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DISSOLUTION OF A BENZOIC ACID WALL INTO AQUEOUS

ALKALINE SOLUTIONS FLOWING LAMINARLY
IN A PARALLEL-PLATE DUCT

JurLio H. EGOCHEAGA, MAsAko OKUNO, ToSHIKUNI YONEMOTO

AND TEIRIKI TADAKI
Department of Chemical Engineering, Tohoku University, Sendai 980

Key Words: Mass Transfer, Dissolution, Simulation, Ionic Migration, Convective Mass Transfer, Parallel-
Plate Channel, Solid-Liquid Reaction

Mass transfer accompanied by dissolution of benzoic acid from the wall of a parallel-plate duct into aqueous
alkaline solutions was studied, using a theoretical model based on diffusion equations. Chemical and ionic
interactions of each species, together with diffusion and convection, are considered in this analysis. The theoretical
equations were solved as an initial-value problem by using a finite-difference technique. Simultaneously,
experiments were conducted under laminar-flow conditions to check the predicted overall rates of dissolution. The
rate of dissolution of benzoic acid into KOH solutions was shown to be faster than that into LiOH solutions of
equal concentration because of the larger mobility of the K* ions. Under the conditions analyzed here, the
agreement between theoretical and experimental overall rates of dissolution was excellent. This showed that the
present theoretical analysis can be valid and useful in predicting rates of mass transfer in this kind of complex solid-

liquid dissolution systems.

Introduction

Simultaneous diffusion, convection, chemical re-
actions and ionic migration are often involved in
solid-liquid mass transfer. The theory is well estab-
lished for simple flow and reaction systems where
mass transfer occurs mainly due to the first three
mechanisms.!*5 However, few theoretical analyses
seem to be available for the more complex but still
common case where effects of partial dissociation of
dissolving species and of ionic migration cannot be
neglected.

In the present paper a theoretical model based on
diffusion equations is used to analyze the dissolution
of benzoic acid from the wall of a parallel-plate duct
into a laminar stream of aqueous KOH or LiOH
solutions flowing inside the duct. This system was
selected because its transport characteristics are
strongly influenced by the chemical equilibria be-

Received August 31, 1984. Correspondence concerning this article should be addressed
to T. Tadaki.
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tween the dissolved species and by liquid-phase ion-
ic migration, and because its hydrodynamic and
physical properties are well enough known to permit
experimental verification of the theoretical analy-
sis 10:14)

A finite-difference method with overrelaxation
technique was used to solve the proposed model.
The validities of the mathematical formulation and
the method of solution were checked by comparing
theoretical and experimental overall rates of disso-
lution. Finally, the influences of flow rate, alkali
concentration and type of alkali cation on the disso-
lution process are discussed on the basis of overall
rates of dissolution and concentration profiles ob-
tained from the present analysis.

1. Theory

1.1 Model formulation

Consider the dissolution of benzoic acid from the
lower wall of a parallel-plate duct into a laminar
stream of aqueous KOH or LiOH flowing inside the
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Fig. 1. Schematic representation of two-dimensional disso-
lution process in a paraliel-plate duct.

duct, as shown in Fig. 1. Benzoic acid dissolves at the
solid-liquid interface according to the following re-
versible process:

AH, = AH,, 1)

Simultaneously, two reversible reactions take place in
the liquid phase:

AH 4y = Agy+Hey 2
Hgy +OHg, = H,0 (3)

Both reactions are instantaneous and reversible.?*

Mass transfer in this system is now modeled by
assuming local equilibrium, a dilute and isothermal
solution, constant physical properties, instantaneous
saturation at the dissolution surface with molecular
benzoic acid, fully developed laminar flow, negligible
diffusion and migration in the flow direction, negli-
gible changes in the geometry of the benzoic acid
surface and steady state.

~Then, using 6, C% and 64, respectively, as the
characteristic length, concentration and velocity, the
flux and diffusion equations for each species can be
written in dimensionless form as”

- @Z a¢ > s .
/Vi=‘<5 6Y+nSZ‘6Y>J+VZil’ i=1-5 (4)

0*Z; 0 0P 0Z;
S-—’+n~S.—<Z,.W>— Vet %:=0, i=1-5

(5)

where |=AH,2=A",3=0H ,4=H" and 5=M"™.
Here, the stoichiometric relations are

'%AH + t@A - 0 (6)
Ry =0 @)
Thus, combining Egs. (5) with (6) and (7) we obtain

S *Z 4y s aZA_ o[, 0@
Al py2 49y2 TAav\ 4oy

‘oyr ToY 0X

15}
- Vﬁ(ZAH-FZA):O (8)
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The system is electrically neutral and no electric

current exists, so we can write

(10)

nJV =0 (11)

Further, the chemical equilibrium relations of re-
actions (2) and (3) are

Ki=2,ZylZsy (12)
Ky=Zy Zoy (13)

Thus, Egs. (10), (12) and (13) can be manipulated to
yield

Zy=05[{Zy+ 4K, Zyy+ K} —Z\] (14)

and an explicit expression for the electrostatic poten-
tial can be derived from Egs. (4), (10) and (11)!*:

0P 5 0Z;
;3—Y=—<Zznslay>/<2 iZSiZi> (15)

As for the boundary conditions, at Y =0 the surface
is saturated with molecular benzoic acid and normal
flux of M* is zero:

Y=0, Zp=K; (16)
0Z,, od
oy Mgy =O 17)

At Y=1 all normal fluxes vanish and the following
equations apply*!:

0Z;

Y=1, St=0 =15 (18)
0P

25=0 (19)
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Fig. 3. Flow chart for calculation of dissolution process.

Finally, conditions at the inlet are

X=0, Z;u=0 (20)
Z,=0 21
M:ZM0 (22)

1.2 Numerical calculation

Equations (8), (9) and (15) were treated as an
initial-value problem and written in finite-difference
form by using backward-difference approximations
for 0/0X and central-difference approximations for
6/0Y and 0?/0Y?. The grid system used to set up the
formulation is shown in Fig. 2. For a given node, (J, L)
the results are

S,
(A Y)2{ AHjy L+ 2ZAHJ,L+ZAHJ,L—1}

S,
(AY 2 {ZAJ Lo+t

_.S_A ZAJ,L+1+ZAJ,LP _ZAJ,L+ZAJ,L~I Q
AY 2 L 2 L

2ZAJ L+ZAJ L- 1}

V
—E {(ZAHJ,L+ ZAJ,L)_(ZAHJ— x,L+ ZAJ~ 1,L)} =0
(23)
SM
(A Y)Z {ZMJ,LH

+§{.{ZMJ_L+I+ZMJ,LP _ZMJ,L+ZMJ,L‘IQJ,L}

_2ZMJ,L +ZMJ,L— 1}

4Y 2 L 2
Vv
—H{(ZMJ,L_ZMJ—I'L)}:O (24)
where
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Py =
£ s {Fe e
_ n, i ( o UL nZS L+ L
i;z 4Y | Z 2 )
(25)

QJ,L:

58, > Z,,+Z,,
- Z niﬁ(ZiJ,L_ZiJ,L—l)/IZ nIZS (%)

(26)

Equations (23) to (26) were solved by the iterative
procedure outlined in Fig. 3 under restrictions (12) to
(14) and initial and boundary conditions (16) to (22).
The required overrelaxation factors f; and fs are
calculated by the method described in the Appendix.
The algorithm of Fig. 3 showed good numerical
stability due to the choice of backward-difference
approximations for 9/0X (i.e. the implicit method®).

2. Experiment

2.1 Apparatus and method

Figure 4 shows details of the rectangular duct used
for the present work. The duct’s aspect (2mm in
height, 40 mm in width) was selected so as to reduce
side-wall effects and to obtain an almost two-
dimensional flow pattern within it. The 50 mm-long
benzoic acid wall was prepared by pouring molten
benzoic acid in a 2mm-deep cavity and carefully
polishing the solidified acid until a smooth, plain
surface was obtained. A duct length of 105mm,
followed by a zone packed with 2-mm glass beads,
was provided at both ends of the benzoic acid wall to
eliminate inlet and outlet turbulence effects and en-
sure a completely developed laminar flow profile in
the test zone.
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Fig. 4. Schematic diagram of experimental apparatus.

Experiments were conducted at 293+0.5K using
aqueous solutions of KOH or LiOH as liquid phase.
These solutions were prepared from primary-grade
reagents and standardized with 10mol-m~3 HClL
Overall rates of dissolution of benzoic acid were
calculated from the concentration of total benzoic
acid (molecular + anionic) in the effluent liquid, which
was measured with a UV spectrophotometer.

Experimental conditions were selected so as to
minimize the effects of natural convection while main-
taining a low rate of recession of the benzoic acid
surface.* These conditions were Re=50-150 and
Cypr,=0-30mol-m ™3,

Results were represented as non-dimensional rates
of dissolution defined as follows:

M=(8/D)Sc-Re Zy_, @7)

2.2 Physical properties at 293K

All properties are listed in Table 1. The diffusion
coefficient of molecular benzoic acid was taken equal
to the overall diffusion coefficient of benzoic acid as
defined and measured by Vanadurongwan et al.'” All
other properties were obtained from the litera-
ture,®7+12:13:16) except for K, which was calculated
from the values of C%, K,y Ky and the elec-
troneutrality condition.

3. Results and Discussion

The effect of mesh size on computation accuracy
was first investigated. For this, the theoretical rates of
dissolution corresponding to Re=100 and C =
10mol-m 2 were calculated using different mesh
sizes. The integral normal flux of total benzoic acid
along the dissolution surface and the mixing cap
concentration of total benzoic acid in the liquid phase
at the end of the soluble wall were computed using
Egs. (28) and (29), respectively.

* The maximum rate of recession of the benzoic acid surface was
estimated as 6x10™® mm/min, which represents a maximum
change of 5% in the duct’s height after a typical run.
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Table 1. Physical properties at 293K

C% 23.75 [mol-m 3]*%
D, 7.328x 10710 [m?-s™ ¥
D,y 8.248 x 1071° [m?-s™!]'7
Dy 8.506x107° [m?-s™1'¥
Dy 1.740x 10™°  [m?-s~!]'®
Dy, 9.030 x 1071° [m?-s™1!¥»
Do 4.685%107°  [m?-s 1
Ky 6.160x10"% [mol-m 3"
Ky 2.57 [mol-m~3]
Ky 6.918x10™°  [mol?-m~°®
y 1.007x 107 [m?-s~!]'®)

Table 2. Mass balance and CPU time of numerical
calculation
(Re=100, Cy;, = 10mol-m™3, /=50 mm)

Mesh size 6F [] Zron [ CPI[JS]“’“"’
100 x 51 858x 1073  8.54x 1073 7.67
AX=0.25
(4v=002
100 % 101 870x 1073  8.71x 1073 25.12
AX=0.25
(av=0o1
100 x 201 876x 1073  876x1073  168.28
AX=0.25
(4v=0.005
250 x 201 876x107  876x107>  197.98
AX=0.1
(4v=0.005
/e oz 0Z oP
F=— Syy—Bis, —A_8§,7,— dx
o 3Y Y Y )0
(28)
_ 1
ZTdut =6 j VZ jy+Z ) ay (29)
4] x=1/d

where //d is taken as 25. Overall mass balance requires
that

Zr,  =6F (30)

Table 2 shows that Eq. (30) is satisfied with increas-
ing accuracy as 4Y is reduced. It further shows that
mesh sizes of AX=0.1 and 4Y=0.005 suffice to
obtain accurate results in a reasonable CPU time.
Accordingly, subsequent calculations were performed
only with these mesh sizes.

Theoretical overall rates of dissolution are shown
together with the experimental data in Fig. 5. Within
the experimental conditions, an almost quantitative
agreement exists between theory and experiment,
showing that the assumptions made in the present
model were pertinent and that the calculation pro-
cedure was efficient. The figure also indicates that
dissolution rates are faster in the presence of K* as
compared with Li*. The difference in rate of disso-
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Fig. 6. Theoretical concentration contours of total benzoic
acid within testing zone at Re=150. (A) dissolution in water;
(B) dissolution in KOH 10mol-m ™.

lution becomes larger as the initial concentration of
alkali is increased.

The increase in rate of dissolution due to the
presence of alkali is explained in Fig. 6, which shows
the theoretical concentration contours of total ben-
zoic acid at Re=50 for dissolution in water and in
10 mol-m~* KOH solution. This figure indicates that
both the surface concentration and the concentration
gradient of total benzoic acid are larger in the KOH
solution. The main cause of this difference is that the
equilibria of reactions (2) and (3) lie more to the right
in the presence of alkali. In both cases, (A) and (B),
the concentration of molecular benzoic acid at Y=01is
fixed according to Eq. (16). However, the concen-
tration of anionic benzoic acid changes in the pres-
ence of alkali, and its value is established so as to
satisfy boundary condition (17) and equilibrium re-
lations (12) and (13). These results are not in conflict
with the general assumption that the concentration of
dissolving species is constant at the interface, because
the dissolving species is only the molecular form of
the acid.

The effect of alkali cation type is explained in Fig. 7,
which shows the theoretical concentration distri-
bution of alkali cation, (A), and total benzoic acid,
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Fig. 7. Theoretical concentration profiles of alkali cation
(A) and total benzoic acid (B) along X at Y=0 for Re=50
and Cy,=0-30mol -m™>.

(B), at Y=0 along X for different concentrations of
KOH and LiOH. It can be seen that for an identical
alkali concentration at the inlet, Zy is larger than Z; ;.
As predicted by Egs. (12) and (14), this causes Z , (and
therefore Z,;+Z,) to be higher when the alkali
cation is K*, as figure (B) shows. This difference in
total benzoic acid concentration at Y=0 partly ex-
plains why rates of dissolution are faster in the
presence of K* as compared with Li™.

To further analyze the dissolution process, the
theoretical concentration profiles along Y for Re=50
and X=12.5 are shown in Fig. 8. Figure (A) cor-
responds to water and 10mol-m 3 KOH solution,
while figure (B) corresponds to 30 mol-m ~3 solutions
of KOH and LiOH. These figures show that a re-
action plane between AH and OH ™ is formed near the
interface when alkali is present. The distance from the
interface to this plane becomes smaller as Cy, is
increased. The diffusion of OH ™ ions from the bulk of
the liquid towards the reaction plane implies the
simultaneous transport of their counterions, the
M ions (this is migrative transfer). As the magni-
tude of this transport partly depends on the mobili-
ty of the alkali cation itself, KOH is transported
faster than LiOH (see Table 1), and the reaction
plane is formed closer to the interface in the former
case. The result is a larger concentration gradient of
AH between the reaction plane and Y =0, that is,
a larger rate of dissolution in the presence of K*.
This explains the observed differences between rates
of dissolution in KOH and LiOH solutions.

Finally, Fig. 9 shows the profiles at X=2.5, under
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Fig. 9. Theoretical distribution of individual species along
the Y direction at X=2.5 for dissolution in water, 10mol-
m ™3 and 30 mol-m ™3 KOH solution.

the same conditions as in Fig. 8, for water, 10 mol-
m~2 and 30mol-m 3 KOH solutions. These pro-
files are steeper and the reaction planes form closer to
Y=0 than at X=12.5. Therefore rates of dissolution
are faster near the entrance. '

Conclusion

Dissolution of benzoic acid from the wall of a
parallel-plate duct into laminar streams of aqueous
KOH or LiOH solutions was satisfactorily modeled
using diffusion equations which take into account the
chemical and ionic interactions between the different
species in solution. Theoretical overall rates of disso-
lution (obtained through finite-difference numerical
calculations) were experimentally verified for
Reynolds numbers between 50 and 150 and alkali
concentrations up to 30mol-m~3. The numerical
technique used in the theoretical analysis proved
efficient and provided not only accurate overall rates
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of dissolution but also local concentration profiles of
all species. It was found that due to the larger mobility
of the K* ions, dissolution in KOH solutions was
faster than in LiOH solutions of equal concentration.

Appendix

The overrelaxation factors , and fs are calculated as follows.
First, the residuals of Eqs. (23) and (24) at node (J, L) are denoted
by ERR1 and ERR2, that is,

SAH
ERR1="0 (2% =228, 4 Z 80,0}
SA
b 7,227, )
SA Z(/;c‘)l,L+1+Z(/l;‘)I,L ) Z((;‘.;,L+Zg‘3val *®)
‘_A—; 2 PJ,L_ 2 QJ,L
v k 3
_H {(Z SQ;IJ,L_*_ ZE'L)J,L)'(ZAHJ— LL+ ZAJ— x,L)} (A—l)
Su W ) ;
ERR2:(A Y)Z {ZMJ‘L+1~2ZMJ,L+Z§W)J,L71}
SM ZS\I'?J,L+;+Z%(I),J,LP(,C) ZSWk)J,L_*—ZSl’:l)J,L—x (k)
E _—.—.——5—? J,L_f J.L
4 (k)
- E {(Z My L™ ZMJ - 1_L)} (A'z)

Suppose now that the Z;’s at node (J, L) are corrected so as to
make the residuals equal zero. The new Z;’s are defined by

Zp =gz (a-3)

where the f;’s are overrelaxation factors to be derived next. By
definition, replacement in Egs. (A-1) and (A-2) of Z¥ by Z**1,
ie., by B;-Z®, reduces ERRI and ERR2 to zero. This operation
leads to the following expressions:

28 4u

+_}.Z(k)JL
(ayy  ax) T

2SA SA P.(Ik)I._Qflk)L 14
+(B -—1){ +—< ' =)= Z®
e ay 2 4x) T

ERRI=(8, — 1){

(A-4)

25, Sy (PEL.—0%
ERR2=(/35—1){ M _M< J.LzQJ.L>

a
_ t— e Z® (A-5)
(4Yy* AY Mo

4X

Bs can be solved directly to give

5 ERR2/Z®, | 46)
=1+ : -
’ 25y Sy (P‘}‘,’L—Q‘}‘.’L> v
—_— +_
(4Y):  4Y 2 AX

As for f3,, the following relation is first derived from Eq. (A-3):

l_ﬂz X Zi’i‘\)r,l‘ _ Z‘,;‘;L“—Z‘:}L (A—7)

0 gO+1) _ @)
l_ﬁl ZAHJ,L ZAHJ‘L ZAHJ‘L

The right-hand side of Eq. (A-7) is then approximated to a partial
derivative, 0Z,/0Z 4. This derivative can be obtained from Egs.
(12) and (13). The result is

1-8, z% . K {(zZ% Y+K
G<E 2 (:f T 1{2 HJ'L(L Z}a) (A-8)
l_ﬁl ZAHJ,L {ZHJ‘L} : {2ZHJ,L+ ZMJ,L}
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B, is finally obtained by proper manipulation of Egs. (A-4) and (A-
8):

ERR1/Z%,, .

B V 25, S, (PR-0F\ V
+—+ +—= +—¢(G
(AY)2  4X) WdYy 4y 2 4X

(A-9)

Bi=1+
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Nomenclature

A~ ,AH = anionic and molecular benzoic acids

C = concentration [mol-m™3]
C¥ = solubility of benzoic acid in water [mol-m 3]
D = diffusion coefficient [m?-s71]

ERRI1, ERR2 = residuals defined by Egs. (A-1) and (A-2) [—

F = Faraday’s constant
F = integral normal flux of total benzoic acid

at Y=0 [—1]
G = factor defined by Eq. (A-8) [
L = unit vectors along X and ¥ [—1
Ky = dissociation constant of benzoic acid [mol-m ™3]
Ky = ionization product of water [mol?-m™9]
K = solubility constant of molecular benzoic acid

in water [mol-m~3]
K = dimensionless dissociation constant of

benzoic acid, K,,/C% [—]
K, = dimensionless ionization product of water,

Ky|CF ]
K = dimensionless solubility constant of molecular

benzoic acid in water, Kg/C# ]
i = duct’s length (see Fig. 4) [mm]
M = dimensionless overall rate of dissolution [—]
N = mass flux [mol'm~2:s71]
N = dimensionless mass flux, N/65C% [—]
n = valence [—]
P, QO = electric potential terms defined by

Eqgs. (25) and (26) [—]
R = gas constant [kg-m?-s72-K~!-mol ]
R = dimensionless reaction rate ré/65C % [—]
¥ = reaction rate [mol-s™!-m™3]
Re = Reynolds number, 76/y [—
S = dimensionless diffusion coefficient, D/6yRe  [—]
Se = Schmidt number, y/D 4 [—1
T = absolute temperature K]
14 = dimensionless velocity, ¥ — Y2 1]
] = average velocity inside duct [m-s™!]
X = dimensionless x coordinate, x/é [—]
x = coordinate parallel to flow [m]
Y = dimensionless y coordinate, y/é 1
y = coordinate normal to flow [m]
Z = dimensionless concentration C/C#% -1
Z_Tm = mixing cap concentration of total benzoic acid

at exit -1
B, By, Bs = relaxation factors [—1]
4 = delta (difference) operator
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6 = duct height (see Fig. 4) [mm]

y = kinetic viscosity of water [m?-s71]

@ = dimensionless electric potential, F¢/RT [

¢ = electric potential fkg-m?-s73-A7Y]

{Subscripts)

A~,AH = anionic and molecular benzoic acids

aq = aqueous

H,OH, Li, K = ions in solution

i = species code: | =4H,2=47,3=0H",
4=H*,5=M"*

J, L = grid point coordinate (see Fig. 2)

JTr = number of nodes in X direction

LT = number of nodes in Y direction

M (=K™*, Li*) = metal

M, = metal at inlet of testing zone

s = solid

T = total (molecular + anionic) benzoic acid

{Superscripts)

k) = iteration step

* = saturated state in pure water

- = vector
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