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Liquid-phase catalytic hydrogenation of benzene was studied in a three-phase bench-scale reactor operating
in downflow mode at elevated temperatures and pressures. Reaction kinetics and external gas-liquid mass
transfer effects for the system used are estimated. A simplified kinetic expression is used to describe intrinsic
kinetics. An analytical model for reactor simulation has been employed incorporating vapor-liquid equilibrium,
solvent effects, and mass transfer limitations. Gas- and liquid-side mass transfer coefficients are extracted for
the range of the gas and liquid feed flow rates employed in this work. A comparison between the mass
transfer values estimated in this work and values from correlations and data reported in the literature is presented.
Operation in upflow mode is also compared with downflow mode, and the different reactor performance is
discussed.

1. Introduction

1.1. Fixed-Bed Reactors.Trickle-bed reactors (TBRs) are
widely used in the chemical industry for various hydrogenation
reactions. Operating at elevated temperatures and pressures,
they succeed in attaining high conversion per catalyst mass with
minimum power consumption, performance that makes them
favorable to chemical engineers. Additional aspects regarding
TBR advantages and disadvantages as well as operational char-
acteristics are summarized mainly in the reviews of Satterfield,1

Shah,2 Herskowitz and Smith,3 Ramachandran and Chaudhari,4

Ng and Chu,5 Gianetto and Specchia,6 Saroha and Nigam,7

Al-Dahhan et al.,8 Dudukovic et al.,9 and Nigam and Larachi.10

In trickle-bed reactors, the gas and liquid phases flow down-
ward through a fixed bed of particles. The upward movement
of the two-phase flow is selected for some reactions and applica-
tions in order to mainly avoid plugging or temperature runaways.
In that case, the reactor is called flooded-bed reactor (FBR). At
high gas and liquid superficial mass flow rates, TBRs and FBRs
behave alike.11

While industrial TBRs are easily simulated by using the pseudo-
homogeneous model that incorporates a number of simplifying
assumptions, when it comes to micro-, bench-, or pilot-scale
laboratory reactors, the complexities associated with transport-
kinetic coupling are difficult to incorporate into analytical
models. Understanding and quantifying hydrodynamic and mass
transfer effects on TBR performance allows the decoupling of
transport phenomena and reaction kinetics.

The usual concepts of TBR hydrodynamics include flow
regime, pressure drop, liquid holdup, effective catalyst wetting,
and liquid flow dispersion. Mass transfer resistances refer to
interface transfer and intraparticle diffusion. Pressure drop and
liquid holdup, though interrelating with flow regime and wetting
efficiency, are out of interest when a small-scale catalytic reactor
simulation is attempted.

1.2. Hydrodynamics. 1.2.1. Flow Regime.Three basic flow
regimes have been distinguished for TBRs: the trickling flow
regime, also known as the low-interaction regime (the liquid
phase trickles over the packing in the form of a thin liquid film,
while the continuous gas phase moves through the remaining
void space, usually cocurrently); the pulsing flow regime (high-

interaction regime); and the dispersed bubble-flow regime.
Many models (those by Ng12 and Holub et al.13) and flow maps
exist mainly for the prediction of regime transition, but the two
most significant diagrams depicting flow-pattern boundaries have
been published by Fukushima and Kusaka14,15and Charpentier.16

The low gas and liquid Reynolds numbers of this work allow
for the assertion of belonging to the trickle-flow regime.

1.2.2. Wetting Efficiency. Regarding the catalyst wetting
efficiency, there are numerous studies published. For its estima-
tion, two experimental methods are widely used: the physical
“tracer” method17-19 and the chemical “reaction” method.20-25

There are also mathematical models that derive analytical solu-
tions of the overall catalyst effectiveness factor in a partially
wetted catalyst particle.26-30 Generally, a large number of var-
iables, such as catalyst bed configuration, pellet features, phys-
ical properties of the liquid, and operating conditions, may have
an impact on the catalyst wetting.23

Dilution of catalyst bed,17,31,33elevated pressuresin particular
the high gas density,34,35and the use of small particles36 improve
catalyst wettability. Llano et al.,24 working with a slightly bigger
particle diameter than that used in this work and investigating
the effect of superficial liquid mass velocityswhich is the most
important factor for accomplishing a fully wetted particle,21

achieved 100% wetting efficiency in our range of liquid veloc-
ities.

1.2.3. Axial DispersionsLiquid Maldistribution. Small
catalyst beds and low liquid flow rates are the main reasons of
extended axial dispersion effects on reactor performance.2,37The
use of fine catalyst particles or the bed dilution with inert fine
particles prevents such phenomena as radial or axial dispersion
to influence reactor performance,32,38 and in combination with
high gas and liquid flow rates before every single experiments
operation in the high-interaction regime before each experiment
but without soaking the bed overnight35, the absence of liquid
maldistribution is ensured.

1.3. Mass Transfer. 1.3.1. Intraparticle Mass Transfer.
Mass transfer limitations originating from the diffusion of the
reactants into the pores of the catalyst can be neglected when
small catalyst particles are used. The internal surface of the
catalyst is fully wetted as pores are completely filled with liquid
because of capillary forces.39

1.3.2. Interface Mass Transfer Correlations.Interparticle
mass transfer phenomena regarding gas-liquid transportation
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in trickle-bed reactors have been examined in a wide range of
operating conditions. Shah2 and Turek and Lange40 reviewed
the most widely used correlations for the estimation of mass
transfer coefficients, while Morsi et al.,41 Yaichi et al.,42 and
Wild et al.43 proposed new ones. Iliuta et al.44 compiled over
3200 experimental data, and by combining dimensional analysis
with artificial intelligence (neural networks), they derived state-
of-the-art correlations on a large variety of fluid physical
properties, operating conditions, and geometrical properties of
packing, column, and particle shape. This group of researchers
has also given the most recent publication45 on gas-liquid mass
transfer in packed beds.

1.3.3. Experimental Estimation of Mass Transfer.Goto
and Smith,46 Martin et al.,47 Turek and Lange,40 and Samb et
al.48 are among the few that have investigated gas-liquid mass
transfer by physical methods at low liquid flow rates. Only
recently have researchers worked on the effect of pressure on
gas-liquid mass transfer.34,49,50Wammes et al.34 concluded that
elevated gas densities increase only interfacial areas. Larachi
et al.50 presented a comprehensive database of previous studies
regarding the effect of pressure on mass transfer parameters,
proposing a phenomenological description in accordance with
a semiempirical two-zone model for the evaluation of the
volumetric liquid-side mass transfer coefficients.

Midoux et al.51 determined mass transfer parameters by
chemical technique using organic liquids. Goenaga et al.52 used
dynamic methods to study gas-to-liquid mass transfer in trickle-
bed reactors, indicating a strong dependence of mass transfer
coefficient on gas flow rate, while Toppinen et al.53 modeled
mass transfer using both Stefan-Maxwell equations and the
effective diffusivity method, extracting similar results. Iliuta and
Thyrion54 showed that, in the trickle-flow regime, volumetric
liquid mass transfer coefficients obtained by physical and
chemical absorption are close and axial dispersion is significant
at low liquid velocities and high initial concentration of the
liquid reactant.

Sparse data exist in the literature on the mass transfer char-
acteristics of a fixed bed with cocurrent upflow.37,47,49The values
of the liquid-side mass transfer coefficients of Lara Marquez et
al.49 are 1 order of magnitude lower than those of Stuber et
al.,37 although the latter worked at lower liquid flow rates.

Evren and O¨ zdural55 developed a new technique to calculate
liquid film mass transfer coefficients, and Benadda et al.56

determined volumetric liquid-side mass transfer coefficients
during gas-liquid absorption in a countercurrent packed-bed
column. Bin et al.57 estimated ozone mass transfer coefficients
in a tall bubble column, while Dluska et al.58 measured mass
transfer coefficients for the physical and chemical absorption
in a gas-liquid Couette-Taylor flow reactor.

However, mass transfer data at low gas and liquid flow rates
such as those prevailing for benzene hydrogenation in small
bench-scale reactors do not exist. Therefore, multiphase models
describing the composition change of reactants and products in
both liquid and gas phases along the reactor length cannot be
developed for the simulation of this system.

1.4. Reaction Kinetics. 1.4.1. Gas- and Liquid-Phase
Kinetics. There are few journal publications that concern
benzene hydrogenation in a trickle-bed reactor.11,59,60Only that
of Sharma et al.60 considers the reaction kinetics of benzene
hydrogenation to cyclohexane in a trickle-bed reactor, not on a
Ni/Al 2O3 catalyst yet.

In contrast to the gas-phase reaction, which is widely studied
by various researchers as a model aromatic hydrogenation
reaction over group VIII metal catalysts [Chou and Vannice,61

Zrncevic and Rusic62 (review of kinetic models), Coughlan and
Keane,63 Lin and Vannice,64 Stanislaus and Cooper65 (extended
review on aromatic hydrogenation), Smeds et al.66 (ethylben-
zene), Keane and Patterson,67 Louloudi et al.,68 and Saeys et
al.69], kinetic analysis of liquid-phase benzene hydrogenation
is rarely reported in the literature [Murzin et al.,70 Toppinen et
al.,71 Singh and Vannice,72 and Franco et al.73]. However, even
in the foresaid publications, the reaction takes place in a batch
[Franco et al.73], semibatch [Singh and Vannice,72 Toppinen et
al.71], or shacked [Murzin et al.70] reactor with various com-
mercial or laboratory-produced catalysts (Pt [Franco et al.73],
Pd [Singh and Vannice72], and Ni [Murzin et al.,70 Toppinen et
al.71]).

A number of interesting features of liquid-phase hydrogena-
tion can be found in the dissertations of Rautanen (http://
lib.tkk.fi/Diss/2002/isbn9512262096/isbn9512262096.pdf) and
Lylykangas (http://lib.tkk.fi/Diss/2004/isbn9512269139/
isbn9512269139.pdf), whose main difference from this work
is that they regard the kinetic modeling of toluene and not
benzenesalthough both monoaromaticssin a continuous stirred
tank reactor. Rantakyla¨ et al.74 hydrogenated toluene as well,
in a laboratory-scale trickle-bed reactor similar to the one used
for benzene hydrogenation in this work.

Murzin and Kul’kova75 examined thoroughly benzene hydro-
genation on different metal catalysts. They proposed a reaction
mechanism based on the formation of cyclohexene on the
catalyst surface,70 from which they derived the kinetic expression
of the reaction. Franco et al.73 suggested four mechanisms
assuming Langmuir-Hinshelwood-Hougen-Watson (LHHW),
competitive or noncompetitive, and dissociative or nondisso-
ciative adsorption for benzene and hydrogen. In this way, they
extracted eight different kinetic models, with the one standing
for nondissociative noncompetitive adsorption of both reactants
being the most promising. Both researchers used partial pressure
of hydrogen in the kinetic expressions.

1.4.2. Solvent Effect.Singh and Vannice72 and Rautanen et
al.76 marked the magnitude of the solvent effect on the final
result and proposed the use of liquid-phase hydrogen concentra-
tion instead of hydrogen partial pressure in the kinetic rate.
Toppinen et al.71 used also hydrogen concentration in the rate
expression. They fitted two mechanistic models to the experi-
mental data, including that of Murzin et al.,70 which proved
insufficient to describe the data well. The qualified model was
one based on competitive adsorption of hydrogen and the
aromatic compound.

1.4.3. Activation Energy.Apparent activation energies for
gas-phase benzene hydrogenation on Ni vary in the range 26-
94 kJ/mol63 with the large majority lying between 28 and 58
kJ/mol. Singh and Vannice72 and Toppinen et al.,71 working on
Pd/Al2O3 and Ni/Al2O3, respectively, calculated exactly the same
apparent activation energy (37.7 kJ/mol). Chou and Vannice61

measured an apparent activation energy of∼53 kJ/mol for gas-
phase hydrogenation of benzene on supported and unsupported
Pd catalysts, and Murzin et al.70 calculatedEa equal to 41.5
kJ/mol for liquid-phase hydrogenation. From liquid-phase
benzene hydrogenation studies on Pt, Franco et al.73 gave an
apparent activation energy value of 35.4 kJ/mol, while Lin and
Vannice64 and Saeys et al.,69 by conducting gas-phase hydro-
genation of benzene, found values of 42-54 and 104 kJ/mol,
correspondingly. The value of apparent activation energy
published from Murzin et al.70 for liquid-phase benzene
hydrogenation on Ni/C is 61.5 kJ/mol. Two gas-phase reaction
studiesson Ni-Y zeolite and Ni/SiO2sby Coughlan and
Keane63 and Keane and Patterson67 reported values of apparent
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activation energies of 59.5 and 29.1 kJ/mol, respectively.
Louloudi et al.68 reported activation energies between 42 and
53 kJ/mol for benzene hydrogenation onxNiATOS catalysts.
From the above notes, it is easily concluded that the activation
energy varies in a wide range depending on the catalyst used
and the experimental system employed in each work.

1.5. Scope of the Paper.The scope of this paper is to study
reaction kinetics and mass transfer characteristics of benzene
hydrogenation over a commercial catalyst in a bench-scale
trickle-bed reactor. To this end, the fitting of the rival kinetic
models to experimental data is discussed, the best one for
simulation purposes is proposed, and the interfacial gas-liquid
mass transfer coefficients for this system are estimated and
compared with literature data. A comparison of upflow with
downflow three-phase reactor performance is also presented.

2. Experimental Section
The liquid-phase hydrogenation of benzene took place in an

integral, isothermal, laboratory bench-scale trickle-bed reactor.
The inner diameter of the reactor tube is 1 in., and its total length
is 47.5 cm. The temperature of the catalyst bed was monitored
and controlled via five thermocouples placed inside a thermowell
with an external diameter of 4 mm. The control of the temper-
ature within(1 °C is accomplished by software proportional-
integral-derivative (PID) controllers, which, through a system
of solid-state relays, supply with the appropriate energy every
single of the four resistors that “embrace” the reactor.

A piston-bearing pump drives liquid downward or upward
depending on the preferred mode of operation. The whole unit
resembles commercial ones, as it is semiautomated with the
operating parameters being controlled from a main personal
computer equipped with a data acquisition card to digitalize
analogue signals, which have been collected and intensified by
a multiplexer card. User-friendly software allows the easy
handling of the signals for either their surveillance or control.

The liquid product of the reaction is collected and analyzed
with the help of a gas chromatographer. Repeatability of GC
analysis was estimated to be(3%. The concentration ofn-
hexane, benzene, and cyclohexane in the samples is determined,
while toluene is used as an internal calibrator.

The experiments were conducted at temperatures in the range
of 70-100°C and total pressure of 16 bar. The minimum mass
liquid flow rate was 59 g/h and the maximum was 170 g/h,
corresponding to weighted hourly space velocities of 20-60
h-1. The gas flow rate changes between 1.4 and 31.4 NL/h.
The concentration of benzene in the liquid feed was varied from
1.45 to 7 wt %.n-Hexane was used as the solvent together with
cyclohexane (0-27.3 wt %).

The catalyst comes from commercial Ni/Al2O3 extrudates that
were crushed, and the particles used in this study were collected
between sieves with openings of 0.315 and 0.4 mm. The diluted
catalytic bed was 7 cm long and consisted of 3 g of catalyst
and 50 g of inert carborundum (SiC) particles with a mean
diameter of 0.25 mm. Before and after the catalyst bed, two
impeded zones, one from glass spheres of 3 mm in diameter
and another of 4 mm, secure uniform liquid distribution and
support the catalyst bed. The loading of the bed is dense as
portions of catalyst and diluent carborundum were sequentially
added in the continuously shaken reactor.

After activating the catalyst, stabilization was attempted for
50 h at 100°C. Deactivation was followed by repetition of
standard experiments. During the first circle of experiments,
a smooth deactivation of the catalyst with time was observed
and has been taken into account. In the beginning of each
experiment, high liquid and gas flow rates were used to wet

catalyst and avoid liquid maldistribution. The steady state of
an experiment was achieved after 6-10 h of continuous opera-
tion depending on liquid and gas flow rates.

3. Kinetic Expressions
A number of kinetic equations have been published in the

literature for benzene hydrogenation, and the most appropriate
for this work are summarized in the following. Franco et al.73

suggested the following four kinetic expressions for benzene
hydrogenation, with the first being qualified:

Toppinen et al.71 tried two kinetic models (eq 5) simplified
Murzin et al.70 and eq 6) simplified Smeds et al.66), where
γ ) 1 for molecular adsorption orγ ) 2 for dissociative
adsorption.

Murzin et al.70 proposed the following kinetic equation:

The study by Singh and Vannice72 resulted in the following
kinetic form:

From the above kinetic expressions, the ones that best fitted
our data are eq 1 (Model 1) using hydrogen concentration in
the liquid phase instead of hydrogen partial pressure in the gas
phase and neglecting the cyclohexane term, as well as eq 6 with
γ ) 2 (Model 2). Moreover, a classical LHHW kinetic form
(eq 9, Model 3) and the simpler eq 10 (Model 4) have been
proved to fit very well our experimental data.

rp )
kKHKBCBPH

(1 + KHPH)(1 + KBCB + KCCC)
(1)

rp )
kKBCBxKHPH

(1 + xKHPH)(1 + KBCB + KPCP)
(2)

rp )
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2
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rp )
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Cyclohexane concentration is not used as an inhibiting factor
because its weak influence on conversion was experimentally
verified for the catalyst used in this work.

4. Simulation Model

Two forms of kinetic models can be incorporated into reactor
simulation codes: a pseudo-homogeneous form and a hetero-
geneous one. Although pseudo-homogeneous models have
been widely used for the simulation of industrial trickle-bed
reactors, the development of more detailed models is inevitable,
especially in scale-up/down studies and in catalyst and kinetic
research. Preliminary tests conducted with the use of a pseudo-
homogeneous model depicted its clear weakness in fitting our
experimental results. Therefore, a model incorporating volatil-
ization effects and gas-liquid mass transfer resistance was
developed in an attempt to better outline reality in the catalyst
bed reactor.

The basic parts of the simulation model consist of the first-
order ordinary differential equations corresponding to mass
balances and the nonlinear unconstrained optimization tech-
nique77 for the data fitting. The fourth-order Runge-Kutta78

method was used for the arithmetic solution of the differential
equations, while the modified Levenberg-Marquardt method
(Visual Numerics: IMSL Math/Library) was selected for the
optimization.

The volatility of the liquid reactants was taken into account
by utilizing Soave-Redlich-Kwong cubic equation of states79

and estimating the vapor-liquid equilibrium constants with
the Newton-Raphson method. Gas-liquid equilibrium was
assumed at the reactor inlet.

In the following mass balances of the simulation model for
the gas and liquid phases, gas-liquid mass transfer resistances
have been considered, while in the kinetic expressions, the
concentrations of the reactants in the liquid phase are used. Mass
transfer rates are calculated on the basis of the thin-film theory.

In the liquid phase, the differential mass balances for the
reactants along the reactor axis are

and the corresponding ones for the gas phase are

Equilibrium at the gas-liquid interface can be described by

while the gas-side and liquid-side mass transfer coefficients are
correlated as

The gas- and liquid-side mass transfer coefficients are related
to the corresponding film thicknesses (l) and diffusion coef-
ficients (DGi or DLi) by the following relations:

For the estimation of the kinetic parameters, which are
strongly correlated with each other, a reparameterization
techniquesreduction of interaction of parameters by appropriate
transformationshas been applied.80 This reparameterization
method allows initial values from an extended range to be tested,
ensuring the avoidance of local minima.81

Eight parameters are to be estimated:θ andæ for the three
kinetic constants and overall mass transfer coefficientsakGL of
benzene and hydrogen for every single experiment. To overcome
the drawback of the large number of parameters, we have
selected a set of 23 experiments that have similar gas- and liquid-
phase velocities. Then, this set is used for the estimation of the
kinetic constants as well as the values of the overall mass
transfer coefficients for benzene and hydrogen that are the same
for all the experiments of the set as the hydrodynamics of the
gas-liquid interface is similar. Assuming thermodynamic
equilibrium at the catalyst bed inlet, the concentration profiles
in the gas and liquid phases along the bed are calculated by
solving the mass balance eqs 11-14.

All the effort is focalized on the minimization of the objective
functionΦ that incorporates the experimental and parameters’
estimation errors and is expressed as the sum of the squared
differences of experimental and calculated benzene conversion
percent at the reactor exit for the 23 experiments.

5. Results

5.1. Reaction Kinetics.By minimizing eq 20 for the four
rival models, as discussed before, the values given in Table 1
were obtained for preexponential factors, apparent activation
energies, adsorption enthalpies, and overall mass transfer coef-
ficients for hydrogen and benzene. The similarity of the values
estimated for the overall mass transfer coefficients for benzene
and hydrogen using any of the four models indicates that these
parameters are reliably estimated.

As already mentioned, the apparent activation energy of
benzene hydrogenation stands in the range of 26-94 kJ/mol,
which is in good agreement with the values predicted in this
work for all models. The adsorption enthalpy of benzene is
expected to be much higher than that predicted for Models 1
and 2, in the range of 40-60 kJ/mol at medium coverage66 or
50-105 kJ/mol at monolayer coverage according to Keane and
Patterson67 on nickel metal. Hydrogen adsorption enthalpy
usually lies between 30 and 42 kJ/mol61 and 40-120 kJ/mol
(calorimetric and TPD studies),66 while Lindfords et al.82

reported an adsorption enthalpy of 104 kJ/mol for liquid-phase
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toluene hydrogenation on Ni/Al2O3. All models tested except
Model 4 give reasonable values for hydrogen adsorption
enthalpy.

However, all models fit very well the experimental data as
indicated by the values ofΦmin/Nexp in Table 1 and observed in
Figure 1. Model 1 generates the minimum deviation between
predicted and experimental values of benzene conversion, and
this is used in the following, for the estimation of the mass
transfer coefficients of every single experiment.

5.2. Mass Transfer Effects.The effect of the gas velocity
on reactor operation was studied by changing the gas flow rates,
while the range of the liquid flow rate was narrow and the
change of the liquid velocity is not expected to considerably
affect the mass transfer coefficients. Eighty-eight experiments
were conducted in the temperature range in which the reaction
kinetics was estimated, namely, 70-100 °C. Seventy-nine
experiments took place in downflow mode and nine took place
in upflow mode, for the sake of comparison.

The overall mass transfer coefficients of benzene and
hydrogen for every single experiment were first estimated. By
processing the experimental data, it was made clear that the
change of the benzene overall mass transfer coefficient had little
effect on the results. Particularly for values<10-3 s-1, a 1000-
fold variation of the coefficient altered the result by 5% at most.
For values>10-3 s-1, the equilibrium was reached, and so there
was no benzene transfer between the gas and liquid phases.
Therefore, hydrogen gas-liquid mass transfer mainly affects
the reactor performance, while benzene mass transfer is of minor
importance.

Equilibrium calculations yield that>95% of the total benzene
is present in the liquid phase, and even if no benzene was
transferred from the gas phase to the liquid phase, that present
in the liquid-phase benzene at the entrance would be sufficient
in most cases for the conversions we measured,<95%. On the
opposite side, that diluted in the liquid-phase hydrogen was
<10% of that needed for the conversions measured, while its
concentration in the gas phase was dropping up to 60% along
the reactor length. This implies that hydrogen mass transfer
effects predominate at the conditions in which the reaction was
studied.

Figure 2 presents the values ofakGL for hydrogen versus the
averagesalong the reactor’s catalytic bedssuperficial velocity
of the gas phase for the downflow and upflow experiments.
From this figure, it is observed that the overall gas-liquid mass
transfer coefficient for hydrogen transport strongly depends
on gas velocity in both upflow and downflow experiments.
Moreover, for superficial gas velocities<0.1 cm/s, the upflow
mass transfer coefficient is distinctly less than the corresponding
downflow one, while the difference between the two values
diminishes as the velocity increases.

The effect of the gas-phase superficial velocity on the gas-
side and liquid-side mass transfer coefficients is considerable
and is always taken into account in the various correlations
proposed in the literature.40,45Thus, the dependence of the gas-
and liquid-side mass transfer coefficients on the gas superficial
velocity has been investigated using the available experimental
data. This was attempted by associating the ratioa/l () akGi or Li/
DGi or Li) on the gas and liquid sides, with the average superficial
velocity of the gas phase through an exponential relationship.
This form of dependence is widely used in the literatures
although sometimes power equations incorporating Reynolds
number instead of gas velocity are preferred (Table 2)sand it
is observed from Figure 2 to hold for the overall mass transfer
coefficient. In this way, we obtained the following two equations
for the trickle-flow operation:

Figure 3 presents the parity plot of the benzene conversions
measured for the downflow experiments. The predictions are
fairly good, with∼10 out of 79 experimental points falling out
of the deviation limit of 10% between predicted and experi-
mental values for benzene conversion.

In Figure 4, the estimated gas- and liquid-side mass transfer
coefficients are presented. It is observed that the hydrogen gas-
side mass transfer coefficients are 1 order of magnitude higher
than the corresponding coefficients for benzene mass transfer,
while the liquid-side hydrogen mass transfer coefficients have
∼5× larger values than the benzene ones. The velocity impact
on the mass transfer coefficients appears to be more extended
for the gas-side transport than for the liquid-side transport.

The overall mass transfer coefficients for hydrogen and
benzene that result from relations 21 and 22 are presented in

Table 1. Preexponential Factor, Activation Energy, Adsorption
Enthalpy of Benzene and Hydrogen, Overall Gas-Liquid Mass
Transfer Coefficients for Benzene and Hydrogen, and Objective
Function for the Four Qualified Kinetic Models

models 1 2 3 4

A1 1.24E+14 8.31E+13 3.81E+12 4.95E+13
Ea (J/mol) 4.87E+04 4.77E+04 3.87E+04 4.78E+04
A2 5.53E-03 1.77E-09 1.53E-04 1.49E-36
∆HH2 (J/mol) 4.29E+04 7.99E+04 5.14E+04 2.60E+05
A3 1.93E+03 3.95E+02 2.61E+01 2.63E+00
∆HB (J/mol) 5.72E+03 5.70E+03 1.56E+04 2.50E+04
akGLH2 (s-1) 2.90E-02 2.97E-02 3.20E-02 4.18E-02
akGLB (s-1) 1.47E-05 1.72-05 1.80E-05 1.75E-05

xΦmin/Nexp 1.1987 1.2231 1.2320 1.2308
Figure 1. Parity plot of experimental versus predicted benzene conversions
for the four qualified kinetic models (lines present(5% confidence zones).

Figure 2. Overall mass transfer coefficient of hydrogen versus average
superficial gas velocity for downflow and upflow modes of operation.

ln(akLi/DLi) ) ln(a/l) ) 1.17 ln(Ug aver) + 9.32 (21)

ln(akGi/DGi) ) ln(a/l) ) 2.52 ln(Ug aver) + 9.40 (22)
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Figure 5. Although the predicted values for hydrogen transfer
are less scattered compared to those of Figure 2, the range in
which they vary is about the same. Moreover, it is observed
that the overall mass transfer coefficient for the benzene transfer
is very low compared to that of hydrogen; however, this does
not affect the process because of the practically negligible
amounts of benzene demanded to be transferred from the gas
phase to the liquid phase, as discussed before.

Turek and Lange40 (eq 24, Table 2), Midoux et al.,51 and
Morsi et al.41 report liquid-side mass transfer correlations for
gas-liquid systems flowing through fixed beds. In these works,
the form of eq 23 (Table 2) first published by Goto and Smith46

is used. Ellman et al.83 proposed a more complicated algebraic
equation (eq 25, Table 2), which is also used by Gianetto and
Specchia.6 Wild et al.43 published also some mass transfer cor-

relations based on eq 26, distinguishing between low-, high-,
and transition-interaction regimes. Iliuta et al.44 started using
neural networks instead of algebraic equations, and Larachi et
al.45 improved and expanded to heat transfer this kind of correla-
tion. While many correlations exist for the liquid-side mass
transfer, only a few have been published for the gas-side mass
transfer. Those published from Yaichi et al.42 (eq 28, Table 2)
and Wild et al.43 (eq 27, Table 2) are presented together in the
paper by Iliuta et al.44 Finally, Larachi et al.45 gave a complete
set of equations for predicting mass transfer correlations.

In Figures 6 and 7, a comparison of our results with literature
data is attempted. For the accomplishment of this comparison,
a number of physicochemical properties need to be used. As
our experiments were performed at a relatively narrow range

Figure 3. Parity plot of experimental versus predicted conversions of
benzene extracted from optimization for estimating mass transfer coefficients
(continuous lines present(10% deviation zones).

Figure 4. Gas- and liquid-side mass transfer coefficients for benzene (B)
and hydrogen (H2) versus average superficial gas-phase velocity for
downflow.

Table 2. Mass Transfer Correlations Published in Literature

authors correlations

Goto-Smith46
akL(G-S) ) 4440Dl(Rel

0.4)(Scl
0.5) (23)

Turek-Lange40
akL(T-L) ) 16.8Dl(Ga-0.22)(Rel

0.25)(Scl
0.5) (24)

Ellman et al.83

akL(Ell) ) 0.45( Dl

dK
2)(XG

0.65)(Rel
1.04)(Wel

0.26)(Scl
0.65)( asdK

(1 - ε))0.325 (25)

Wild et al.43

akL(W) ) (2.8× 10-4)( Dl

dK
2)[(XG

0.25)(Rel
0.2)(Wel

0.2)(Scl
0.5)( asdK

(1 - ε))0.25]3.4 (26)

Wild et al.43

akG(W) ) 0.067(Dg

dK
2)[(XG

0.5)(Reg
0.8)(Weg

0.2)(Scg
0.5)( asdK

(1 - ε))0.25]1.1 (27)

Yaichi et al.42

akG(Y) ) 0.049Dg(as

dp
)0.985

(Reg
1.08)(Rel

0.2)(Scg
0.5)(dp

dc
)0.72 (28)

Figure 5. Overall mass transfer coefficients for benzene (B) and hydrogen
(H2) versus average superficial gas-phase velocity for downflow.

Figure 6. Comparison of our results of gas-side mass transfer coefficient
with predictions of literature correlations for hydrogen (H2) and benzene
(B).
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of liquid velocities for which the velocity changes are not
expected to have a remarkable impact on mass transfer coef-
ficient values, an average value for liquid velocity is used in
all calculations and comparison figures.

In Figure 6, the predicted values from the equations given in
Table 2 for the gas-side mass transfer coefficient are plotted
along with the curves derived from a recent publication
correlating operating conditions with mass transfer through a
neural network method.45 The neural network of the latter work
has been developed with data for gas velocities between 0.38
and 200 cm/s and liquid velocities from 0.045 to 1.62 cm/s,
and the curve in our drawing is an extrapolation. Although the
gas velocities of this work are lower than those used from the
previous investigators, the estimated gas-side mass transfer
coefficients are not far from their predictions. The correlations
proposed by Yaichi et al.42 and Wild et al.43 (eqs 27 and 28,
Table 2) predict lower values than those estimated in this study,
while predictions by Larachi et al.45 seem unaffected by gas
velocity and exhibit higher values than this work at low gas
velocities (<3 × 10-2 cm/s) and lower values at high velocities.

In Figure 7, the liquid-side mass transfer correlations
estimated in this work and calculated from literature correlations
are presented. Liquid and gas velocity ranges used by Turek
and Lange40 and Larachi et al.45 are closer to the ones used in
this work. Ellman et al.83 reported that their correlation is reliable
for 10-6 < XG < 0.8, whenXG values of this work stand between
0.08 and 2.

Most of the correlations connect liquid-side mass transfer
coefficients only with liquid velocity and gas-side mass transfer
coefficients only with gas velocity. Larachi et al.45 take into
account both velocities for estimating gas- and liquid-side mass
transfer coefficients. Nevertheless, Figure 7 includes all cor-
relations independent of what liquid velocities were used for
their derivation. In general, these correlations may not be
appropriate for such low gas and liquid superficial velocities
as those we have worked with. Correlations given by Ellman
et al.83 and Larachi et al.45 predict liquid-side mass transfer
coefficient data (akL) close to those estimated in this work, while
the rest of the correlations predict lower values by more than
an order of magnitude.

Furthermore, sparse data of liquid-side mass transfer coef-
ficients obtained under different liquid and gas superficial
velocities and systems were collected from literature and
compared with the liquid-side mass transfer coefficients for
benzene calculated in this work (Figure 8). It is observed that
the values of benzene mass transfer coefficients are clearly
higher than the majority of the points presented except for those
of Shah,2 with which they seem to bear the same range and

trend. The extremely low liquid and gas velocities used in this
work appear to be the reason for the observed deviations.

The calculations of the physical properties of the reacting
mixture were based on correlations taken fromChemical Prop-
erties Handbook,84 Perry’s Chemical Engineers’ Handbook,85

and the bookThe Properties of Gases and Liquids86 for
multicomponent hydrocarbon gas systems at high pressures.

5.3. Downflow Versus Upflow.A comparison of the perfor-
mance of the laboratory reactor in upflow and downflow modes
is presented in Figure 9. The comparison is attempted at 80°C.
It is shown that, for low gas flow rates, the performance in the
downflow mode of operation is superior to that of the upflow
one. As the gas velocity increases, the differences decrease and
the performance of the catalyst bed in downflow and upflow
modes becomes identical for high gas flow rates.11 In connection
with Figure 2, it appears that the lower mass transfer coefficients
at low gas velocities account for the inferior performance of
the upflow reactor for the experimental conditions of this work.

6. Conclusions

A study on the benzene hydrogenation over commercial
catalyst particles in a laboratory three-phase reactor is presented.
The working flow regime is the trickle one.

From the comparison of rival kinetic models and from the
data and the analysis presented, four models appear to describe
very well the intrinsic hydrogenation rates for the experimental
conditions used to perform the experiments.

An analytical reactor simulation model incorporating reaction
kinetics, liquid volatility, and solvent effects predicts the experi-
mental data very well.

Mass transfer limitations appear to have a considerable impact
on reactor performance. Overall, gas-side and liquid-side mass
transfer coefficients for hydrogen as well as for benzene transfer
have been presented. No other experimental mass transfer data

Figure 7. Comparison of our results of liquid-side mass transfer coefficient
with predictions of literature correlations for hydrogen (H2) and benzene
(B).

Figure 8. Comparison of our results of liquid-side mass transfer coefficient
for benzene with published experimental data of various systems.

Figure 9. Benzene conversion versus gas flow rate for upflow and
downflow operation.
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were found in the literature for the gas and liquid velocity
regions examined in this work.

For low gas velocities, mass transfer in upflow operation has
a greater effect on the reactor performance, although at higher
velocities the differences diminish. This is attributed to the lower
mass transfer coefficients calculated for the upflow operation.
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Nomenclature

a, av ) volumetric interfacial area (cm2/cm3)
A ) internal area of the reactor (cm2)
A1 ) preexponential factor for the specific reaction constant
A2 ) preexponential factor for the adsorption constant of

hydrogen
A3 ) preexponential factor for the adsorption constant of

benzene
A0 ) preexponential factor (Arrhenius law)
as ) external area of particles and wall per unit reactor volume

(cm2/cm3)
CI ) concentration of componentI (concentration units, e.g.,

mol/cm3)
CiG

/ ) concentration of componenti in the gas side of the gas-
liquid interface (mol/cm3)

CiL
/ ) concentration of componenti in the liquid side of the
gas-liquid interface (mol/cm3)

CLI ) concentration of componentI in the liquid phase (mol/
cm3)

dc ) column diameter (cm)
DGi ) diffusion coefficient of componenti in the gas phase

(cm2/s)
dK ) Krischer and Kast hydraulic diameter
DLi ) diffusion coefficient of componenti in the liquid phase

(cm2/s)
dp ) grain equivalent diameter, diameter of sphere having same

volume as grain (cm)
DR ) R-phase diffusion coefficient (cm2/s)
Ea ) apparent activation energy of benzene hydrogenation (kJ/

mol)
Ga ) Galileo number
HI ) Henry’s constant of componentI
k ) reaction-specific constant (depends on the units of the

reaction rate)
ki ) kinetic constants (depends on the units of the reaction rate)
kGi ) gas-side mass transfer coefficient of componenti (s-1)
kGLi ) overall mass transfer coefficient of componenti (s-1)
KI ) adsorption constant of componentI (units of reverse

concentration, e.g., cm3/mol)
kLi ) liquid-side mass transfer coefficient of componenti (s-1)
NB ) mole fraction of benzene
Nexp ) number of experiments conducted
NGLi ) gas-liquid mass transfer flux of componenti (mol/h)
NLi ) molar feed of componenti in the liquid phase (mol/h)
NVi ) molar feed of componenti in the vapor phase (mol/h)
PI ) partial pressure of componentI (pressure units, e.g., bar)
R ) gas constant (R ) 8.314 39( 0.000 34 (abs Joule)/(deg

mol))
ReR ) R-phase Reynolds number
rp ) reaction rate (mol/h/gcat)
ScR ) R-phase Schmidt number
T ) temperature (K)

UR ) superficialR-phase velocity (cm/s)
WeR ) R-phase Weber number
XG ) Lockhart-Martinelli number
Ìi ) experimental conversion percent of benzene hydrogenation

for experimenti
Ì̂i ) predicted conversion percent of benzene hydrogenation

for experimenti
z ) reactor length (cm)

Greek Letters

∆HB ) adsorption enthalpy of benzene (J/mol)
∆HH2 ) adsorption enthalpy of hydrogen (J/mol)
ε ) bed void fraction
Fbed ) catalytic bed density (g/cm3)
Φmin ) minimized objective function

Subscripts

R ) gas or liquid
aver) average value
G or g ) gas
I or i ) benzene, hydrogen, cyclohexane, orn-hexane
L or l ) liquid
V ) vapor
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