentrations of the
various species; Dk, Dg, Don, and Dy are their diffusivities; ¢ is time;
k1_4 are the rate constants described in Schemes I and II; and where x
is the distance of any point from the solid-liquid interface.

The relationship between [H*] and [OH™] is defined in the diffusion
layer by:

0022-3549/81/ 1200-1358$01.00/ 0
© 1981, American Pharmaceutical Association



Ky = [H*][OH"] (Eq. 5)

but the relationships between [K] and [E~] and [H*} and [OH~] cannot
be given by a series of simple equilibria because of the noninstantaneous
nature of the ionization reactions involved. Since the rates of intercon-
version between K and E~ at any point in the film depended on their
respective concentrations and [H*] and [OH ] at that position, there was
no simple analytical solution of Eqs. 1-4. Therefore, to predict whether
the noninstantaneous nature of phenylbutazone ionization was likely to
affect the dissolution rate of the acid, numerical integration methods were
used with Eqs. 1-4 to provide approximate film concentration profiles
for [K} and interfacial pH values, pHo, under various pHpyux condi-
tions.

EXPERIMENTAL

Materials—Phenylbutazone? and 2-naphthoic acid3 were obtained
in pure crystalline forms. Deuterium oxide® (99.9 mole % purity), deu-
terium chloride? solution (10 M), and sodium deuteroxide3 (40% solution)
were all used without further purification. Reagent grade hydrochloric
acid* and sodium hydroxide* were obtained as prepared (1 M) solutions.
All other chemicals were reagent grade.

Preparation of Deuterated Phenylbutazone and 2-Naphthoic
Acid-—Deuterated phenylbutazone was prepared by dissolving ~5 g of
nondeuterated phenylbutazone in 50 ml of deuterium oxide and 1.0 ml
of 40% sodium deuteroxide with vigorous agitation. Upon addition of 1-2
ml of 10 M deuterium chloride, a gel-like precipitate was formed; it was
filtered and dried at 50-60° under vacuum for 1-2 hr. After recrystalli-
zation in 99.9% deuterated ethanol® (d-ethanol), TLC, using a solvent
system of 7% (v/v) acetone in toluene, showed only one spot that corre-
sponded to phenylbutazone.

The melting point of the pure phenylbutazone standard (starting
material) was 105-106°, and that of the precipitate prior to recrystalli-
zation was 95-106° (transition observed in that range). The polymor-
phism of phenylbutazone has been well documented(13, 14), and it ap-
peared that the highest melting and, therefore, most thermodynamically
stable crystalline form of phenylbutazone, has a melting point of 105~
106°. After recrystallization in d-ethanol and drying at 50-60° in vacuo
for 2 hr, deuterated phenylbutazone (d-phenylbutazone) gave a sharp
melting point of 105-106°. Therefore, it was assumed that the crystalline
form of d-phenylbutazone was very similar to that of the pure nondeu-
terated material.

2-Naphthoic acid was deuterated in a similar manner, using approxi-
mately the same amounts of solid and reagents. On measuring the melting
points of the starting protonated material and the deuterated precipitate,
they were 184-185° (lit. mp 185-187°) and 179-181°, respectively. After
recrystallization of the precipitated deuterated compound in d-ethanol,
the melting point of the pure solid was only 180-181°, ~4° lower than
the starting material.

IR and NMR spectra were obtained to confirm the deuteration sites
in both compounds. Phenylbutazone was deuterated only at the 2-posi-
tion, with the percentage deuteration being estimated at >90%. Na-
phthoic acid was similarly deuterated only on the exchangeable carboxy
function, the percentage deuteration again being estimated at >90%. Both
deuterated compounds were stored in a desiccator until required.

Solubility and pKa Measurement of Phenylbutazone—The
aqueous solubility of phenylbutazone at p = 0.5 (potassium chloride) and
25° was determined as described earlier (1). Additionally, a spectro-
photometric method was used to obtain the pKa of phenylbutazone in-
dependently. Phenylbutazone showed a strong bathochromic shift at
240-300 nm on addition of base to an aqueous solution of the compound.
Thus, aliquots of an approximate 1.3 X 1073 M aqueous solution of
phenylbutazone at 4 = 0.5 with potassium chloride were taken and, using
0.1-1.0 M NaOH or HC], were adjusted to pH values of 2.0-10.0. The
absorbance of each solution was measured at 262 nm with a UV-visible
spectrometer?,

The pKa and intrinsic solubility of 2-naphthoic acid were measured
by the solubility method as described previously (1) at 25° and u = 0.5
(potassium chloride).

Initial Dissolution Rate Measurement as Function of Rotation
Speed and pH—Phenylbutazone and 2-naphthoic acid in both their

2 Ciba-Geigy Pharmaceuticals, Summit, N.J.
3 Aldrich Chemical Co., Milwaukee, Wis.

4 Fisher Scientific Co., Fair Lawn, N.J.

5 Model 219, Cary Instruments, Calif.

deuterated and protonated forms were compressed into solid disks of
1.3-cm diameter as described previously (1).

The adherence of the dissolution rate from a rotating disk of constant
surface area at a given pHyyx to a diffusion layer-controlled model de-
scribed by the Levich-Nernst relationship (1) was tested for in all four
compounds. Phenylbutazone, 2-naphthoic acid, and deuterated 2-na-
phthoic acid (d-2-naphthoic acid) were tested in a medium of pHpy 2.00
(0.49 M KCJ-0.01 M HCI), 4 = 0.5, and 25°. Dissolution rates of phe-
nylbutazone and d-phenylbutazone were also measured at pHpuix 6.50
as a function of disk rotation speed, using a pH-stat system to maintain
the bulk solution pH constant. To compare phenylbutazone dissolution
rates under acidic conditions, the dissolution rates of d-phenylbutazone
were also measured at 600 rpm under acidic conditions. The method and
apparatus used were exactly as described previously (1).

To measure dissolution rate as a function of pHyyx, the solid acid disks
were rotated at a constant speed in media of different pH values. For
phenylbutazone and d-phenylbutazone, the disk rotation speed was 600
rpm; for d-2-naphthoic acid and 2-naphthoic acid, it was 450 rpm. The
difference was due to the compound’s relative solubilities and the period
of time required to measure each dissolution rate.

Dissolution Rate Simulations—Where phenylbutazone and/or
deuterated phenylbutazone dissolution was simulated, the boundary
conditions were defined as follows:

1. At the rotating-disk surface, i.e., X =0, |K] is given by the intrinsic
solubility of phenylbutazone, [HAlo.

2. To estimate the boundary condition for [E~] at the wall, the ex-
perimentally observed flux (J,hs) was used since it was equal to the sum
of K flux, Jk, and E~ flux, Jg, and [E~] was changed successively until
the value for Jops simulated was equal to Jons experimentally ob-
served.

3. To set the boundary condition for [OH~], it was assumed that at
any given point, the [E~] flux out of the diffusion layer should be equal
to the influx of [OH™) plus the flux of [H*] out (1) since any change in
the flux of [OH"] must also be reflected by corresponding changes in [E]
and [H*]. This statement was expressed as:

flux of [E~] out = flux of [OH"] in + flux of [H*] out (Eq. 6)

4. The value of Jon, as well as of Jg and Jy, can be calculated at any
given point in the diffusion layer by using Fick’s first law of diffusion (15).
Then, when [OH™] flux calculated by this means was found to be equal
to the value obtained using Eg. 6, the boundary condition for [OH~] was
defined. Thus:

d[OH"]
dX

5. The boundary condition for [H*] at the wall was given by the
equilibrium relationship between [OH~] and[H*] (Eq. 5).

6. Since the bulk concentrations for E~ and K were very low, they were
considered to be zero (initial rates were assumed). The boundary con-
ditions at X = h for [OH~] and [H*] were given by the bulk pH. Thus,
all boundary conditions required for the simulation of phenylbutazone
dissolution were set. These conditions are summarized here.

At X =0:

= flux of [E~] — flux of [H*} (Eq.7)

Don

{K]o = solubility of HA
[E-los Jobs = Ik + JE

[OH")o; Don d[dO;I_] =dJg —dJp
Ky
e omT,
At X =h:
[Kln=0
[E-}r =0

[OH"] = from bulk pH
[H*]n = from bulk pH

To solve the two-point value problem, conditions on each side of the
boundary must be specified. This was not the case in these simulations.
One alternative was to guess the initial slopes at one boundary and to
solve the problem as an initial value problem ‘“‘shooting” repeatedly at
the other boundary until the known boundary conditions were satisfied
(16, 17). Since this approach was costly and time consuming, a second
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approach was taken where the dissolution of phenylbutazone was simu-
lated assuming steady-state conditions. The nonsteady-state solution
continued until steady state was achieved. It was necessary to establish
four initial conditions besides the eight boundary conditions already
described to solve the system as a nonsteady-state problem.

Thus, the initial conditions for phenylbutazone and all of the diffusing
species were given by, at t = 0:

[K]o = solubility of [HA],
[OH~]o = from bulk pH
[H*]o = from bulk pH
[E7lo=0

The mathematical model representative of phenylbutazone dissolution
was represented by a set of four nonlinear partial differential equations
(Eqs. 1-4), which could be written in finite difference forms.

Let the diffusion layer be divided into M grid points denoted by X;,
i =1,2,... M. The time index was given by the subscript n, where n +
1 is the new time and n is the old time.

The left side of Eqs. 1-4 written in finite-difference approximation
by:

b[N] = [N]i,n+l - [N]i,n
ot At

where N represents any of the species, K, E~, OH-, or H*. The right side
of Eqs. 14 can be written in terms of the Crank—Nicolson (15, 18) implicit
finite-difference formulation, around the node ¢, as follows:

(Eq. 8)

2 D
ab%] = 2—N— 8%[Nlin+1 + % 0%[N]; » — (kinetic term); n+1
(Eq. 9)
where:
N i~ln+1 — 2 Ni + [Nli+1n
% [N]inss = [Nli-1n41 EAL;;I [N)i+1,n+1 (Eq. 10)
N)i—1n — 2[N)in + [Nli+1n
33N = Dlimtn Z A ¥ Whesn g1y

where Dy is the diffusivity of the particular N species being consid-
ered.

As shown by the preceding equations, the kinetic terms impose non-
linear characteristics to the system. If it is assumed that these kinetic
terms are considered at time n instead of time n + 1, the solution of these
equations becomes available by using a Crank-Nicolson technique. This
assumption causes no great deviation compared to the results obtained
using the shooting method.

When Eqgs. 1-4, expressed by finite-difference approximations, were
applied to the various grid points in the diffusion layer, aset of M — 1
linear equations resulted at each time step. The coefficients formed a
tridiagonal matrix, which could be solved by a Gaussian elimination
technique (19) with a maximum of three variables per equation.

22}

-
w
L]

-
o
T

.

/

J /./
“t.

1 1 1 1 L. P |
0 50 100 150 200 250 300
1/{H") x 1073 M!

Figure 1—Plot of the aqueous solubility of phenylbutazone versus
1/[H*] (25° at u = 0.5 with potassium chloride).
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After solving the system for [N]; ,+1 at the next iteration, the process
was tested for convergence at every grid node:

BbS[A[N]i,n+1 - A[N]i,n]
abs A[NJ; n+1

where A[N}; was the difference of [N] between two grid points, and the
value of tolerance was specified.

The Crank-Nicolson method was stable for all values of the ratio A =
At/(AX)2 for linear equations, However, this system was not linear. When
a small At was used, the amount of computation was large. For the case
of X < 4000, the system was stable but convergence was reached over a
longer period. When A > 20,000, the system became unstable. Finally,
when A = 4000, the system converged rapidly, saving computation
time:

< convergence

RESULTS AND DISCUSSION

The solubility of phenylbutazone was measured as a function of the
reciprocal of the hydrogen-ion concentration (1/[H*}) in 0.1 M acetate
buffers (u = 0.5 with potassium chloride). The results are plotted in Fig.
1. The intrinsic solubility of undissociated phenylbutazone species, [HA]o,
and the macroscopic dissociation constant, K,, are related to the total
solubility (S) of phenylbutazone by:

Ka [HA]0
[H*]
By plotting S versus 1/[H*], a straight-line relationship gives [HA]o

as the intercept and ([HA]gK,) as the slope. Dividing the slope by the

intercept gives K,, which is the macroscopic dissociation constant for

phenylbutazone (3).

The pKa of phenylbutazone determined by spectrophotometry may
be given by:

S = [HA]o + (Eq. 12)

Abase — Aobs

Ka = pH + lo,
P P ¢ Aobs — Aacid

(Eq. 13)
where pKa is the macroscopic value measured at g = 0.5 with potassium
chloride, Ap,ge is the absorbance of a given solution of phenylbutazone
under basic conditions where the phenylbutazone is virtually 100% in its
anion form, Agcid is the absorbance of the same solution under acidic
conditions where phenylbutazone exists essentially as 100% in the pro-
tonated form, and A,y is the absorbance of the same solution at a pH
between the two extremes (denoted as pH in Eq.13). The pKa values of
phenylbutazone under these experimental conditions were 4.61 (solubility
technique) and 4.54 {spectrophotometric technique), and the intrinsic
solubility was 2.61 X 1075 M.

Deuteration of Phenylbutazone and 2-Naphthoic Acid—IR and
NMR studies of the deuterated and nondeuterated forms of phenylbu-
tazone and 2-naphthoic acid showed conclusively that the acidic proton
of the nondeuterated forms was exchanged for deuterium and that no
other protons in the molecules were affected. NMR spectra of both pairs
of compounds showed the disappearance of the acidic proton signal (6
12.5 ppm for 2-naphthoic acid® and 3.2 ppm for phenylbutazone’ with
reference to a tetramethylsilane standard). On deuteration, no other
differences in the NMR spectra were observed.

IR spectra of both forms of phenylbutazone were very similar except
for a sharpening of a peak at 2860 cm™? and the presence of additional
peaks at 2060 cm~! and 1100-1200-cm™! for the deuterated form. The
IR spectra for both forms of 2-naphthoic acid showed a more noticeable
difference between the compounds. The broad band, typically associated
with intermolecular hydrogen bonding (2200-2100 cm™1), was present
in the spectrum of the protonated form but virtually absent in that of the
deuterated form. This finding suggested that the lower melting point of
the deuterated 2-naphthoic acid (180-181°) compared to that of the
protonated form (184-185°) was due to a significantly lower degree of
hydrogen (or deuterium) bonding in the deuterated 2-naphthoic acid.

Initial Dissolution Rates as a Function of Disk Rotation
Speed—Table I shows the initial dissolution rates of phenylbutazone
as a function of disk rotation speed in solutions of pHpyy 2.0 and 6.50 and
of d-phenylbutazone as a function of the same disk rotation speeds at
pHuuik 6.50. These data are plotted versus w!/? (a function of rotation
speed) in Fig. 2. Table II shows the initial dissolution rates of 2-naphthoic
acid and d-2-naphthoic acid in a solution of pHpyuk 2.0 at varying disk

6 Solvent used was deuterated chloroform-dimethyl sulfoxide-dg, ~1:2. )
7 Solvent used was carhon tetrachloride with tetramethylsilane standard in
deuterated chloroform.



Table I—Initial Dissolution Rates (J,ps) of Phenylbutazone and
d-Phenylbutazone at Varying Disk Rotation Speeds in Media of
# = 0.5 with Potassium Chloride and Varying pHpyx at 25°

Disk d-Phenyl-
Rota- Phenylbutazone butazone,
tion Jobs (£SD)Y? Sobs? JFobs®
Speed, (at pHpuik (at pHpuik (at pHpui
rpm wl/2e 2.00°) X 105 6.59) X 105  6.59) X 105
100 3.24 1.23 (+0.26) 3.68 3.04
200 4.58 1.66 (£0.04) 4.74 3.66
300 5.61 1.80 (£0.17) 5.88 4.32
450 6.87 2.04 (£0.12) 6.64 4.94
600 7.93 2.58 (+£0.34)¢ 7.24 5.66
900 9.71 — 8.67 6.50

2 The anguler velocity of the disk in radians per second. » The standard deviation
is from at least four measurements; where standard deviation values are not given,
the mean was obtained from two or three similar values. (The J units are mg
cm™2/sec and not moles cm~2/sec). < In 0.01 M HC1/0.49 M KCl solution. 4 In 0.5
M KCl solution, pH-statted. ¢ d-Phenylbutazone under these conditions gave an
initial dissolution rate of 2.98 X 105 (£0.23 X 10~5) mg cm~2/sec.

Table II—Initial Dissolution Rates (J,ps) of 2-Naphthoic and d-
2-Naphthoic Acids at Varying Disk Rotation Speeds in Media of
# = 0.5 with Potassium Chloride and pHpy)i 2.00 2 at 25°

Jobs (£8D)®
Rotation (at pHpulk 2.00 X 105)

Speed, 2-Naphthoic d-2-Naphthoic
rpm w2 Acid Acid
100 3.24 3.63 (£0.09)¢" 3.71 (£0.13)
200 4.58 4.88 (£0.06) 4.87 (£0.13)
300 5.61 5.78 (£0.05) 5.74 (£0.17)
450 6.87 7.37 (+£0.47) 7.32 (+£0.48)
600 7.93 8.52 (+£0.52) 8.40 (+0.18)
900 9.71 10.09 (£0.57) 10.01 (+0.36)

e Medium was 0.01 M HC1/0.49 M XCl with no pH-stat used during dissolution
runs. ® The standard deviation from three repeated runs. ¢ The angular velocity
of the disk in radians per second. ¢ All units are in mg/cm?/sec.

rotation speeds. These data were not plotted because they are essentially
identical to those given previously (1). All the dissolution rate data as a
function of rotation speed are summarized in Table III.

The Levich-Nernst model states that J, the dissolution rate from a
rotating disk of solid material, is directly proprotional to w2, a function
of the disk’s rotation speed, as seen by: '

J = 0.62 D2/3y-1/6Cg1/2 (Eq. 14)

where D is the diffusivity of the dissolving solute, v is the kinematic vis-
cosity of the dissolution medium, Cg is the saturated solubility of the
dissolving solute in the medium, and w is the angular velocity of the ro-
tating disk in radians per unit time. From Fig. 2, phenylbutazone under
acidic conditions appeared to show a reasonable degree of linearity when
oJ was plotted against w'/2. Therefore, phenylbutazone dissoives by a
diffusion layer-controlled mechanism under acidic conditions since the
correlation coefficient for this plot was reasonable and the calculated
diffusivity from these data (4.90 X 10~¢ cm?/sec) was very close to that
obtained from the square root relationship previously discussed (1) using
the diffusivity of benzoic acid under identical conditions as a stan-
dard.

t 1 i i | }
b 2 4 6 8 10 12

wl/ﬂ

Figure 2—Levich plot of the dissolution rate (J) as a function of the
square root of the angular velocity (w1/2) of a rotating disk of phenyl-
butazone (W) and d-phenylbutazone (®) at pH 6.5 (maintained by a
pH-stat) and of phenylbutazone (A) at pH 2.0 (25° at u = 0.5 with po-
tassium chloride).

Initial dissolution rates of phenylbutazone and d-phenylbutazone with
varying rotation speed at pHyyk 6.50 did not strictly obey the Levich
model but showed the type of behavior that indomethacin displayed in
earlier work under similar conditions (1). An additional mechanism ap-
peared to be contributing to the dissolution rate of pHyux 6.50, which was
independent of the disk rotation speed as shown by a nonzero inter-
cept.: -

It was assumed that a modified form of the Levich-Nernst relationship
applies: .

J = (0.62 D¥/3y~18Cg)w/2 + constant’ (Eq. 15)

where the constant represents the nonzero intercept at zero rotation
speed. The cause of this nonzero intercept is unknown but is being
studied.

Table III—Summary of Data Obtained for Protonated and Deuterated Forms of 2-Naphthoic Acid and Phenylbutazone from the Jops
versus w!/? Regression Analysis (Data in Tables I and IT) Performed at Varying pHpu and 25°

) Diffusivity
Slope of Intercept of Correlation from Slope,
o obs Versus wl/? o obs VEFSUS w172 Coefficient (em?/sec)
Compound pHpuik X 108 X105 for r X 108
2-Naphthoic acid 2.00 10.44 0.01 - 0.9991 6.52¢
d-2-Naphthoic acid 2.00 . 10.30 0.01 0.9989 6.39¢
Phenylbutazone 2.00 3.07 0.10 ’ 0.9792 4.80b
Phenylbutazone 6.50 7.59 1.34 0.9961 —
d-Phenylbutazone 6.50 5.46 1.23 0.9975 —

@ Caleulated from Levich relationship (Eq. 14) and [HA]g = 2.23 mg/ml in u = 0.5 with potassium cixloride. b Calculated from Levich relationship (Eq. 14) and [HA]o

= 8.1 X 10"2 mg/ml.
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Table IV-—Absolute Dissolution Rates from Rotating Disks of
Phenylbutazone and d-Phenylbutazone (600 rpm) as a Function
of Bulk Solution pH 2

pHp

PHpuix (at X =0) Jcl;lbs J l(;’bs J{l[leor
2.00 2.00 8.35 10.12 8.10
3.00 3.00 6.53 — 8.28
4.00 4.00 9.42 8.74 10.04
4.50 4.46 — 11.95 13.78
5.00 4.78 19.95 11.25 20.01
5.50 491 —_ 16.06 24.36
6.00 4.96 — 17.92 26.12
6.50 4.97 — 19.83 26.74
7.00 4.98 27.18 20.27 27.00
8.00 5.00 28.26 22.03 2791
8.50 5.056 30.34 24.46 30.06
9.00 5.18 38.34 32.95 38.07
9.20 5.28 49.53 — 46.11
9.50 5.50 78.76 68.25 70.80
9.70 5.68 110.29 — 102.40
10.00 5.96 165.03 169.97 190.67
10.20 6.16 297.15 — 295.60

8 JH e is the calculated flux, assuming phenylbutazone acts as a classical acid;
J, is the observed flux of phenylbutazone; and J5, is the observed flux of d-
phenylbutazone. All values of J are in units of moles cm—2/sec X 1011,

The two forms of phenylbutazone did not dissolve at the same rate at
a given disk rotation speed at pHyyik 6.5, with d-phenylbutazone dis-
solving more slowly than phenylbutazone. Although d-phenylbutazone
dissolution rates were not extensively measured under acidic conditions,
a value was determined at 600 rpm at pHyu 2.00, and it did not differ
significantly from that obtained for phenylbutazone under the same
conditions. Hence, the difference in dissolution rates of these compounds
at pHpyy, 6.50 may be due to a difference in the ionization rates of the two
species within the diffusion layer.

The dissolution rates of 2-naphthoic acid and d-2-naphthoic acids
under acidic conditions as a function of disk rotation speed showed that
there was no significant difference between the two compounds when
ionization was suppressed during the dissolution process. Thus, it was
assumed that the deuteration of 2-naphthoic acid did not affect the in-
trinsic solubility of the acid, despite differences in crystal lattice energies
(assumed from the melting point data) being observed between the dis-
solving solids. In view of the lability of deuterium bonded to a carboxylic
acid oxygen atom, the similarity between results obtained for the disso-
lution rates of the two forms of 2-naphthoic acid was probably due to
rapid exchange of deuterium with hydrogen in water immediately at the
solid-liquid interface during dissolution. Thus, the diffusion rate of the
nondeuterated form away from the solid-liquid interface was observed
in both cases.

Initial Dissolution Rates as Function of pHpu—Tables IV and
V contain initial dissolution rate data for both deuterated and protonated
forms of phenylbutazone and 2-naphthoic acid as a function of pHpuy
(maintained by pH-stat) and at a constant rotation speed. Also included
are the theoretical values expected if 2-naphthoic acid and phenylbuta-
zone acted as classical acids, ionizing instantaneously as they diffused
through the diffusion layer (1).

Adherence of the dissolution rates of 2-naphthoic acid to the model

Table V-—Absolute Dissolution Rates from Rotating Disks of 2-
Naphthoic Acid (450 rpm) as a Function of Bulk pH #

J{‘llleor, ngbs, J{))bs,
pHo (moles (moles (moles
(X=0 cm™~2/sec) cm~2/sec) cm~%/sec)

PHpuik from theory) X 1010 X 1010 X 1010
2.00 2.00 3.950 4.280 4.249
6.00 4,28 11.130 13.300 13.547
7.00 4.29 11.200 13.820 13.853
8.00 4.29 11.270 13.590 13.754
8.50 4.30 11.430 14.170 14.056
9.00 4.33 11.940 14.990 15.305
9.20 4.35 12.400 16.150 16.561
9.50 4.42 13.760 18.240 18.683
10.00 4.49 22.560 27.360 26.520

8 J¥ or i8 the calculated mass transport rate, JH, is the observed flux of the pro-
tonated acid, and J%, is the observed flux of the deuterated acid.
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Figure 3—Dissolution rate () versus pHpy, i, profile for phenylbutazone
(A) and d-phenylbutazone (W) from a rotating disk (600 rpm) dissolving
in an aqueous medium (25° at u = 0.5 with potassium chloride). The
PHpuir was maintained with a pH-stat. The continuous line represents
the profile generated treating phenylbutazone as a carboxylic acid.

described earlier (1), assuming instantaneous chemical-ionization reac-
tions within the diffusion layer, was already established. Since the values
for 2-naphthoic acid and the d-2-naphthoic acid (J5,) closely agreed at
every pHpuxk value tested and since these values approximated those
predicted by theory (Jineor), it may be reasoned that the deuterated and
nondeuterated forms of 2-naphthoic acid diffuse and simultaneously
react with base in the same way and to the same extent. This reasoning
also confirmed that the two compounds dissolved and instantaneously
achieved equilibrium with the reacting base in the diffusion layer and,
therefore, acted in a classical manner. This behavior was consistent with
the more rapid exchange of deuterium for hydrogen relative to the time
taken for the molecules to traverse the diffusion layer. If exchange oc-
curred instantaneously for the d-2-naphthoic acid at the solid-liquid
interface, then it should dissolve identically to 2-naphthoic acid.

The data for deuterated and nondeuterated phenylbutazone (Table
IV and Fig. 3) may be compared in the same way as for 2-naphthoic acid.
Comparison between the J/,ps values for the two phenylbutazone forms
to the Jiheor values for the same pHpyx showed that the fluxes of d-phe-
nylbutazone were significantly slower than those of phenyibutazone by
~10-45% over the neutral pHpyx range. Furthermore, phenylbutazone
gave experimental dissolution rates very close in value to those predicted
by the theory (1) that assumed instantaneous equilibrium. Therefore,
at 25° and p = 0.5 with potassium chloride and over a wide range of bulk
solution pH, phenylbutazone was an example of a compound dissolving
into a reactive medium showing simultaneous noninstantaneous chemical
reaction that could be treated as if its ionization was instantaneous; i.e.,
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Figure 4—Plot of residence time (tp) and apparent diffusion layer
thickness (h) for phenylbutazone as defined by Egs. 18 and 19 versus
w (angular velocity) for dissolution from a rotating disk. Times are
shown for three half-lives for the deprotonation reaction (at pHpy, 6.5).
Key: ---, phenylbutazone, and ---, d-phenylbutazone.

the experimental results suggested. that the ionization was still rapid
enough that, relative to the diffusional processes, phenylbutazone still
acted classically.

Contrary to the results shown for deuterated and nondeuterated 2-
naphthoic acids, d-phenylbutazone dissolution between pHyyy 5.00 and
9.00 was markedly slower than that of phenylbutazone. It was thought
that by studying d-phenylbutazone, where deuterium was exchanged for
hydrogen at the ionizing center of the phenylbutazone molecule, any
effects on its dissolution rate in reactive media due to the noninstan-
taneous ionization kinetics of phenylbutazone would be amplified. The
rationale for this approach was explained earlier (12) and was based on
the comparative strengths of a C-D and a C-H bond, a greater free energy
of activation (AGY) being required to break the C-D bond for ionization
than that required in the breaking of the C-H bond. Hence, the values
of k1 and k3 in Schemes I and I should be smaller for d-phenylbutazone,
whereas k9 and k4 should remain the same as in phenylbutazone if it is
assumed that the reverse reaction, once the deuterium is removed, in-
volves only protons.

Residence Time and Ionization Reaction Time in Diffusion
Layer-—When phenylbutazone diffuses across the aqueous diffusion
layer during dissolution in an unreactive medium (i.e., under acidic

conditions) under steady-state conditions, the concentration profile for
the acid will be linear as given by the Nernst model (1). Higuchi et al. (20)
demonstrated that, under these conditions, the residence time (¢p), which
was the average lifetime of a diffusing molecule in the diffusion layer of
thickness h, was inversely proportional to the diffusivity of the molecule.
The relationship between ¢p, the diffusivity, and diffusion layer thickness
is given by:

tp = —— (Eq. 16)

2Dk

where Dy is as previously described. Since an expression for h is given
by the Levich rotating disk model shown by:

h = 1.612 Dg /3 p1/6 =12 (Eq. 17)
substitution for h may be performed in Eq. 16 to give:
1.3 173
tp = m (Eq 18)

Thus, for the specific case of steady-state initial dissolution conditions
from a rotating disk, Eq. 18 states that ¢p is inversely proportional to «,
the angular velocity of the disk in radians per unit time.

Figure 4 shows a plot of residence time and diffusion layer thickness
versus w for phenylbutazone, assuming that no chemical reaction occurs
during the dissolution process (calculated from parameter values pre-
viously determined). For convenient representation of the relationship
between tp, h, and rotation speed, the abscissa is also marked in revo-
lutions per minute (directly proportaional to w).

When phenylbutazone was dissolving into a medium of pH greater than
its pKa, it would tend to dissociate according to the pH of the diffusion
layer. With classical acids, this dissociation process was instantaneous,
as described for 2-naphthoic acid. For a carbon acid such as phenylbu-
tazone, however, the observed rate constant for the rate of approach to
this equilibrium can be slow (3).

Astarita (21) defined a reaction time (¢,) that is similar to the half-life
in a first-order or pseudo-first-order reaction and is given by:

t = 1
"k
where k is a simple first-order or pseudo-first-order rate constant defining
the reaction processs. Therefore, the i, value represents the time taken
to complete 63% of the given reaction by a first-order mechanism.

If the given average reaction time was much longer than the average
residence time of phenylbutazone in the diffusion layer under defined
hydrodynamic conditions, the reaction would only effectively take place
in the bulk solution. As the reaction time (¢,) decreased to where it be-
came closer in value to tp, the dissociation reaction would influence the
flux as defined by Eqs. 1-4. Once ¢, becomes much smaller than tp,
phenylbutazone should behave classically, i.e., as in the case of 2-
naphthoic acid.

Phenylbutazone ionization kinetics cannot normally be represented
by a simple overall first-order process (3). Stella and Pipkin (3) described
an equation for calculating the observed buffer-independent rate constant
for approach to the ionization equilibrium (Eq. 20) for phenylbutazone
and specified conditions under which it may be simplified.

k2[H+]Ka,enol k4 Ka,enol
Ka,enol + [H+] Ka,enol + [H+]

where ks is the rate constant for the approach to equilibrium, k;_4 are

(Eq. 19)

kovs = k1 + k3[OH™] + (Rq. 20)

Table VI—Calculated kops and (¢, ) across the Diffusion Layer of Phenylbutazone Dissolving in pHpyx 6.50 Using a pH-stat at u = 0.5

and 25°
Fractional
Distance
across +
Film [OH_]be [H+]xb klc’ (‘?il]x—l{a’in_o])c kObsdi t, = l/kobs
(x/h)e pHx M M sec™! a,enot + [H*]x sec”! X 102 sec
0 4.97 9.42 X 10-10 1.06 X 10—5 10.1 2.24 12.34 8.10
0.2 5.05 1.12x107° 8.96 X 1076 10.1 1.89 11.99 8.34
04 5.15 1.40 X 1072 7.16 X 1078 10.1 1.51 11.61 8.61
0.6 5.29 1.93 X 1079 5.18 X 1076 10.1 1.09 11.19 8.94
0.8 5.563 3.41 X 10~° 2.93 X 10-¢ 10.1 0.62 10.72 9.33
1.0 6.50 3.16 X 1078 3.16 X 10~7 10.1 0.07 10.17 9.94

¢ Actual value of & = 1.59 X 10~3 cm. ® Phenylbutazone is treated as a classical acid. © k1, ko, and K,, enol from Ref. 3. 4 Defined by Eq. 21.
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Figure 5-Concentration profiles across an aqueous diffusion layer for
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Figure 6—Concentration profiles across an aqueous diffusion layer for
phenylbutazone (- ~) and d-phenylbutazone (~--) at pHpuir 7.
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Figure 7—Concentration profiles across an aqueous diffusion layer for
phenylbutazone (- -) and d-phenylbutazone (-+-) at pHpun 9.

as given previously, [H*] is the hydrogen-ion concentration, [OH~] is the
hydroxide-ion concentration at which kpg is determined, and K; eno) is
the dissociation constant of the enolic form of phenylbutazone (3). Al-
though all of the data for these parameters were measured at 4 = 0.1 and
25° (3), it will be assumed that the values would remain reasonably un-
changed in a medium of ionic strength 0.5.

From the phenylbutazone dissolution data measured in prulk 6.50
using varying rotation speeds and Eq. 20, it was possible to gain some
insight into the approximate values of kb within the diffusion layer
during dissolution. Since the nondeuterated phenylbutazone dissolved
in a classical manner in reactive media, the model used for instantaneous
reaction (1) may be applied to phenylbutazone to estimate [H*] and
[OH-] across the diffusion layer for any given bulk solution condi-
tions.

Accordingly, pHpuy 6.50 at 600 rpm was chosen and the values of
[OH~}], [H*], and pH in the diffusion layer was calculated using the in-
stantaneous reaction model (1). From these values, it was possible to use
a simplified version of Eq. 20 to calculate the corresponding values for
kobs at each point in the diffusion layer. The simplified form of Eq. 20
is given by:

Eg[H7}Ko enol
Ka,enol + [H+]

which assumes from Eq. 20 that k3[OH~] and k4 are negligible relative
to the other terms in the equation. Table VI shows the variation of kops
across the film if the equilibrium values of [OH]x and [H*]x actually
exist at a given position X in the diffusion layer. Under these same con-
ditions, tp is 0.27 sec at 600 rpm.

The ¢, values across the film do not differ by much and they approach
the limiting value ¢, = 1/kops = 0.1 sec. This value is displayed in the plot
given in Fig. 4; assuming that the deviation from Levich-Nernst behavior
seen at pHpuik 6.50 in Fig. 2 is not significant, tp only approaches the
limiting ¢, value when very rapid revolution speeds are used. Therefore,
any effects that may be due to noninstantaneus ionization of phenylbu-
tazone in the diffusion layer would only be significant when tp approaches
the value of ¢,. Note that the limiting pH at X = 0 was ~5. At this pH
the dissociation of phenylbutazone favors formation of its enolate anion.
If ¢, for establishing this equilibrium was longer or about the same as tp

kobs = k1 + (Eq. 21)
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Figure 8 —Concentration profiles across an aqueous diffusion layer for
phenylbutazone (- -) and d-phenylbutazone (---) at pHpu 10.

in the diffusion layer, then deviation from classical behavior should have
been observed under the described conditions.

To support these statements, the behavior of d-phenylbutazone under
identical conditions was studied. Deuterated phenylbutazone should
show a slower rate of approach to equilibrium in its ionization due to a
primary isotope effect; i.e., k; and k3 for the initial dissociation of d-
phenylbutazone will have a greater initial ¢, value than phenylbutazone
under the same conditions. Therefore, the rotation speed at which ¢p
becomes numerically similar to the limiting ¢, value was expected to be
lower for d-phenylbutazone than for phenylbutazone, assuming again
that the Levich-Nernst model applied and there were no differences in
Dyua and [HA]o between the two compounds.

The limiting t, value of d-phenylbutazone may be approximated by
assuming a value for the primary isotope effect for the deprotonation of
phenylbutazone. If a primary isotope effect of five was assumed (22) in
k1 (ignoring k3), a limiting t, value of ~0.5 sec was calculated. This value
was also displayed in Fig. 4 and indicated how ¢p approaches the limiting
value of ¢, at much slower disk rotation speeds than in the case of phe-
nylbutazone. Hence, any noninstantaneous reaction with base in the
diffusion layer will affect the dissolution rates of d-phenylbutazone more
than those of phenylbutazone under the same conditions. This finding
was confirmed in Fig. 2 where the dissolution rates of d-phenylbutazone
at pHpulk 6.50 were significantly slower than those of phenylbutazone
under identical conditions.

The qualitative arguments expressed here were useful in interpreting
the differences in dissolution rates between phenylbutazone and d-
phenylbutazone. Figures 5-8, obtained by integrating numerically Egs.
1-4, show the concentration gradients existing across the diffusion layer
during dissolution of phenylbutazone and its deutero analog for pH 5,
7,9, and 10. It was assumed in these simulations that d-phenylbutazone
was dedeuterated by hydroxide ion and water five times slower than
deprotonation of phenylbutazone. Calculated fluxes and pH at the in-
terface are shown in Table VIL.

The simulations appear to represent the flux data adequately. The
observed dissolution rates for d-phenylbutazone were higher (pH 7 and
9) than the predicted theoretical values because deuterium was only
abstracted once in practice but the model assumed that the rate of dis-
sociation was that for deuterium for all abstractions. It can be seen from
the figures that at pH 5 and 7, the concentration gradient between phe-

Table VII—Simulated (Jiheor) 2nd Observed (Jops) Initial
Dissolution Rates for Phenylbutazone and d-Phenylbutazone at
Various pHy, i Values 2

Phenylbutazone d-Phenylbutazone

PHpuix pHS.lcb Jeheor Jobs Jtheor Jobs
5 4.77 19.95 19.95 11.24 11.25

7 4.95 27.18 27.18 16.23 20.27

9 5.17 38.34 38.39 27.59 32.95

10 5.85 189.54 187.01 187.01 169.97

2 All values of J are in units of moles cm~2/sec. ® Calculated from the simula-
tions,

nylbutazone and its deutero analog was more marked than when these
two compounds dissolved under more basic conditions. At pH 9, the
gradient difference was smaller; at pH 10, it was negligible. These results
were consistent with the earlier argument that as the pHyuy is raised, the
diffusion layer reaction time becomes faster and both phenylbutazone
and d-phenylbutazone approach classical behavior (¢, < tp). Thus, under
neutral to slightly acidic conditions, deuterated phenylbutazone deviates
from classical behavior. However, when basic conditions prevail, the
dissolution of that compound was faster since the high concentration of
hydroxide ion increased the rate of d-phenylbutazone ionization.

In view of the dissolution behavior of phenylbutazone under various
conditions, it is unlikely that noninstantaneous ionization kinetics,
demonstrated so clearly for this compound (3), play a major role in de-
termining the dissolution rate, either in vitro or in vivo. This is due to
the fact that the average diffusion layer residency time for a typical
aqueous diffusion layer is longer than the average reaction time for the
ionization of this carbon acid.
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