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Three different experiments were carried out in order to estimate the liquid-solid mass
transfer coefficient (ks) in a packed bed with porous particles. The experiments were,
(A) liquid-phase hydrogenation of maleic acid on Pd-Al,0,, (B) hydrolysis of ethyl acetate
on Amberlite 200C, and (C) moment analysis of in-pulse response curve in a packed bed of
Amberlite XAD-2. Data were taken at low liquid feed rates and with small particles. The
mass transfer factor (jp) which is dimensionless with respect to ks was correlated with the
particle Reynolds number (Rep). The obtained values of jp were. much lower than those
expected from previous correlations obtained from the dissolution of nonporous particles.
The results suggested that the effective mass transfer area (as) between liquid and porous
particles was less than the geometrical outer surface area of the particles. as was con-
sidered to be influenced by the stagnant hold-up and the pore openings.

Keywords liquid-solid mass transfer; packed-bed with porous particles; mass
transfer factor; effective mass transfer area; hydrogenation of maleic acid; hydrolysis
of ethyl acetate; moment analysis

Packed-bed reactors with porous catalyst particles are often used in the pharmaceutical
industry. One of the factors which influence the global rate of reaction in the reactors is the
mass transfer of the limiting reactant to the catalyst surface. Therefore, the mass transfer
coefficient between the surface of the catalyst particle and the bulk liquid is important in
reactor design. The mass transfer factor (jp) which is dimensionless with respect to this
coefficient is correlated with the particle Reynolds number (Re;), and a number of correlations
have been reported, but the agreement between them seems to be poor. In addition, most
of them were determined by dissolution of nonporous particles (for example, benzoic acid or
g-naphthol) into water,® or by reaction with a nonporous solid.» Since the catalyst particles
which are used in a liquid-solid reaction system are porous, the above correlations are inadequ-
ate. Recently, in the hydrogenation of «-methylstyrene on porous Pd-Al0, catalyst, Morita
et al. and Herskowitz ef al. reported considerably lower values of 7, than those estimated from
the correlations.%

The purpose of this work was to estimate the liquid-solid mass transfer coefficient in a
packed bed with porous particles by means of three different methods, and to compare the
results with previous correlations. The three experiments were as follows:

Experiment A: Liquid-phase hydrogenation of maleic acid on a porous Pd-Al0, catalyst.

Experiment B: Liquid-phase hydrolysis of ethyl acetate on a porous macroreticular-type
resin, Amberlite 200C. '

Experiment C: Moment analysis of in-pulse response curve in a packed bed of porous
polystyrene resin, Amberlite XAD-2. '

Experimental

A. Liquid-Phase Hydrogenation of Maleic Acid on a Pd-AlL,0, Catalyst 0.5% Pd-Al,0, particles
were used as the catalyst. The preparation method was the same as that described in the previous paper.®
Particles with average sizes of 0.055 cm (28 to 32 mesh) and 0.110 cm (14 to 16 mesh) were chosen for the
experiments.  The physical properties of the catalyst are listed in Table I.

Fig. 1 shows a schematic diagram of the apparatus used. Ina constant-temperature bath 1, an aqueous
or ethanolic solution of maleic acid in a polyethylene feed reservoir 2 (20 1) was saturated with hydrogen by
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Tasre I. Physical Properties of Particles

Experiment A B C
Particle Al,04 Amberlite 200C  Glass beads Amberlite XAD-2

Pore volume, cm3/g 0.53» 0.380 0 0.659

Solid phase density, ps, g/cm? 3.40% 1.468» 2.489 1.081e
Particle density, pp, g/cm? 1.210 0.944% 2.480 0.6567°
Bulk density, pp, g/cm? 0.729 0.576" - 1.56% 0.4130
Porosity of particles, ep 0.644" 0.357» 0 0.393%
Void fraction of bed, g 0.4057 0.3902 0.3710 0.371®

a) From Sumitomo Chemical Ind.,Ltd. b) N, Houjo, “Chelete Resins and Ion-Exchange Resins,” Kodansha, 1976,
p- 150. ¢) From Rohm and Haas Co. d) Assumed to be the same value as for glass beads. ¢) Measured. f) Calculated.
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Fig. 1. Schematic Diagram of Apparatus used in Experiment A

1, constant temperature bath; 2, feed reservoir; 3, dispersion tube; 4, cooler;
5, pump; 6, surge tank; 7, preheater; 8, needle valve; 9, rotameter, 10,
deoxygenator (Pd-Al,0,); 11, drier (silica gel); 12, liquid-full reactor; 13,
three-way valve; 14, tube pump; 15, stripping column; 16, drier (CaCl,); 17,
six-way valve; 18, gas sampler; 19, gas chromatograph; 20, soap film meter;
————pemm, gas flow line; —————, liquid flow line.

continuous bubbling. Hydrogen supplied to the feed reservoir was purified by passing it through beds of
Pd-Al,0, followed by silica gel. The solution was introduced into the reactor 12 by the pump 5. To avoid
pulse flow, two surge tanks 6 were introduced into the feed line.

The glass reactor was 1.08 cm i.d. and the temperature was kept constant by circulation of water from
the constant-temperature bath through the jacket. The catalyst particles were supported by a 100 mesh
stainless steel screen. After passing through the reactor, the effluent was recycled to the reservoir,

The liquid feed rate was adjusted in such a way that the conversion of dissolved hydrogen per pass
through the reactor was less than 30%. Thus, the operation was regarded as a differential one. The concen-
tration of maleic acid in the reactor was several hundred times higher than that of hydrogen in the liquid,
so that it was essentially uniform during a run. Ethanol or water was used as the solvent. Table II shows
the experimental conditions.

The solutions at the inlet and outlet of the reactor were alternately introduced into the stripping column
15 at a constant flow rate by the pump 14. The column was a 2.5 cm i.d. and 150 cm long glass column
packed with 2—4 mm glass beads. Here, nitrogen was used to remove the dissolved hydrogen from the
liquid. The amount of hydrogen in the mixed gas was measured with a gas chromatograph 19. Then,
the conversion of hydrogen per pass, x [—], was calculated. For the differential reactor in the steady state,
the global rate of reaction, Rs [mol/(g of catalyst)(s)], was calculated as follows

Rs = Al ®
m

where Q1 [cm3/s] is the volumetric liquid feed rate, C; [mol/cm?] is the concentration of hydrogen in the liquid
entering the reactor, and m [g] is the mass of catalyst in the reactor.
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TasLe II. Experimental Conditions

A. Liquid-phase hydrogenation of maleic acid on Pd-Al,0,

Palladium content, wt9%, 0.5
Catalyst particle size, dp, cm 0.110%, 0.055%
Solvent EtOH, H,O
Mass of catalyst in reactor, m, g 2.0, 1.0(EtOH); 1.0, 0.5 (H,0)
Concentration of H, at inlet of reactor, Cy, mol/cm3 3.568 X 10-¢ (EtOH); 7.32 x 10~7 (H,0)
Initial concentration of maleic acid, moljcm3 0.5x 103 (EtOH); 0.2 x 10-3 (H,0)
Pressure of H, in absorber, atm 1.0
Temperature of absorber, °C 30 (EtOH); 40 (H,0)
Liquid feed rate, Qr, cm3[s 0.60—3.61
Reaction temperature, °C 40, 30, 22 (EtOH); 40, 30 (H,0)
B. Hydrolysis of ethyl acetate on Amberlite 200C
Catalyst particle size, dp, cm 0.110%, 0.055%
Mass of catalyst in reactor, m, g 0.253 (dp=0.110); 0.631, 0.243 (dp=10.055)
Concentration of ethyl acetate at inlet of reactor, 0.205x 103
C;, mol/cm?
Liquid feed rate, Qr, cm3/s 0.19x10-2—3.84 X 10~2 (dp=0.110);
. 0.31 X10-2—8.78 X 10~% (dp=0.055)
Reaction temperature, °C 61
C. Moment analysis of in-pulse response curve on Amberlite XAD-2
Particle size, dp, cm 0.0759, 0.0559, 0.043%>
Liquid feed rate, Qr, cm3/s 1.33 X 10-2—9.0 x 102
Temperature, °C 30

a) 14 to 16 mesh. b) 20 to 24 mesh. ¢) 28 to 32 mesh. d) 32 to 42 mesh.

B. Hydrolysis of Ethyl Acetate on Amberlite 200C The catalyst used was an ion-exchange resin
of the strong acid type, Amberlite 200C (Rohm and Haas Company, U.S.A.), which had a porous structure
(macroreticular type). The physical properties of the particles are given in Table I. After sieving the
resin in distilled water, particles with average sizes of 0.055 cm and 0.110 cm were chosen for the reaction
studies. In the glass reactor (0.98 cm i.d. and 20 cm long), Na*-type resin was first converted into H+-type
by treating it with a large excess of aqueous HCI, followed by washing with distilled water till Cl- ion was
not detectable in the effluent.

The reaction was carried out by the flowing method; 0.205 M aqueous ethyl acetate was introduced at
the top of the reactor. Since the feed solution was gradually hydrolyzed in the reservoir (though the conver-
sion was less than 1% in a run), the concentration of acetic acid in the feed solution was measured before
the solution entered the reactor. The experimental conditions are shown in Table II,

The conversion of ethyl acetate was kept below 30%, to ensure differential operation. Since there
was no side reaction under the experimental conditions used, the amount of acetic acid produced was titrated
with aqueous NaOH using phenolphthalein as an indicator. Then, the concentration of ethyl acetate in the
effluent was calculated. The global rate of reaction was calculated by means of equation (1). In this case,
Ci and x are the concentration of ethyl acetate in the liquid entering the reactor and the conversion of ethyl
acetate, respectively.

C. Moment Analysis on In-Pulse Response Curve in Packed Bed of Amberlite XAD-2 The particles
used were porous resin, i.c., Amberlite XAD-2 (Rohm and Haas Company), and nonporous glass beads.
To remove the impurities in the resin, the purchased XAD-2 was pretreated by the method of Relles et al.?
Particles with average sizes of 0.043 cm (32 to 42 mesh), 0.055 cm (28 to 32 mesh) and 0.075 cm (20 to 24
mesh) were chosen, and packed into the column by means of tapping. The column was 1.02 cm i.d. and
about 31 cm long. Distilled water was used as the mobile phase. The physical properties of the particles
and the experimental conditions are shown in Table I and Table II, réspectively.

Hexamminecobalt chloride was chosen as a tracer.” About 30 pl of the saturated aqueous solution was
instantaneously injected at the entrance of the column, and the time course of emergence of the tracer in
the effluent was measured at 254 nm by means of a ultraviolet (UV) detector with a continuous flow cell,
The absorbance was converted into concentration according to a predetermined calibration curve. It was
confirmed in advance that the tracer was not adsorbed by XAD-2,

The first absolute moment, y, [s], and the second central moment, y’, [s?], of the chromatographic peak
can be calculated as follows

rCtdt
=" @
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J:C(t—/ll)zdt

Yo = (3)

J “cat

where £ [s] is the time after the injection of the tracer, and C [mol/cm?] is the concentration of the tracer in
the effluent. The integrals were evaluated numerically from the experimental chromatographic peak
using Simpson’s rule. The limits (the start (fs) and the end (Z) of the peak) were taken as the times corre-
sponding to peak height equal to 0.5% of the maximum, and the elution time (=?,—%;) was divided into
more than 100 equal intervals.

Results and Data Analysis

A. Liquid-Phase Hydrogenation of Maleic Acid on a Pd-Al,0, Catalyst

First, the absorption of hydrogen was measured by using 0.5% Pd-Al,0; slurry catalyst
in a batch reactor at 40°C and atmospheric pressure. One equivalent of hydrogen was
absorbed, and succinic acid was formed in nearly 100% yield. Next, the time course of the
catalyst activity was measured by using 0.59, Pd-Al,O; particles in the packed bed reactor.
The result indicated that the catalyst had a steady activity after it had been used for about
24 h. Insubsequent experiments the data were taken in the constant activity period.

Fig. 2 shows plots of Rgvs. Q1. Increase

9.0 in Ry with increasing Q) suggests a signi-
o - ficant effect of liquid-solid mass transfer.
= F The solubility of hydrogen in liquid is very
L:g@ ) 5:_ low (for example, the solubility of hydrogen
g L in ethanol is 8.68 X 10-% mol/cm? at 30°C#),

28 r so that the limiting reactant is hydrogen.
g8 [ Kinetic studies concerning C=C double
o S bond hydrogenation over Pd-Al,0, suggest
. w that the rate of chemical reaction is first
s - order with respect to hydrogen concentration
= g 0.5+ and zero order with respect to maleic acid

5 ¥ concentration.?
3 L At the steady state, the global rate of
ol reaction can be expressed in terms of the
0 mass transfer rate of the limiting reactant
Liquid feed rate, Qr [em®/s] to the catalyst particles;
Rs = kY}Cs = ksas(CB-Cs) (4)

Fig. 2. Effect of Liquid Feed Rate on the
Overall Ra.‘te of.Reaction for Hydrogena- where % [cm3/(g of catalyst)(s)] is the in-
tion of Maleic Acid trinsic, first-order rate constant, » [—] is

Solvent, dp(cm), temperature(°C): —[}—, EtOH, : 37
0.110, 22: —A— BOH, 0.110, 30: —O—. EtOH. the effectiveness factor, Cg [mol/cm?] is the

0.110, 40; —@— EtOH, 0.055, 22; —A—, EtOH, hydrogen concentration in the liquid at the
0.055, 30; —@— EtOH, 0.055, 40; ---Q--, H;0, . .
0110, 40; &) H,0, 0.055, 30; - H,0,0.055, surface of the catalyst particle, ks [cm/s] is
49. the liquid-solid mass transfer coefficient,

and ag [cm?/(g of catalyst)] is the effective
liquid-solid mass transfer area per unit mass of catalyst. The average hydrogen concentration
in the bulk liquid, Cg [mol/cm?], can be written as
Cs = Ci(1—x%/2) )
Eliminating Cg from equation (4),

Co 1 1 | ®
Rs k7} ksas
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The mass transfer factor, jp [—], can be conveniently correlated to the powder function
of the particle Reynolds number, Rep [—], based on the particle diameter, dp [cm].

Jjp = -I-e—\S‘r:”/3 = BRep~ )
Sc = "b% ®)
Rep = 1"%& ©

where « and f# are the parameters, #;, [cm/s] is the superficial velocity of the liquid, Sc [—] is
the Schmidt number, D [cm?/s] is the molecular diffusivity of oxygen in the liquid, and py,
[g/cm?] and yy, [g/(cm-s)] are the density and viscosity of the liquid, respectively.

The liquid-solid mass transfer area can be calculated by supposing that the particles are
spherical, so that

6
as = —— 10
S = Zooe (10)

where pp [g/cm?] is the particle density. Substituting equations (7) to (10) into equation (),
B2 X (11

where

, v
X= __dpﬁfeipL Sc#/3. Repa-1 (12)

Equation (11) means that (Cg/Rs) should be related by a straight line with an intercept of
(1/&n) and a slope of (1/6) to a variable X. Therefore, when a line is estimated from a set of
data taken by changing the liquid feed rate for a given particle size, reaction temperature and
solvent, the lines obtained should be parallel to each other. Note that 7 is independent of Cg
because of the first-order, irreversible reaction.

Parameters « and § may be estimated as follows. Assigning a value of «, the slope for
each set of data can be calculated by the least-squares method. The optimum value of « may
be estimated when the coefficient of variation for (1/8) is minimum.

The molecular diffusivity of hydrogen in the reaction mixture was assumed to be identical
with that in water or ethanol.!® At «=0.36, the coefficient of variation for (1/8) was found to
be minimum and the mean of (1/) was 1.506; thus, the following correlation for 7, was obtained.

jb = 0.664 Rep~0-3 (2.5<Rep<65) (13)

Fig. 3 shows the linear plots at «=0.36. Under the experimental conditions used, the slopes
are nearly parallel to each other.

B. Hydrolysis of Ethyl Acetate on Amberlite 200C

Since a large excess of water compared to ethyl acetate (about 270-fold molar excess)
was used and the conversion of ethyl acetate was low, this reaction was essentially irreversible.
From kinetic studies,’ the rate of reaction is first order with respect to the concentration
of ethyl acetate. Therefore, equations (4) to (9) are obtainable by replacing the nomenclatures
for hydrogen with those for ethyl acetate.

Rs 1
a8 o - 14
7] ksas .
Fig. 4 shows plots of (Rs/Cg) against Q,, based on equation (4). In the range of low Qy, (Rg/Cs)
is largely dependent on @y, indicating that the liquid-solid mass transfer resistance, (1/ksas),
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Symbols: as in Fig. 2. ' @, 28—32 mesh; A, 14 to 16 mesh.

is significant. As Q increases, (Rs/Cs) approaches a constant value, indicating that the
resistarice is insignificant. When Q,, approaches infinity, (1/ksas) approaches zero, so that
k7 :gim (Rs/Cs).

L0

To estimate k7 from Fig. 4, the regression equation was postulated to be hyperbolic:

Rs b,
falel U 15
Cs ot QL—b1 (15)

where by, b; and b, are the parameters and by=Fk». The values of k7 estimated by the nonlinear
least-squares method were 8.51 X 10~3 and 3.24 x 10~2 [cm3/(g of catalyst) (s)] for 4p=0.055 cm
and dp=0.110 cm, respectively. Using these values, ksas was calculated from equation (6).
Next, ks was isolated by the use of equation (10), and jp was correlated with Rep by the least-
squares method as follows;

| jp = 0.727 Rep-0-34 (16)
C. Moment Analysis of In-Pulse Response Curve in a Packed Bed of Amberlite XAD-2

The tracer used is not adsorbed by XAD-2, as mentioned in the experimental section,
so that the mass balance equations in the fixed bed and in the particles can be expressed by the
equations (17) and (18), respectively.

9C _ Dy #C _,3C _ 3D.(1—en) (3C;
ot ep 02 “ 0z s ( €B ) (3r),=,s a7
9Ci _ Ds (8°Ci | 2 3Cy
ot ep ( ort 7 ar) (18)
with the following boundary and initial conditions;
aC
Do(52) = ks(C=(Cren) (19)
Y/ r=rg
9Ci _ o atr =0 (20)
or
C=0 att =0
Ci=0 att =0 (1)
C= atz=0, t=0
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where C [mol/cm?] and C, [mol/cm?®] are the tracer concentrations in the bulk liquid and in
the pores, ¢ [s] is the time, Dy, [cm?/s] and D, [cm?[s] are the axial dispersion coefficient and
the effective diffusivity in the pores, 7 [cm] and 7g [cm] are the radial distance in the particle
and the particle radius, z [cm] is the axial distance in the bed, ez [—] and &p [—] are the inter-
- particle and intraparticle void fractions, and ¢ is the Dirac delta function, which has an infinite
value at £=0. '

Equations (17) and (18) with equations (19) to (21) were solved in the Laplace domain by
Schneider et al.,'» and the first absolute moment of the response curve, g, [s], and the second
central moment, y,’ [s?], were given by

= —I:{1+1—1€-‘3ep} S 22)
u éB
, 2L[l1—ep {rs%p( 1 5 )} Dy, ( 1—es )”]
=— —_ 1 23
Ha u [ &B e 15 \D, + ksrs + uep + 39 e ( )

where » [cm/s] is the interstitial velocity in the bed and L [cm] is the length of the bed.

First, u, and u,” were measured by using a column packed with nonporous glass beads in
order to estimate the axial dispersion coefficient in the bed. In the case of glass beads & =0,
so that equations (22) and (23) can be simplified to

= f 24)
, 2L
W= (25)

Fig. 5 shows the plots of w; vs. (1/u). Regardless of the particle size, a linear relation-
ship existed, which could be expressed as

= 31.18(1/u) + 6.11 (26)

On comparing equation (24) with equation (26), L =31.18 [cm] was obtained, in agreement
with the height of the packed bed used. The intercept shows that the dead time was about
6 s. This dead time was so short compared to the average residence time that it was
not considered in data analysis for the subsequent experiments. Fig. 6 shows plots of the
Peclet number, Pe [—] (=u.dp/D.), against the modified particle Reynolds number, Rep’' [—]
(=urdppr/{(1—es)ur}). The linear relationship could be expressed as

= ]
< 1000+ : 0.5
g L ) i I 0.2f
g " o
P : . - ‘:’é 0.1
2 500~ e 0.05
a A 0.03L__. NI N —
2 i L 0.010.02 0.050.1 0.2 05 1 2 5 10
2 o Modified particle,Reynolds number,
= V4 . 1 1 | 1 ] Rep [—]
0 10 20 30 Fig. 6. Relation between Peclet Number and
1/u [s/cm] Modified Particle Reynolds Number

Symbols: as in Fig. 5.

Fig. 5. TFirst Absolute Moment vs, Reciprocal ¢, Ebach and White; £, Mller and King.

of the Interstitial Velocity

[, 20—24 mesh; O, 28—32 mesh; A, 32—42 mesh;
——, Amberlite XAD-2; —--, glass beads.
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esPe = 0.095(Rep’)=0-328 @7

The ranges surrounded by the solid and dotted curves in Fig. 6 show the results of Ebach et al.
and Miller ef al.13  As our data accord well with theirs, equation (27) was used in data analysis.

Next, p; and yu,” were measured by using the column packed with porous particles, XAD-2.
Fig. 5 shows the plots of y, vs. (1/u). Alittle difference exists between the particles of different
size, but each gives a good linear relationship. The difference of ., from that of glass beads
for the same value of (1/u#) shows the extension of the average residence time. For the particles
of 20—24 mesh (dp=0.075 cm), 28—32 mesh (dp=0.055 cm) and 32—42 mesh (dp=0.043 cm),
the values of &,=0.390, 0.391 and 0.340 were obtained from equation (22), respectively. &p
for dp=0.043 cm was somewhat different from the others, but the values obtained accorded
approximately with the published value for XAD-2 (¢,==0.393 by the mercury penetration
method). The obtained &, for each particle size was used in data analysis.

Combining equation (22) with equation (23) gives

4
w' Dy (1+1-588P)

1 5 _ 1 us €B

Y = = 2
D, + ks?’s 2(1-63)81:27‘52 ( 8)

' 15{ep + (1 —ep)ep}
The use of equation (7) for &g yields

1 ].Opl,

Y = + ——Sc¥3. Rep*~? 29
D. B P (29)

Equation (29) shows that, if « is known, plots of the right-hand term of equation (28), which
“can be obtained from the measured moments, against Rep*~' give a straight line with an
intercept of (1/D,) and a slope of (100, Sc?*3/(Buy)) irrespective of the particle size. Assigning
a value to «, the coefficient of correlation between Y and Rep*~! was calculated. At «=0.32
the coefficient was maximum. Fig. 7 shows the linear plots at «=0.32. The regression
equation is ‘

L5 (0.81440.179 Rep=0-%8) x 108 (30)
D, ksrs

From the slope, «=0.32 was obtained. The molecular diffusivity of the tracer in water, D,
contained in Sc, was estimated (D=1.56 X105 cm?s at 30°C) from the Nernst-Haskell

—
T O
1.

no
T

2X10°1

y—a
1

1

o2 o
— D
T

1X10°

0.05¢ BN

Mass transfer factor, j, [—]

Y [s/em?]

02 " I : L 1 L 1 s ! J
0.02 0.10.2 051
0.05 2 2 51020 50100

Particle Reynolds number, Rep [—]

0 1 2 3 4 S 6 .
o8 Fig. 8. Mass Transfer Factor vs. Particle
Rep (-] ‘ ' Reynolds Number
Fig. 7. Y vs. Rep*~! at =0.32 @, experiment A; A, experiment B; [, experiment
Svmbols: as in Fig. 5 C. a, Hobson et al.; b, Dwivedi ¢ al. (e5=0.37); c,
ymbols: as In Xig. o. Wilson ef al. (ep=0.37); d, Evans ef al.; e, Sherwood

et al.; f, Morita ¢t al. (dp=0.141cm); g, Morita et al.
(dp=0.0541 cm); h, Ali Kahn ¢t al.; i, equation (13);
j, equation (16); k, equation (31).
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equation.® The intercept of the line gives D,=1.23x10-8 [cm?/s]. Thus, the tortuosity
factor, v [—] (=Dep/D,), is 4.7. Tortuosity factors of the order of 2 to 6 have been reported
in a number of investigations of many kinds of porous particles,89%1% so that the obtained
value of D, is reasonable. The estimated values of « and § give.the following correlation for

Jps
jb = 0.45 Rep=0-32 (31)

Discussion

Three correlations for jp, obtained from experiments A, B and C, are shown in Fig. 8.
Though the correlations were obtained by three different methods, they were similar.

The dotted straight lines are some reported correlations obtained from the dissolution
of nonporous particles. The correlations of Dwivedi ef 4/.'® and Sherwood ef all? are
reanalyzed ones based on a number of previous experimental data. The chained straight
lines are the results of Morita ef al., which were obtained from the hydrogenation of a-methyl-
styrene on porous Pd-Al,O; catalyst.# The correlation of Ali Khan ef al.9 is also shown in
Fig. 8, and was estimated from the liquid-phase oxidation of diethanolamine on porous Pd-
Al,O;. The values of j, obtained from our experiments and those of Ali Khan ef al. and
Morita ef al. are much lower than the previous correlations based on the dissolution experiments.

The main reason for the difference in j, between the dissolution experiments and
the reaction or tracer experiments is considered to be differences in the effective liquid-solid
surface area for mass transfer. In particular, we consider that the stagnant liquid zone at
the particle contact points greatly influences the effective surface area. In the dissolution
system, the liquid in this zone may be nearly saturated with the dissolved substance and elution
is carried out at the interface between the flowing liquid and the stagnant liquid, so that the
particle surface in this zone is considered to be almost wholly effective for mass transfer. On
the other hand, in the reaction or tracer system, the reactant or tracer must be transferred
to the particle surface. Because of the low diffusivity in the liquid, the rate of mass transfer
from the interface to the particle surface in the stagnant zone is very slow, so that the surface
is considered not to be effective for mass transfer. But, when the reaction is slow, this zone
is moderately effective. When the reaction is very slow and the surface reaction is the rate-
determining step, the influence of stagnant liquid is insignificant. A similar explanation has
been suggested for the contacting efficiency in trickle-bed reactors.’® In the case of the
pulse response method, the tracer diffused from the flowing liquid to the stagnant liquid must
return again to the flowing liquid in a short time. Therefore, the particle surface in contact
with the stagnant liquid may not contribute appreciably to the liquid-solid mass transfer.
Supposing that the particle surface in contact with the stagnant liquid is not effective for mass
transfer in the reaction or pulse response system, the effective surface area was calculated
roughly. The stagnant hold-up, 45 [—] (defined as the fracton of the volume occupied by
stagnant liquid in the bed), was estimated as 0.05—0.1,'® and the number of contact points
as 6—9.20  The results indicated that the effective area was 456—709, of that in the dissolution
system, in which the effective surface area was assumed to be equal to the geometrical surface
area calculated by equation (10).

Another reason for the difference in the effectve surface area may depend upon whether
the particles are porous or nonporous. When the particles are porous, the average diameter
of the pore openings and the fraction of the pore mouth area against the total external surface
area may be significant factors. In the case of porous particles, the mass transfer is considered
to be constrained to a region close to the pore openings on the outer surface of the particle, so
that the effective surface area for mass transfer could be less. In a study of the hydrogenation
of a-methylstyrene on porous Pd-ALO, catalyst, Herskowitz et al.» reported that their jp
agreed reasonably well with the j, of Dwivedi ef al.'® when the effective surface area was
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assumed to be the product of the total external surface area and the intraparticle void fraction.

In our data analysis, the effective surface area was assumed to be the geometrical surface
area despite the large difference that must exist, so that the jj, obtained would be much lower
than that of the correlations based on the dissolution experiments.

To sum up, the liquid-solid mass transfer rate in a packed bed of porous particles should
be formulated in terms of the effective surface area, which depends mainly on the stagnant
hold-up and pore openings. More studies will be needed on the factors which influence these
properties, especially for samll particles and low liquid feed rates.
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