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The liquid phase hydrogenation of 2-((1-benzyl-1,2,3,6-tetrahydropyridin-4-yl)
methylene)-5,6-dimethoxy-2,3-dihydroinden-1-one hydrochloride (1) over a 5 % Pt/C
industrial catalyst was studied experimentally in a batch slurry reactor using methanol as
a solvent. The catalyst was characterized by the adsorption techniques for specific sur-
face area and pore volume, and by XRD for crystallinity. To investigate the intrinsic ki-
netics of the reaction, the effect of temperature, catalyst loading, hydrogen partial pres-
sure and (1) concentration on the initial rate of hydrogenation was studied. The analysis
of initial rate data showed that the gas-liquid, liquid-solid, and intraparticle mass-transfer
resistances were not significant. The reaction scheme of (1) hydrogenation was proposed
for the kinetic modelling. Apparent rate constants for all hydrogenation steps were calcu-
lated using a first order kinetic approach resulting in good agreement between the exper-
imentally obtained and predicted concentrations. From the temperature dependence of
rate constants, the activation energies of various reaction steps were calculated. The av-

eraged activation energy of these steps was found to be 31.1 kJ mol ..
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Introduction

Selective catalytic hydrogenation of double and
triple carbon-carbon bonds is one of the fundamen-
tal reactions for the synthesis of fine and industrial
chemicals. This important area of catalytic chemis-
try has been the foundation for the development of
numerous diverse, small- and large-scale commer-
cial hydrogenation processes, which include synthe-
sis of fine and specialty chemicals such as agroche-
micals'?,  flavours and fragrances®3, food
additives®'® and pharmaceuticals'72!.

The hydrogenation of 2-((1-benzyl-1,2,3,6-tet-
rahydropyridin-4-yl)methylene)-5,6-dimethoxy-2,3-
-dihydroinden-1-one hydrochloride (1) to 2-((1-ben-
zylpiperidin-4-yl)methyl)-5,6-dimethoxy-2,3-dihy-
droinden-1-one hydrochloride (4), which is the last
production step for the preparation of (4), is one
such industrial important reaction. The reaction
product is applied in the treatment of all kinds of
senile dementia. In particular, it is useful for pre-
vention and treatment of Alzheimer’s disease by
virtue of its acetyl cholinesterase inhibitory action?.

There are many processes described mainly in
patent literature®? for producing (4) and its phar-
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maceutically acceptable salts. Complete chemo-se-
lectivity is unlikely, because the starting compound
(1) has more than one functionality susceptible to
hydrogenation. There is a certain number of impuri-
ties that can be generated as side products of the
reaction. The type of catalyst as well as reaction
conditions for hydrogenation of (1) can significant-
ly influence the yield of (4) and impurity profile.
The yield of (4) can be low due to incomplete con-
version of (1). Alternatively, if (1) is completely
consumed, the yield of (4) can be low due to com-
peting side reactions where a number of by-prod-
ucts are generated, such as 5,6-dimethoxy-2-(piper-
idin-4-ylmethyl)-2,3-dihydroinden-1-one hydrochlor-
ide,1-benzyl-4-((5,6-dimethoxy-2,3-dihydro-1H-in-
den-2-yl)methyl)-piperidine hydrochloride, 2-((1-ben-
zylpiperidin-4-yl)methyl)-5,6-dimethoxy-2,3-dihy-

dro-1H-inden-1-0l hydrochloride and others. Re-
cently, the authors presented a detailed study of the
search for a catalyst that would meet requirements
for high reaction selectivity and at the same time
high activity, good stability, and possibility of the
catalyst’s reuse®. As expected in the hydrogenation
of poly-unsaturated compound, different intermedi-
ates occur during the reaction. Based on experimen-
tal data, the reaction network given in Fig. 1 was
derived for the hydrogenation of (1) to (4). The re-
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Fig. 1 — Reaction network for (1) hydrogenation over Pt/C catalyst

action pathway, involves the formation of (4) (with
selectivity nearly 94 %), two intermediates (2,3)
and two impurities (A, B) as the result of further
hydrogenation of product (4)*3-4,

Liquid-phase hydrogenation over heteroge-
neous catalyst, in pharmaceutical production, is of-
ten performed in (semi)batch reactors, as they offer
the possibility of a fast change of the production
task, which is needed in this type of industry with
production programs of a wide range of chemicals.
Therefore, hydrogenation of (1) over 5 % Pt/C cat-
alyst is carried out in mechanically agitated slurry
reactors in which gas-liquid, liquid-solid and intra-
particle diffusion resistances are likely to exist. For
the purpose of kinetic study, it is important to en-
sure that the rate data are obtained under kinetically
controlled regime or that the contribution of mass
transfer is suitably incorporated or unimportant, un-
der the reaction conditions studied, thereby ensur-
ing a kinetically controlled regime. Considering the
industrial significance of multiphase hydrogenation
of (1) to (4) a detailed investigation on catalysis and
kinetic modelling was undertaken in this work.

Experimental section
Materials

Compound (1) was produced by patent applica-
tion WO/2007/015052 A1l. The structure was con-
firmed by mass spectrum m/e 376 (M+, HY); and by

H,

H' NMR (CF,COOD, 600MHz) analysis: 6 3.30
(m, 1H), 3.55 (m, 1H), 3.70 (m, 1H), 4.20-4.36 (m,
2H), 4.30 (s, 2H), 4.33 (s, 3H), 4.39 (s, 3H), 4.49
(m, 1H), 4.81 (m, 1H), 6.69 (s, 1H), 7.46 (s, 1H),
7.76 (s, 1H), 7.78-7.87 (m, 5H), 7.90 (s, 1H).
Commercial 5 % Pt/C catalyst (BASF, Italy)
was used in hydrogenation experiments as received.

Catalyst characterisation

Textural characterisation of the catalyst sam-
ples was performed by means of nitrogen adsorp-
tion isotherms at 77 K using a Gemini 2380 Surface
Area Analyzer (Micromeritics). Samples were out-
gassed at 423 K for 1 hour to remove adsorbed con-
taminants prior to the measurement. The BET spe-
cific surface area was calculated using the multipoint
BET method on five points of the adsorption iso-
therm near monolayer coverage™®.

Crystalline structure of 5 % Pt/C catalyst was
checked by X-ray diffraction analysis. XRD pat-
terns were obtained with Philips PW 1830 diffrac-
tometer using Ni-filtered CuKa radiation operating
at 40 kV and 30 mA. The patterns were recorded
over 15°< 260 < 70° range using a step size of 0.02°.

Reaction procedure

The kinetic experiments were carried out in a
commercial lab-scale 300 cm? stainless steel auto-
clave (Parr Instrument Company, U.S.A.). The reac-
tor was provided with the automatic temperature



Z. MASTELIC SAMARDZIC et al., Kinetics and Mass Transfer in the Hydrogenation..., Chem. Biochem. Eng. Q., 28 (4) 437—445 (2014) 439

control arrangement for sampling of liquids and
variable agitation speeds. The details of the reactor
set up were the same as described in our earlier pa-
per®. In a typical hydrogenation experiment, prede-
termined quantities of (1), catalyst and solvent
methanol were charged into autoclave. The reactor
was closed and the contents flushed three times
with hydrogen. The reactor was then heated up to a
desired temperature, pressurized with hydrogen to a
desired level, and the reaction mixture was stirred
with desired agitation speed. Pressure was main-
tained constant throughout the course of the reac-
tion by supplying hydrogen from a reservoir vessel
through a constant pressure-regulator valve. The
moment when the desired pressure was achieved
was assumed as the start (time = 0) of the reaction.
The samples of reaction mixture were taken period-
ically from reactor, diluted with methanol and ana-
lyzed using high-pressure liquid chromatography.
In the reaction mixture, the concentration of reac-
tant (1), product (4), two intermediates (2, 3) and
two impurities (A, B) were monitored. The ranges
of operating conditions are given in Table 1.

Table 1 — Range of parameters

Catalyst loading, g dm 0.57 —2.86
Stirring speed, min™ 100 — 500
H, partial pressure, MPa 0.2-3.0

(1) concentration, mol dm™ 73 —243
Temperature, K 298 — 318

Scale up of hydrogenation reaction on the in-
dustrial scale was conducted in Pfaudler batch reac-
tor, V= 630 dm® (Pfaudler). The reactor was made
of steel and equipped with a gas supply system (hy-
drogen and nitrogen). The reactor was heated by the
reactor jacket and equipped with a sampling sys-
tem.

The analysis of all samples was carried out us-
ing Agilent Technologies high-pressure liquid chro-
matography (model 1200) with DAD detector. The
analytical conditions were as follows: Column &
Packing: Phenomenex Gemini C18, 250 x 4.6 mm
(5 um); Eluent A: Buffer NH,OAc 10 mmol L', pH
= 6 diluted with acetonitrile in ratio of 2.7:1; Eluent
B: Buffer NH,OAc 10 mmol L, pH = 4 diluted
with acetonitrile in ratio of 0.54:1 Gradient: 0. min
— 100 % A, 20. min — 0 % A Equilibration time:
20 min; Injection volume: 20 uL; Flow rate: 2.0 cm
min'; Wavelength: 277 nm; Column temperature:
308 K; Autosampler temperature: 293 K.

NMR analysis was recorded on Bruker Avance
DRX 600 NMR spectrometer operating at 600.1
and 150.9 MHz. CF,COOD was used as a solvent.

Results and discussion
Catalyst characterization

The BET surface area and total pore volume
of the supported Pt catalyst were 761 m? g! and
0.39 cm® g'!, respectively. In addition, the mean
diameter of pores obtained from BET plot and pore
size distribution was 2.04 nm.

The XRD pattern of Pt/C catalysts was collect-
ed in the range from 15" up to 70°. The catalyst ex-
hibits a typical face-centred cubic (FCC) pattern,
with the diffraction peaks at ~ 39", 46" and 67°, as-
signed to the corresponding (111), (200) and (220),
respectively (Figure 2). Several graphitic reflections
are evident, the strongest of which is a sharp, sym-
metrical peak at 26 = 26.3° assigned as the [002]
plane of graphite®*¢. The broad peaks in the XRD
patterns indicate the small sizes of nanocrystals.
The mean crystallite size derived from (220) plane
XRD peak broadening, by applying the Scherrer’s
equation, was 7.6 nm.

Intensity

15.00 25.00 35.00 45.00 55.00 65.00
20,°

Fig. 2 — X-ray diffraction pattern of 5 % Pt/C catalyst

Kinetic studies

The hydrogenation experiments using 5 % Pt/C
catalyst were performed to understand the overall
kinetic of this reaction. For this purpose, experi-
mental data were obtained by varying the operative
conditions to observe the initial rate of hydrogena-
tion as well as the integral concentration-time pro-
files. According to GLC and NMR data, the reac-
tion pathway, as presented in Fig. 1, involves the
formation of (4) (with selectivity nearly 94 %), two
intermediates (2, 3) and two impurities (A, B) as a
result of further hydrogenation of product (4). Im-
purity (B) is most difficult to eliminate by crystalli-
zation and re-crystallization processes®’. At the end
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of reaction, its content in the reaction mixture
should not exceed 2.8 - 10 mol dm™. Also, the
content of impurity (A) should be below 1.0 - 107*
mol dm. Since the formation of impurities A and
B were below these values in all experiments, the
reaction scheme presented in Fig. 1 was simplified
as shown in Fig. 3.
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Fig. 3 — Simplified reaction scheme for (1) hydrogenation
over Pt/C catalyst

The typical kinetic curves are presented in Fig.
4, demonstrating the dependence of the products
composition versus reaction time at hydrogen pres-
sure p,,= 0.2 MPa and temperature 308 K over 5 %
Pt/C catalyst.
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Fig. 4 — Comparison of the model prediction (solid lines)
with experimental data (symbols) of (1) hydrogenation over

5 % Pt/C (cI= 0.14 mol dm?; Py = 0.2 MPa; T= 318 K;
m, =171 gdm? V, =0.175dm’, N =400 min)

¢ MeOH

Analysis of initial hydrogenation rates

The first approach to understanding the depen-
dency of reaction rates on the individual reaction
parameters as well as the significance of the mass
transfer effect is the analysis of initial rate data. The
separate effect of initial concentration of (1), hydro-
gen pressure and temperature on the initial rate data
of hydrogenation of (1) was studied and the results
are presented in Figs. 5-8.

The effect of concentration of (1), on the initial
rate of hydrogenation is shown in Fig. 5. The rate of
(1) hydrogenation is first order in the substrate at
low concentration of substrate and approaches zero

ry, mol mr¥ min!
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Fig. 5 — Effect of (1) concentration on initial rate of hydro-
genation (p,,= 0.2 MPa; m_, = 1.71 g dm”; T =
308K, V, .= 0.175 dm’, N = 400 min™)

MeOH

order at high concentrations of the substrate. These
results indicate the non-linear behaviour of the rate
of (1) hydrogenation, which is characteristic of a
surface controlled reaction.

The initial reaction rates were also determined
at various hydrogen pressures. Fig. 6 indicates near-
ly zero order dependence of the initial rate of reac-
tion on hydrogen pressure, except at low partial
pressures of hydrogen where the rate is directly pro-
portional to the hydrogen pressure, and thus effec-
tively exhibiting a first-order dependency on hydro-
gen.
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Fig. 6 — Effect of hydrogen pressure on initial rate of hydro-
genation (c,= 0.14 mol dm”; m_, = 1.71 g dm”; T =
308K, V, =0.175 dm’, N = 400 min™')

MeOH

The effect of temperature on the initial hydro-
genation rate was studied in the range from 298 up
to 318 K, at constant hydrogen pressure (0.2 MPa),
and the results are presented in Fig. 7.
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Fig. 7 — Effect of temperature on initial reaction rate (c, =

0.14 mol dm?, Voo = 0175 dm’, p,, = 0.2 MPa,

m,, =171 g dm?, N = 400 min”)

As can be seen, the initial reaction rate varied
linearly with temperature, which suggested that the
reaction was intrinsically kinetically controlled and
the activation energy values should be determined.

Influence of mass transfer

For the purpose of kinetic study, it is important
to ensure that the rate data obtained were under
conditions of chemical reaction control and that
these data were not significantly influenced by mass
transfer limitation. The initial rate data were anal-
ysed to check the significance of external (gas-lig-
uid and liquid-solid) and internal mass transfer re-
sistance.

The rate of reaction in a multiphase reactor for
the case of first order reaction is given by the fol-
lowing equation proposed by Satterfield and Sher-

wood?’,
i 1 1| 1 1
Ca _ + { + } (1)

rn kga, m|kga, kamn

A plot of the inverse of the rate of reaction ver-
sus the inverse of catalyst mass density should give
a straight line. This plot is given in Fig. 8 for exper-
iments where the catalyst mass was varied from
0.57 to 2.86 g dm™.

The term 1/ka, of the plots in Fig. 8 rep-
resents a resistance associated with transport of hy-
drogen through bulk liquid. The term 1/ka,n rep-
resents a resistance associated with the surface
reaction. The intercept 1/k,a, represents a resis-
tance to gas adsorption across gas-liquid interface.
From the intercept k,a, was 0.79 min™".

Further, in order to analyse the contribution of
liquid-solid and intraparticle mass transfer effects
on the rate of (1) hydrogenation, a knowledge of the
liquid-solid mass transfer coefficient, k, effective
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Fig. 8 — Effect of inverse catalyst loading on the inverese of
the rate of (1) hydrogenation (c,= 0.14 mol dm?, p,,, =
0.2 MPa, T=308K, V, = 0.175dm’, N= 400 min™)

MeOH

diffusivity, D , external surface area of the catalyst

particle, a, saturation solubility, c; and the overall
rate of hydrogenation, » ', are required.

The external surface area of the catalyst parti-
cle was calculated from the following equality,

a,=m(6/d,)(p,/ p,) and was 260m;, m;>. Sol-
ubility of hydrogen in methanol have been reported
by Choudhary et al.® for relevant pressures and
temperatures (293-328 K and 2.13 — 0.48 MPa) and
a value of H = 4.2-102 MPa m® mol ! was predicted

from these data.

The effective diffusion coefficient, D_ is ob-
tained from the molecular diffusion coefficient, D
the catalyst particle porosity, e and tortuosity, t from
the following expression

p,=D< )
T

The tortuosity and porosity of the catalyst were
assumed to be 4 and 0.5, respectively®.

The molecular diffusion coefficient for compo-
nent dissolved in a solvent is calculated from Wilke
and Chang* equation

TM
D=74-10"22 (3)
v

The calculated value of effective diffusivity
along with other parameters is shown in Table 2.

The Weisz-Prater criterion*'*> was used to de-
termine diffusion resistance in porous Pt/C catalyst

. ry(d, /2)’
ca D

s7e

4)
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From Equation (4) using parameters given in
Table 2, a value of Thiele modulus ¢ was calculat-
ed. A value for ¢ = 6.6-10*indicates that the sur-
face reaction rate is lower than the diffusion rate of
a reactant within the pores of a catalyst* and the
effectiveness factor (% = tghg/¢) was 0.99.

Table 2 — Values of different parameters used in evaluating
the role of external and internal mass transfer re-
sistance

Catalyst/reactor data

Catalyst particle diameter dp =2510°m

Catalyst particle density p,= 1500 kg m™

Tortuosity factor T =4
Particle porosity =05
Catalyst loading m=1.75 kg m>
Solvent methanol
Liquid density p,=791.8 kg m”

Liquid viscosity #,=5.9-10° kg m™' min™'

Stirring speed N =400 min™!

Reactor volume V,=310"m’

Reaction conditions/parameters

Reaction temperature T =308 K

H, pressure (constant) Dy, = 0.2 MPa
Initial (1) concentration ¢, = 1.4-10° mol m™
Henry coefficient H =4.210?2MPa m’ mol!

Effective diffusion coefficient D, =2.4-10"*m>min"'

The value of rate constant, k£ was calculated us-
ing equation (5)

P,
H

A = k’?as (5 )
and it was 1.63 10 min!, at hydrogen pressure of
0.2 MPa. From the slope of the curve presented in
Fig. 5 and calculated values for &, a, and 7, the
liquid-solid resistance was determined as ka,=
0.137 min'.

This analysis provides a rough indication that
the external and internal mass-transfer resistances
do not affect the rate of (1) hydrogenation i.e. hy-
drogenation rate is kinetically controlled. This con-
clusion was confirmed by the values of external ef-
fectiveness factors (gas-liquid) 7, and (liquid-solid)
n,s which were 0.999 and 0.997 respectively.

Estimation of kinetics parameters

In order to describe the concentration profile of
the species participating in the hydrogenation of
(1), the simple estimating reaction scheme was pro-
posed (Figure 3). According to the reaction scheme,
first order kinetics with respect to the organic com-
pounds was assumed for all hydrogenation steps

n=key,c =k (6)

where the product kcy, was lumped pseudo-first
order constant, because the hydrogen pressure in
the gas phase was maintained constant in all exper-
iments ( py, = 0.2 MPa), and because the solubility
of hydrogen in the liquid phase was determined by
its solubility in the solvent (as the concentration of
substrate was low compared to the solvent concen-
tration). The first order kinetic approach essentially
assumes non-significant coverage of adsorbed reac-
tant, which was justified by utilization of low (1)
concentration.

The reaction kinetics can be described as fol-
lows. The disappearance of the reactant and the
generation of the products can be calculated by the
solution of the molar balances for the components
in a batch reactor:

disappearance of reactant (1)

h :_[(k1+k2)cl] (7)
generation of intermediate (2)
1 = ke, — ke, (3)

generation of intermediate (3)
1 =kye, — ke ()]
generation of product (4)
ry = kyc, + kycy (10)
The apparent rate constant was determined
based on the simple kinetic models. The model pa-

rameters were estimated by minimising the objec-
tive function

L[S [ Cremoni — e 2
RMSD: . mod),! €Xp),i 11
22 (11)

k=1 i=1 Ck,max

where ¢, . .1s the calculated concentration of com-
ponent #, ¢, . is measured concentration of com-
ponent 7, n is number of samples, and k is number
of independent measured variables. The rate param-
eters estimated and RMSD values are given in Table
3 when hydrogenation of (1) was performed at var-

ious temperatures.
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Table 3 — Estimated kinetic parameters for hydrogenation of

(€Y
TK| K k, k, K, RMSD
208 0.00194 0.00952 0.00556 0.01163  0.00626
303 0.00213  0.01540 0.00714 0.01423  0.00561
308 0.00241 0.01974 0.01004 0.02102  0.00618
318 0.00318  0.02466 0.01605 0.02831  0.00648

Example of the fit is provided in Figures 4 and
9 (when the reaction was carried out in laboratory
and industrial reactor) showing apparently good
agreement between the experimentally measured
and predicted concentrations. The experimental and
the predicted concentration-time data were found to
agree within 5-9 % error.

140

120

100

¢;, mol m?

20 |

0 40 80 120 160 200 240
£, min

Fig. 9 — Comparison of the model prediction (solid lines)
with experimental data (symbols) of (1) hydrogenation over 5 %
Pt/C in industrial reactor (c1: 0.14 mol dm, D= 0.2 MPa,
T=308K m, = 171gdm?3 N=400min”, V,= 40 dn’)

The first order kinetic model allows estimation
of the rate constants in (1) hydrogenation with high
accuracy despite the apparent simplicity. The first
order kinetic model is valid in the case of low sur-
face coverage only and neglects differences in ad-
sorption.

The observed energies of activation for forma-
tion of intermediates and product of reaction were
determined from the Arrhenius plot shown in Fig.
10, in which the rate constants against the recipro-
cal of the temperature were plotted. The experi-
ments were carried out in the temperature range 298
— 318 K at constant hydrogen pressure (0.2 MPa).
From the temperature dependence of rate parame-
ters, the activation energies of various reaction steps
were calculated. These values of activation energies
for steps, r,, r,, r, and r, are presented in Table 4.
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35 A mk2
*k3
*kd

I
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Fig. 10 — Temperature dependence of rate constants

Table 4 — Activation energies for steps r,, r, r,and r,

Reaction E_, k] mol™
r A-B 40.8
r, B R 343
r, A-C 14.4
r C—-R 34.7

Hydrogenation of reactant (1) to intermediate
(3) (A = B) is rate determining step deducing from
high value for energies of activation, £ . The hydro-
genation of C=C double bond in the brldge of reac-
tant (1) molecule is very quick (A = C) with low
value for £ . Energies of activation for hydrogena-
tion of both intermediates (2) and (3) to product (4)
(B = R, C = R) are practically the same. The value
of the averaged activation energy of these four reac-
tion steps, 31.1 kJ mol™, is in agreement with those
generally reported for the double bond hydrogena-
tion reaction carried out in kinetic regime!'® 434,

Conclusion

The hydrogenation of 2-((1-benzyl-1,2,3,6-tet-
rahydropyridin-4-yl)methylene)-5,6-dimethoxy-2,3-
-dihydroinden-1-one hydrochloride (1) to 2-((1-ben-
zylpiperidin-4-yl)methyl)-5,6-dimethoxy-2,3-dihy-
droinden-1-one hydrochloride (4) using a 5 % Pt/C
catalyst was studied in a batch slurry reactor in a
temperature range of 298 — 318 K using methanol
as solvent. The influence of catalyst loading, hydro-
gen partial pressure, and reactant concentration on
the hydrogenation rate was investigated. The analy-
sis of initial rate data showed that the gas-liquid,
liquid-solid, and intraparticle mass-transfer resis-
tances were not significant. The reaction scheme of
(1) hydrogenation was proposed for the kinetic
modelling. Apparent rate constants of all hydroge-
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nation steps were estimated by the first-order kinet-
ic approach. Very good agreement between experi-
mentally recorded concentrations and those
predicted by the kinetic model was achieved. From
the temperature dependence of rate constants, the
activation energies of various reaction steps were
calculated. The averaged activation energy of these
steps, 31.1 kJ mol™ is in agreement with that gener-
ally reported for the double bond hydrogenation re-
action carried out in kinetic regime.

Nomenclature

c: — saturation solubility of H,, mol m™?

c,, — surface concentration of A, mol m>

¢, — concentration of reactant (1), mol m

¢, — concentration of intermediate (2), mol m™*
c, — concentration of intermediate (3), mol m™*
¢, — concentration of product (4), mol m

af]D — catalyst particle diameter, m

D — molecular diffusion coefficient, m?> min™!
D, — effective diffusion coefficient, m* min™!

E, - activation energy, kJ mol!

H  — Henry coefficient, MPa m* mol!

k,— k, — reaction rate constant of respective steps, min"'
kgl a,— gas-liquid mass transfer coefficient, min™'
k, a_ — liquid-solid mass transfer coefficient, min'

m  — catalyst loading, kg m™
M — molecular mass, kg mol™
N — stirring speed, min

Py, — hydrogen pressure, MPa

r,—r, — reaction rate of respective steps, mol m~ min™
t — time, minutes

T  — temperature, K

y — molar volume, mol m™

Greek letters

x  — association factor of solvent,—

e — particle porosity, —

¢  — Thiele modulus, —

n  — effectiveness factor, —

u,  — liquid dynamic viscosity, kg m™' min™!
p, - liquid density, kg m™

T — tortuosity factor, —
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