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In order to achieve the desired effect in vivo, drugs taken orally must first be dissolved in the gastroin-
testinal tract. With the majority of the commercially available drugs having acidic and/or basic groups,
ionization and intestinal buffering are important factors underlying adequate dissolution and, accord-
ingly, bioavailability. The aim of this work was therefore to develop a dissolution model that properly
takes these factors into account when dealing with the intestinal bicarbonate buffer. Based on the
assumptions that, during dissolution, steady state is reached instantaneously, all the reactions are at
equilibrium save for the interconversion between H,CO3 and CO,, and diffusion of the reactants occurs
over a boundary layer of a defined thickness h, a system of differential algebraic equations was devel-
oped and solved numerically using Wolfram Mathematica. The model provided very good predictions
for flux values obtained from different literature sources, while involving less simplifying assumptions
compared to previous models, thus enhancing its accuracy and making it a proper and promising
approach for simulating dissolution in intestinal media.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is

an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Oral dosage forms, which are usually solid, need to properly dis-
solve in the gastrointestinal fluids for achieving the desired bioavail-
ability. This explains the large amount of scientific effort devoted to
researching dissolution phenomena over the past decades. With the
majority of drug compounds possessing acidic and/or basic groups,
drug ionization is an important consideration when researching dis-
solution from a pharmaceutical point of view.

The recognition of the importance of ionization in drug dissolution
dates back at least to 1958 when the earliest work on dissolution in reac-
tive media was published by Higuchi et al.! This stagnant film model-
based work opened the door to further research culminating in the sem-
inal 1981 papers of Mooney et al.>* involving both buffered and unbuf-
fered media. All those models assumed quasi-equilibrium throughout
the boundary layer, which, given the very fast nature of proton transfer
reactions, was not a bad assumption when considering a typical pharma-
ceutical buffer. However, when dealing with the intestinal bicarbonate-
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based buffer, this assumption will be problematic, for proton transfer is
not the sole type of reactions occurring as shown below:

(0, (aq) + H,0(1)=H,C03(aq)=H" (aq) + HCO5 (aq) (M

The shown reactions are not limited to the very fast proton trans-
fers. There also occurs slower interconversion of CO, and H,COs that
must be considered. This is especially important for BCS class II acidic
compounds which dissolve mainly in the small intestine. The signifi-
cance of the aforementioned interconversion kinetics in dissolution
was first noted by Curl in a geological context: In his 1965 paper?, he
noted that this interconversion could rate-limit the dissolution of
limestone (CaCOs). But this work remained unknown in the pharma-
ceutical field, despite the subsequent publication of some related
works in the geological field.>”’

This issue caught more attention in the pharmaceutical field
in 2014, when Krieg et al.® independently recognized that an
equilibrium between CO, and H,CO5 in the boundary layer can-
not be assumed, since the interconversion kinetics are not much
faster than the diffusion kinetics under normal hydrodynamic
conditions.

0022-3549/© 2025 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open access article under the CC BY license
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In 2019, Al-Gousous et al.? published the reversible non-equi-
librium (RNE) model. In this model, the diffusional and reactional
rates were balanced, assigning an apparent effective pK, at which
the bicarbonate system appears to buffer within the boundary
layer surrounding a dissolving ionizable solute. The model was
successfully validated in the rotating disk setup, applied to the
particle dissolution scenario, and also used in surrogate non-
bicarbonate buffer design.'®'" When it comes to model limita-
tions, then, in addition to those inherent to the stagnant film
approach in general, this model forces the average extent of the
interconversion between CO, and H,COs achieved in the bound-
ary layer onto the layer’s entirety. In this work, a new stagnant
film-based approach (termed RNE-2), which overcomes this limi-
tation, will be presented.

Theoretical section
Acidic drugs
For a weakly acidic monoprotic drug (HA) dissolving in bicarbon-

ate buffer, the species of interest are HA, A", H', OH", H,COs, CO, and
HCO5". Those species undergo the following reactions:

C0;(aq) + H,0(l)=H,C0s(aq)=H" (aq) + HCO3 (aq) (2)
,C05 [HCOs™][H']
KﬂH CO. _ [HZCO3] (3)
[COy] Ky

Kiya = [H2COs] ~ kg @

ky, and kg4 are the first order reaction rate constants for CO, hydration
and H,CO5; dehydration respectively.

HA(aq) + OH (aq)=H,0(l) + A~ (aq) (5)

HA(s)=HA(aq)=A"(aq) + H* (aq); (6)

[HA], = intrinsic solubility )
_[AT]HY)

K, = HA 8)

H*(aq) + OH (aq)=H,0(l) (9)

Ky = [OH™][H*] (10)

The model assumptions are:

¢ Diffusion of the reactants occurring over a boundary layer of a
defined thickness h (i.e. stagnant film model).

o All the reactions being at equilibrium save for the interconversion
between H,CO5 and CO, which is at equilibrium only in the bulk.

o Asteady state is reached instantaneously.

¢ The second deprotonation of carbonic acid is insignificant within
the intestinal pH range

In this regard, the mass balance of the drug will be in accordance
with the Mooney model**:

Jua+ Ja- = p = const. (11)

d[HA 0[A~
Dya % + Dp- % = p = const. (12)

with the D terms being the diffusion coefficients of the subscripted
species.
Assuming Dy, and D4- to be equal, we get:
aHA] = AT\
Dya <7 + )= p = const. (13)
Accordingly, the concentration profile of the sum of those two
species is a straight line.

(1HAL, +

W) — (HAL + (A7),
(x—h)
HAJ, Ko™ -
(1A + ") — (HA), + A ) 14
(0—h)
with the unionized acidic drug species molarity at the surface
([HA]y) being equal to the intrinsic solubility.
The charge balance can be written as:
d[HCO5 ] 9[OH™) A7) o[HT]
w Don- T Da- ax = Du ax

Drco,- (15)

Rewriting the charge balance in the algebraic form by integrating:

Drco,-[HCO57 ], — Dyco,-[HCO3™ ]y + Doy-[OH™],—
Don-[OH™]y + Da-[A7], — Da-[A7]y = Dy=[H"]y — Du+[H*],

Substituting the equilibrium relationships into the previous
equation (16), and assuming sink conditions for A-, will give:

Kq% [H,C0s], K K

(16)

Dico,-[HCO3™ ]y — Duco,- A + Don- ], Do
X X
K" HA
— Dy @ =Dy [H"], — Dy [H'],
[H+],

(17)
Multiplying both sides by [H"], and solving the quadratic equation
and taking its positive root as a solution, we get:

1
2 —
(DH‘ [H*]," ~ Dco, [H*],[HCO5 7, — Doy-Ku + ((—DH‘ [H*]” + Drco, [H'14[HCO5 7, +D0H,1<W) — 4Dy [H*]y (~ Drco, [HaCO3],[H*|yKa™® = Da- [HALH ], Ka™ ~Don- [H*]hl(w))z).
h

(18)

The buffer mass balance can be written as:

9*[HCO5 " 9%[H,C0;) 3%(C0y)
ax2 + Diyco, ax2 + Deo, a2

Dhco,- 0 (19)

By integrating, and taking into account that, since there is no net
source nor sink for the buffer, its total flux must be zero, we get the
following expression:
d[HCO5 ]

X

3[H,CO5]
0X

0]

d
+ Dco, [8)(

+ Dy,co,

Do, =const. =0 (20)

After integrating, it can also be written as:
Dhco,~ [HCO37 ]y + Duyco, [H2€C05], + Dco, [CO2l,
= Dpco,~ [HCO37]y + Du,co, [H2C03], + Dco, [COz], (21)
Since carbon dioxide and carbonic acid cannot be assumed to be at
equilibrium, the only equilibrium relationship that can be substituted

into the above equation is that relating the bicarbonate ion molarity
to that of the carbonic acid resulting in the following equation:

K" [H,c0
Drco, %-ﬁ- Dn,co, [H2C0s3], + Dco, [CO2],
X

= Dhco,- [HCO3™ ], + Dp,co, [H2C03], + Dco, [CO2Jy

(22)
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Making [H,COs], the subject of the formula for Eq. 22 and [HA], This discretization results in a system of algebraic equations that
for Eq. 14 (and assuming sink conditions there) and substituting into can be solved using the FindRoot command of Wolfram Mathematica
Eq. 18 will give us: (Version 14.0, Champaign, IL, USA).

1 _
[H], = m <DH+ [H*]h2 — Dpco,-[H'],[HCO5 ™), — Don-Kw

2
+ ( (—Dws [H*);” + Drico,- [H*1,[HCOs ]y + Don K ) —

4Dy [H*],( — Drco, [H'] <[COZ]hDCOZ — [€02yDco, + Diyco, [H2CO3], + Dhico, [HC03’]11> 23)
’ * Dp,co,[H*],, + Drco, Ko™
1
[H+], [HA, (h —x) (K™ + [H] 5
()K" — Dy — " ( : 0> [H*),Ke™ — Dou- [Hﬂth))z
h([H, + K™ [H,

This equation has two variables: [CO,], and [H'],. Since CO, Basic drugs
and H,CO3 are not at equilibrium in the boundary layer, the

second equation will be the diffusion-reaction term for CO, at For a weak base, a similar derivation can be made. It just needs to

steady state®: be taken into account that drug dissolution and subsequent ioniza-
tion obeys the following reactions:

#?[CO B (s)=B (aq) + H" (aq)=BH" (aq 30

Deo, P i 1,03 + iy cO2), ay D OTPLOD ORI )

[B], = intrinsic solubility (31)

Making [H,COs], the subject of the formula for Eq. 22 and substi-

tuting into the above expression will give:
g p g (B] [H*]

K2 = 2
M = (32)
?[co C03),Dco, — [C05],Dco, + Ditco, [H2C03)y + Dico, [HCO - . .
Deo, gXZZ] = —ky [H*]x([ 2hiPeo. Z]EXJHC:: [;] ’fg;c[oz Kﬂi’}ot o, (% ]“> + K [COz), As a result, the ionized form will be entered into the charge bal-
(25) ance as a cation and following similar steps will end up giving the fol-
lowing expression:
1 _
[H'], = (DH. [H], K™ — Drco, [H'1,HCOs 1,K.PH" — Doy KB K+

Bl ((H], + K™ ) (h —
2 (DH- H*), K™ + Dy [HY), [Bly ([ Jo+ )( X))

h([Hﬂx + K,,B”‘)

+ + + 2 + [B]O [I-I-*—]0—~_1<‘1BHJr (h—X)
((DH[HﬂthaB” — Dyico, [H*],[HCO; 1, KP" — Doy Ko KW) —4<—DH>[H+],11<QB” — Dgy+ [H'], ( )

h ([Hﬂx + 1<aB”*)
!
+ + - - B 2
Doy-[H*],Ko"™ Kw + Dyco, [H*], K" K% [H], [901,Deo, = [C0lDco, + Drico. [HZCOZ} hccj_ Diico, [HCOs Iy ) ) (33)
D,co,[H*]y + DHco, Ko
Egs. 23 and 25 form a system of two differential algebraic equa- With the molarity of the unionized base at the surface [B], being
tions, posing a boundary value problem. The boundary conditions equal to the intrinsic solubility.
are: This equation can be solved together with the CO, diffusion reac-
Atx=h: tion Eq. (25) as described for the weak acid.
. For both the weak acid and the weak base scenarios, the proton
Ht], = | k 2 '
[H"]n = known bulk proton molarity (26) molarity at the surface is used to determine the flux as follows:
[CO,), = known bulk dissolved carbon dioxide molarity (27) B HA
2 J =20y (1 K (34)
Atx=0: h [H*]o
9[C0,] for a weak acid, and
T 28) Dar- [H*]y
=25 8l (141 (35)

Since none of the reactions involving CO, is assumed to be
at equilibrium, the no flux boundary condition at x=0 can be for a weak base.
used.'” To simulate a rotating disk setup, the boundary “film” thickness
For solving this system, the second derivative term for CO, needs was calculated using the Levich equation:
to be discretized over the boundary layer using the finite difference

approximation: . %ﬁﬁ .
=1 ‘ J Where:
F (), f®is 2);;)1 +f(X)i 2

D is the drug diffusivity
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v is the kinematic viscosity
w is the angular velocity

The physico-chemical parameters used in the simulations are
summarized in Table 1. Regarding the angular velocity, all simula-
tions assumed a disk rotation speed of 100 rpm (i.e. 10.47 rad/s)
unless stated otherwise.

If sink conditions are not assumed then the bulk values for HA and
A can be defined as functions of the dissolved amount, dissolution
volume and bulk pH as done with the RNE-1 model by Claussen et
al'®, Since a sparged system was used in that work, the bulk bicar-
bonate molarity was expressed in terms of a constant dissolved CO,
molarity and a variable bulk H" molarity that changes as the dis-
solved drug accumulates. For more details, the reader is referred to
the cited Claussen et al paper.

Results and discussion
Intrinsic dissolution

As shown by Tables 2-4, the RNE-2 model provides very good pre-
dictions for flux values obtained from different literature sources,
with the prediction errors being mostly below 15%, with a maximum
value of 25%. The RNE-1 model on the other hand, resulted in several

Table 1
A summary of the physico-chemical parameters used in the simulations (at 37°C and
ionic strength of 0.15 M)

Substance Parameter Value Reference
Water Ku (M?) 418 x 10 10
Dy+ (cm?[s) 1049 x 10
Doy- (cm?/s) 63.0 x 10
Kinematic viscosity (cm?/s) 0.00697
Bicarbonate pK, 203 3.30
buffer kq (s) 75.5
kn (s™) 0.109 9
Drico,~ (cm?/s) 14.6 x 10°°
Dy, co, (cm2/s) 18.08 x 10
Dco, (cm?[s) 249 x 1078
Ibuprofen Intrinsic solubility (M) 28 x 10
Pk, 441
Dya = Da- (cm?/s) 7.93 x 10°® 8
Molecular weight (g/mol) 206.28 10
Indomethacin Intrinsic solubility (M) 5.963 x 10 9
K 413 16
Dya = D4~ (cm?/s) 6.8 x 10°°
Molecular weight (g/mol) 357.8
Haloperidol Intrinsic solubility (M) 3.518 x 10
Pkt 835 9
Dg = Dgy- (cm?[s) 6.6 x 10
Molecular weight (g/mol) 3759
Table 2
Flux predictions of the RNE-2 model for ibuprofen in different bicarbonate buffers.
BulkpH [HCO5](mM) Flux (g cm™ min™!) %PE
Theoretical Experimental
Al-Gousous  Krieg  Average
etal’ etal®
6.5 5 45.59 61.0 43.7 5235 1291
10 58.98 70.7 62.5 66.6 11.44
15 68.92 81.1 741 77.6 11.19
6.8 5 46.25 61.7 NA 61.7 25.04
10 60.11 69.4 NA 69.4 13.39
15 70.49 82.7 NA 82.7 14.76

Table 3
Flux predictions of the RNE-2 model for indomethacin in different bicarbonate buffers.
Bulk pH [HCO5] (mM) Flux (g cm™ min!) %PE
Theoretical Experimental

Al-Gousous Krieg McNamara Average

etal’ etal® etal”

6.5 5 11.20 14.7 10.8 NA 12.75 12.16
10 14.40 14.8 12.7 NA 13.75 473
15 16.69 19.7 15.7 NA 17.7 5.71

6.8 5 12.00 154 NA NA 154 22.08
6.3 13.10 NA NA 148 14.8 11.49
10 15.71 15.7 NA NA 15.7 0.06
129 17.40 NA NA 219 219 20.55
15 18.50 219 NA NA 219 15.53
19.2 20.45 NA NA 228 22.8 10.31
25.8 23.06 NA NA 258 25.8 10.62

Table 4
Flux predictions of the RNE-2 model for haloperidol in different bicarbonate buffers.
Bulk pH [HCO57] (mM) Flux (g cm™ min!) %PE
Theoretical Experimental
Krieg et al®
6.5 5 291 3.58 18.72
10 3.95 4.79 17.54
15 4.69 5.41 13.31

instances of prediction errors exceeding 30%.° This indicates the
superiority of the RNE-2 model as it is, in contrast to the RNE-1
model, no longer restricted by generalizing the average flux ratio of
CO, and H,COs to the entirety of the boundary layer. This can be
shown in Fig. 1. While for the RNE-1 model, the CO, and H,CO5 con-
centration distance profiles show similar shapes, they are clearly dif-
ferent for the RNE-2 model.

Furthermore, as shown by Fig. 2, the RNE-2 model is capable of
accurately predicting the effect of changing rotational speed on the
flux values. The flux versus the square root of the rpm profile deviates
strongly from the straight line through origin associated with a diffu-
sion rate-limited dissolution. This has been discussed before®° and is
related to the H,CO3-CO, interconversion kinetics not being rapid

Concentration (M)

0.005}
0,004/

- o [HCO3-]
0.003 e
; ————————— 504[H2CO3]
0.002} = « [CO2)
0.001
¢ ¢ distance (um)
10 20 30 40
Concentration (M)
0.005 ——//
0.004
o [HCO3-]
e —_— 504[H2CO3]
0.002 — . [CO2]
0.001
““““““““““““““ distance (um)
10 20 30 40

Fig. 1. Concentration profiles of the different carbon dioxide species in the boundary
layer according to RNE-1 (top) and RNE-2 (bottom) models (ibuprofen in 5 mM bicar-
bonate pH 6.5). Number of discretization steps = 250.
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Fig. 2. Top: Predicted (curve) vs. observed® (dots) rpm-dependence of ibuprofen flux
in 10 mM pH 6.5 bicarbonate buffer in a rotating disk setup. Bottom: Predicted surface
pH values as a function of rpm. Both plots also show the effect of rpm on the boundary
layer thickness. Number of discretization steps = 500.

enough to achieve equilibrium at the interface within typical diffu-
sional times. As a result, faster rotational speeds give less time for
equilibration and accordingly lead to lower surface pH-values (for
weak acid dissolution) and to higher ones for a weak base. This is in
line with previous research on bicarbonate.®? An implication of this
boundary layer thickness-dependence is a particle-size dependence
of the surface pH (during suspended particle dissolution) brought
about by the effect of the particle size on the boundary layer thick-
ness as illustrated by Fig. 3.

Particle dissolution

To validate the model for the particle dissolution scenario, RNE-1
was replaced with RNE-2 in the calculations of Claussen et al'®

Surface pH: 4.787
Diameter: 10 ym

Surface pH: 4.852
Diameter: 20 pm

Surface pH: 4.956
Diameter: 40 ym

(which predicted the dissolution of suspended ibuprofen particles in
bicarbonate buffer), and the curve shown in Fig. 4 resulted. The maxi-
mum relative prediction error decreased from 16% to 10%. Instead of
this maximum prediction error appearing at the first point, it
appeared at the 30-minute time point. Actually, the first three time-
points (representing the dissolution of the first 60% of the dose) were
very well predicted, with the prediction error becoming higher after-
wards (but still not exceeding 10%). This might be because the finer
portion of the ibuprofen particles is the earlier dissolving one and
with its “boundary layer thickness” being close to the particle radius,
there will be less deviation from reality in terms of the assumed
hydrodynamic model. As a result, the boundary layer thickness calcu-
lations for those early data points may be more robust than for the
later ones. An additional potential factor here is the margin of inaccu-
racy present in the laser diffractometry-based particle size determi-
nation method used by Claussen et al.

The dissolution-solubility mismatch demonstrated by Claussen
et al.'% (where a large difference was found between the satura-
tion solubility and the initial total surface concentration of the
drug during dissolution in bicarbonate) is also predicted by this
model. This mismatch raises a question about defining the thresh-
old for sink conditions. Typically, sink conditions are presumed to
be maintained as long as the bulk concentration does not exceed
10% of the saturation solubility. This was based on the assump-
tion of the surface concentration being similar to the saturation
solubility. However, this assumption does not hold for bicarbon-
ate buffer. For instance, the median initial total surface drug con-
centration (median because different particle size fractions have
different surface-pH values) of the tested ibuprofen particles is
30% of the saturation solubility in 5 mM pH 6.8 bicarbonate
buffer. Accordingly, it is more accurate to take the calculated sur-
face pH into account when estimating the sink conditions thresh-
old during dissolution in bicarbonate buffer.

Limitations

The residual limitations of this new model are those inherent to
all stagnant film models, with the assumption of all the species
behaving as if they all were diffusing through a stagnant film with a
well-defined thickness. As for the equilibrium assumption for the
proton transfer reactions, this very commonly made assumption
should have a very minor impact owing to the extremely fast nature
of those reactions.

While, because of being less assumption-burdened, the RNE-2
model can provide predictions generally superior to those of RNE-1
model, it has a disadvantage of higher mathematical complexity that
could potentially load to greater computational load when applied to
more complicated modelling scenarios. In addition, the simplicity of

Surface pH: 5.022
Diameter: 60 pm

Surface pH: 5.065
Diameter: 80 ym

Surface pH: 5.095
Diameter: 100 ym
[T 510

505
5.00
495 E
g
wog
485 5
a

480

3 8

h (um)

475

Diameter (pm)

Fig. 3. Particle size-dependence of the surface pH of spherical ibuprofen particles in 5 mM pH 6.5 bicarbonate buffer (paddle apparatus at 50 rpm). For the boundary layer calcula-
tion, the adaptation of Avdeef et al.'* of the Wang-Flannagan model'> was used to include convection effects. Since Wang-Flannagan model essentially gives a resistance to mass
transfer equivalent to the thickness of a flat boundary layer, no change of the diffusional term in Eq. 24 to the sphere version of Fick’s second law is needed. Number of discretization

steps = 250.
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40

20+

0.2 04

06 08
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Fig. 4. Predicted (solid curves) vs. observed (dots) dissolution of suspended ibuprofen particles in 5 mM pH 6.8 bicarbonate buffer. The blue curve shows the predictions based on
the RNE-1 model and the red one shows those based on the RNE-2. Number of discretization steps = 250.

RNE-1 allows the calculation of the effective pKa parameter as out-
lined by Al-Gousous et al.” which provides a very straightforward
way of describing the balance between diffusional and reactional
rates and the resulting distance from equilibrium when interpreting
findings in bicarbonate.

When applying this model to the in vivo situation, it needs to be
taken into account that, especially for poorly permeable compounds
where sink conditions cannot be assumed in the intestine, there is
an additional process of CO, exchange with the blood across the
intestinal epithelium, which would need to be included as an
additional differential equation.

Conclusion

In this work, we have succeeded in developing a new reliable
model for simulating drug dissolution in intestinal bicarbonate buffer,
allowing us to estimate dissolution with significantly improved accu-
racy. Testing the model against literature values showed lower errors
for flux prediction compared to previously presented models. The
remaining limitation lies in assuming a stagnant film of defined thick-
ness, which is common to the vast majority of dissolution models, and
potentially higher computational load due to increased model com-
plexity. Nevertheless, the results provide confidence that, with this
model, we have established improved foundations for an accurate
simulation of drug dissolution in the intestinal tract.
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