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Kinetics and Mass Transfer of Benzene Hydrogenation in a Trickle-Bed Reactor
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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 exterhiqligasass

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 incorporatinglajpdd 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 interaction regime); and the dispersed bubble-flow regime.

. . Many models (those by Ngand Holub et at3) and flow maps
éll leedd_- Behd Rﬁactprsl.'l_'rgzkle-b(?d rea_ctorsh('l('jBRs) are  exist mainly for the prediction of regime transition, but the two

widely used In the chemical industry for various hydrogenation ., ignificant diagrams depicting flow-pattern boundaries have

reactions. Op.erating at e!evated temperatures and Préssuré;ean published by Fukushima and KusdkBand Charpentiet®
they succeed in attaining high conversion per catalyst mass WIthThe low gas and liquid Reynolds numbers of this work allow

minimum power consumption, perforr_n_ance that makes th?m for the assertion of belonging to the trickle-flow regime.
favorable to chemical engineers. Additional aspects regarding 122 Wettina Effici R ding th talvst wetti
TBR advantages and disadvantages as well as operational char- "™ etling EMmiciency. Regarding the catalyst wetting
acteristics are summarized mainly in the reviews of Satterfield, gfﬂmency, ‘he“? are numerous studies _publlshed.. For its estima-
Shal? Herskowitz and Smit Ramachandran and Chaudrtari, tion, two experimental methods are widely used: the physical

“ » 7-19 H « PR 25
Ng and Chi;, Gianetto and SpecchfaSaroha and Nigarh, _IELacer met|h°d thand tthe lcherglclal tr:eflgthn metr|16tf&. I sol
Al-Dahhan et al8 Dudukovic et al? and Nigam and Larachf. ere are aiso mathematical models that derive analytica’ Solu-

In trickle-bed reactors, the gas and liquid phases flow down- tions of the overall catalyst effectiveness factor in a partially

ward through a fixed bed of particles. The upward movement yvetted catalyst particié=> Ge"efa”y* a large number of var-

of the two-phase flow is selected for some reactions and applica—!ables’ such as cataly_st k_)ed conflgurat_lon, peII(_a'_[ features, phys-

tions in order to mainly avoid plugging or temperature runaways. |cal_propert|es of the liquid, and_ operating conditions, may have

In that case, the reactor is called flooded-bed reactor (FBR). At an |rnp_act on the catalys7t ;ivgt'ﬁ@' : )

high gas and liquid superficial mass flow rates, TBRs and FBRs __Pilution of catalyst bed, 3! *%levated pressuren particular

behave aliké’ the high gas densit§#,*>and the use of small particSmprove
While industrial TBRs are easily simulated by using the pseudo- catqust weﬁability. Liano et af: quking with a slighffly bigger .

homogeneous model that incorporates a number of simplifying particle diameter tha_m t_hat_ used in this yvork_an(_j Investigating

assumptions, when it comes to micro-, bench-, or pilot-scale the effect of superficial liquid mass velocityvhich is the most

laboratory reactors, the complexities associated with transport-mportant factor for accomplishing a fully wetted particte,
kinetic coupling are difficult to incorporate into analytical

achieved 100% wetting efficiency in our range of liquid veloc-
models. Understanding and quantifying hydrodynamic and mass'U€s-

transfer effects on TBR performance allows the decoupling of ~ 1.2.3. Axial Dispersion-Liquid Maldistribution. ~Small
transport phenomena and reaction kinetics. catalyst bed_s an_d Iow_I|qU|d flow rates are the main reasons of

The usual concepts of TBR hydrodynamics include flow €xtended axial dispersion effects on reactor performédcehe
regime, pressure drop, liquid holdup, effective catalyst wetting, US€ of fine catalyst particles or the bed dilution with inert fine
and liquid flow dispersion. Mass transfer resistances refer to Particles prevents such phenomena as radial or axial dispersion
interface transfer and intraparticle diffusion. Pressure drop andt0 influence reactor performané&?*and in combination with
liquid holdup, though interrelating with flow regime and wetting nigh gas and liquid flow rates before every single experiment
efficiency, are out of interest when a small-scale catalytic reactor OPeration in the high-interaction regime before each experiment
simulation is attempted. but without soaking the bed overnightthe absence of liquid

1.2. Hydrodynamics. 1.2.1. Flow RegimeThree basic flow ~ Maldistribution is ensured.
regimes have been distinguished for TBRs: the trickling flow  1.3. Mass Transfer. 1.3.1. Intraparticle Mass Transfer.
regime, also known as the low-interaction regime (the liquid Mass transfer limitations originating from the diffusion of the
phase trickles over the packing in the form of a thin liquid film, reactants into the pores of the catalyst can be neglected when
while the continuous gas phase moves through the remainingsmall catalyst particles are used. The internal surface of the
void space, usually cocurrently); the pulsing flow regime (high- catalyst is fully wetted as pores are completely filled with liquid

because of capillary forcés.

* Corresponding author. E-mail: npap@central.ntua.gr. T&30 1.3.2. Interface Mass Transfer Correlations.Interparticle
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in trickle-bed reactors have been examined in a wide range of Zrncevic and Rusk (review of kinetic models), Coughlan and
operating conditions. Shaland Turek and Land@ reviewed Keane?? Lin and Vannicé* Stanislaus and Coopf&extended
the most widely used correlations for the estimation of mass review on aromatic hydrogenation), Smeds €etdkthylben-
transfer coefficients, while Morsi et df,Yaichi et al.#? and zene), Keane and Patters8n,ouloudi et al.88 and Saeys et
Wild et al*3 proposed new ones. lliuta et #lcompiled over al%9, kinetic analysis of liquid-phase benzene hydrogenation
3200 experimental data, and by combining dimensional analysisis rarely reported in the literature [Murzin et &.Toppinen et
with artificial intelligence (neural networks), they derived state- al.,’* Singh and Vannicé? and Franco et &f]. However, even
of-the-art correlations on a large variety of fluid physical in the foresaid publications, the reaction takes place in a batch
properties, operating conditions, and geometrical properties of [Franco et af?], semibatch [Singh and Vanni¢é Toppinen et
packing, column, and particle shape. This group of researchersal.”}], or shacked [Murzin et al] reactor with various com-
has also given the most recent publicatfoon gas-liquid mass mercial or laboratory-produced catalysts (Pt [Franco éfal.

transfer in packed beds. Pd [Singh and Vannicg), and Ni [Murzin et al.’® Toppinen et
1.3.3. Experimental Estimation of Mass Transfer.Goto al.™y).
and Smith® Martin et al.?’” Turek and Langé? and Samb et A number of interesting features of liquid-phase hydrogena-

al*8are among the few that have investigated-gagiid mass tion can be found in the dissertations of Rautanen (http:/
transfer by physical methods at low liquid flow rates. Only lib.tkk.fi/Diss/2002/isbn9512262096/isbn9512262096.pdf) and
recently have researchers worked on the effect of pressure on_ylykangas (http://ib.tkk.fi/Diss/2004/isbn9512269139/
gas-liquid mass transfet*49**Wammes et at? concluded that  isbn9512269139.pdf), whose main difference from this work
elevated gas densities increase only interfacial areas. Larachis that they regard the kinetic modeling of toluene and not
et al>® presented a comprehensive database of previous studiepenzene-although both monoaromatiesn a continuous stirred
regarding the effect of pressure on mass transfer parametersiank reactor. Rantakylat al’4 hydrogenated toluene as well,
proposing a phenomenological description in accordance with in a laboratory-scale trickle-bed reactor similar to the one used
a semiempirical two-zone model for the evaluation of the for benzene hydrogenation in this work.

volumetric liquid-side mass transfer coefficients. Murzin and Kul’kova® examined thoroughly benzene hydro-
Midoux et al>* determined mass transfer parameters by genation on different metal catalysts. They proposed a reaction
chemical technique using organic liquids. Goenaga €tased mechanism based on the formation of cyclohexene on the

dynamic methods to study gas-to-liquid mass transfer in trickle- catalyst surfac& from which they derived the kinetic expression
bed reactors, indicating a strong dependence of mass transfebf the reaction. Franco et &.suggested four mechanisms
coefficient on gas flow rate, while Toppinen et>aimodeled assuming LangmuirHinshelwood-Houger-Watson (LHHW),
mass transfer using both Stefallaxwell equations and the  competitive or noncompetitive, and dissociative or nondisso-
effective diffusivity method, extracting similar results. lliuta and  cjative adsorption for benzene and hydrogen. In this way, they
Thyrior>* showed that, in the trickle-flow regime, volumetric  extracted eight different kinetic models, with the one standing
liquid mass transfer coefficients obtained by physical and for nondissociative noncompetitive adsorption of both reactants
chemical absorption are close and axial dispersion is significant peing the most promising. Both researchers used partial pressure
at low liquid velocities and high initial concentration of the  of hydrogen in the kinetic expressions.

liquid reactant. _ 1.4.2. Solvent EffectSingh and Vannic€ and Rautanen et
Sparse data exist in the literature on the mass transfer char-5) 76 marked the magnitude of the solvent effect on the final
acteristics of a fixed bed with cocurrent _upr@\7/\f{7'49The values result and proposed the use of liquid-phase hydrogen concentra-
of the liquid-side mass transfercoefflments of Lara Marquez et tjgn instead of hydrogen partial pressure in the kinetic rate.
al*® are 1 order of magnitude lower than those of Stuber et Toppinen et af used also hydrogen concentration in the rate
al.*" although the latter worked at lower liquid flow rates. expression. They fitted two mechanistic models to the experi-
Evren and @duraP® developed a new technique to calculate mental data, including that of Murzin et &.which proved
liquid film mass transfer coefficients, and Benadda et®al. insufficient to describe the data well. The qualified model was
determined volumetric liquid-side mass transfer coefficients one based on competitive adsorption of hydrogen and the
during gas-liquid absorption in a countercurrent packed-bed aromatic compound.
column. Bin et aP” estimated ozone mass transfer coefficients 1.4.3. Activation Energy. Apparent activation energies for
in a tall bubblle. column, while Dlyska et %.meqsured Mass  gas.phase benzene hydrogenation on Ni vary in the range 26
transfer coefficients for the physical and chemical absorption g4 3/mo$2 with the large majority lying between 28 and 58
in & gas-liquid Couette-Taylor flow reactor. kd/mol. Singh and Vanni¢&and Toppinen et alt working on
However, mass transfer data at low gas and liquid flow rates pg/a},0; and Ni/ALOs, respectively, calculated exactly the same
such as those prevailing for benzene hydrogenation in small gpparent activation energy (37.7 kd/mol). Chou and Vashice
bench'scale reactors dO not eX|St Therefore, mu|t|phase modeIS'neasured an apparent activation energy,ﬁs kJ/mol for gas_
describing the composition change of reactants and products inphase hydrogenation of benzene on supported and unsupported
both liquid and gas phases along the reactor length cannot bepy catalysts, and Murzin et @.calculatedE, equal to 41.5
developed for the simulation of this system. kJ/mol for liquid-phase hydrogenation. From liquid-phase
1.4. Reaction Kinetics. 1.4.1. Gas- and Liquid-Phase benzene hydrogenation studies on Pt, Franco &t gdve an
Kinetics. There are few journal publications that concern apparent activation energy value of 35.4 kJ/mol, while Lin and
benzene hydrogenation in a trickle-bed reaétéP.5°0Only that Vannicé* and Saeys et af® by conducting gas-phase hydro-
of Sharma et &% considers the reaction kinetics of benzene genation of benzene, found values of-4 and 104 kJ/mol,
hydrogenation to cyclohexane in a trickle-bed reactor, not on a correspondingly. The value of apparent activation energy
Ni/Al 203 catalyst yet. published from Murzin et & for liquid-phase benzene
In contrast to the gas-phase reaction, which is widely studied hydrogenation on Ni/C is 61.5 kJ/mol. Two gas-phase reaction
by various researchers as a model aromatic hydrogenationstudies-on Ni—Y zeolite and Ni/Si@—by Coughlan and
reaction over group VIII metal catalysts [Chou and Vanifice, Keané®and Keane and Patter§émeported values of apparent
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activation energies of 59.5 and 29.1 kJ/mol, respectively. catalyst and avoid liquid maldistribution. The steady state of

Louloudi et al®® reported activation energies between 42 and an experiment was achieved after 5 h of continuous opera-

53 kJ/mol for benzene hydrogenation ®NIATOS catalysts. tion depending on liquid and gas flow rates.

From the above notes, it is easily concluded that the activation . .

energy varies in a wide range depending on the catalyst useds: Kinetic Expressions . . .

and the experimental system employed in each work. _ A number of kinetic equations have been published in the
1.5. Scope of the PapeiThe scope of this paper is to study literature for benzene hydrogenation, and the most appropriate

reaction kinetics and mass transfer characteristics of benzend©r this work are summarized in the following. Franco ef‘al.

hydrogenation over a commercial catalyst in a bench-scale Suggested the following four kinetic expressions for benzene

trickle-bed reactor. To this end, the fitting of the rival kinetic nydrogenation, with the first being qualified:

models to experimental data is discussed, the best one for KK K.C.P
simulation purposes is proposed, and the interfaciat-tigsid ro= HB™B H (1)
mass transfer coefficients for this system are estimated and P (14 KyPy)(1 + KgCq + KCo)
compared with literature data. A comparison of upflow with
downflow three-phase reactor performance is also presented.
P P P KK,Ca/KP, (2)

2. Experimental Section o= —

The liquid-phase hydrogenation of benzene took place in an (1F VK4P(L + KeCq + KeCp)
integral, isothermal, laboratory bench-scale trickle-bed reactor.
The inner diameter of the reactor tube is 1 in., and its total length kK, KgCgPy 3)
is 47.5 cm. The temperature of the catalyst bed was monitored = 2
and controlled via five thermocouples placed inside a thermowell (1 KyyPy + KgCq 1 KeCp)
with an external diameter of 4 mm. The control of the temper-
ature within£1 °C is accomplished by software proportioral kK KgCgPy
integral-derivative (PID) controllers, which, through a system ' (4)

of solid-state relays, supply with the appropriate energy every (1 + VKyPy + KgCq + KF’CF’)3
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

Toppinen et all tried two kinetic models (eq & simplified
Murzin et al’® and eq 6= simplified Smeds et &), where
y = 1 for molecular adsorption oy = 2 for dissociative

operating parameters being controlled from a main personal adsorption.
computer equipped with a data acquisition card to digitalize kCyCy
analogue signals, which have been collected and intensified by o= K 1 (5)
a multiplexer card. User-friendly software allows the easy —CuCy + - C.+Cy
handling of the signals for either their surveillance or control. ks Ka
The liquid product of the reaction is collected and analyzed
with the help of a gas chromatographer. Repeatability of GC ro= KKKgCeCyy (6)
analysis was estimated to ke3%. The concentration af- P [3KgCp + (KHCH)”V + 1+t
hexane, benzene, and cyclohexane in the samples is determined,
while toluene is used as an internal calibrator. Murzin et al’® proposed the following kinetic equation:
The experiments were conducted at temperatures in the range
of 70—100°C and total pressure of 16 bar. The minimum mass _ kNP 7
liquid flow rate was 59 g/h and the maximum was 170 g/h, o= Ng + K'(1 — Ng) + KNgPy 0

corresponding to weighted hourly space velocities of-20
h=1. The gas flow rate changes between 1.4 and 31.4 NL/h. The study by Singh and Vanni@eresulted in the following
The concentration of benzene in the liquid feed was varied from kinetic form:
1.45 to 7 wt % .n-Hexane was used as the solvent together with
cyclohexane (627.3 wt %). [ = kK KgCsCyy
The catalyst comes from commercial Ni#® extrudates that p
were crushed, and the particles used in this study were collected (1 + VKLC(KLCy + KgCry/KyCyy + KDKBCB)8
between sieves with openings of 0.315 and 0.4 mm. The diluted (8)

catalytic bed was 7 cm long and consistefd3ag of catalyst From the above kinetic expressions, the ones that best fitted
and 50 g of inert carborundum (SiC) particles with a mean oyr data are eq 1 (Model 1) using hydrogen concentration in

diameter of 0.25 mm. Before and after the catalyst bed, two the |iquid phase instead of hydrogen partial pressure in the gas
impeded zones, one from glass spheres of 3 mm in diameterphase and neglecting the cyclohexane term, as well as eq 6 with
and another of 4 mm, secure uniform liquid distribution and y = 2 (Model 2). Moreover, a classical LHHW kinetic form

support the catalyst bed. The loading of the bed is dense as(eq 9, Model 3) and the simpler eq 10 (Model 4) have been
portions of catalyst and diluent carborundum were sequentially proved to fit very well our experimental data.

added in the continuously shaken reactor.
After activating the catalyst, stabilization was attempted for kGCy

50 h at 100°C. Deactivation was followed by repetition of = (14 K, C,, + KyC )2 ©)
standard experiments. During the first circle of experiments, H™H B™B

a smooth deactivation of the catalyst with time was observed KCsC

and has been taken into account. In the beginning of each r H (10)

experiment, high liquid and gas flow rates were used to wet P1+ KhCh + KgCs
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Cyclohexane concentration is not used as an inhibiting factor _ 1 _ 1 17
because its weak influence on conversion was experimentally Keui = 1 1 1 N RT 17)
verified for the catalyst used in this work. K, kg H ki kgH;

4. Simulation Model The gas- and liquid-side mass transfer coefficients are related

Two forms of kinetic models can be incorporated into reactor to the corresponding film thicknessd$ &nd diffusion coef-
simulation codes: a pseudo-homogeneous form and a heteroficients Dg;i or D.;) by the following relations:
geneous one. Although pseudo-homogeneous models have

been widely used for the simulation of industrial trickle-bed Li a, a, ak;

reactors, the development of more detailed models is inevitable, ki = T —ak,; =Dy T = T D. (18)
especially in scale-up/down studies and in catalyst and kinetic H

research. Preliminary tests conducted with the use of a pseudo- Dg a, a, akg
homogeneous model depicted its clear weakness in fitting our kei = T akg = Dg T 7" Do (19)
experimental results. Therefore, a model incorporating volatil- Gi

ization effects and gadiquid mass transfer resistance was o o )
developed in an attempt to better outline reality in the catalyst For the estimation of the kinetic parameters, which are
bed reactor. strongly correlated with each other, a reparameterization
The basic parts of the simulation model consist of the first- téchnique-reduction of interaction of parameters by appropriate
order ordinary differential equations corresponding to mass transformation-has been applied. This reparameterization
balances and the nonlinear unconstrained optimization teCh_methOd allows initial values from an extended range to be tested,
nique’” for the data fitting. The fourth-order Rung&utta’® ensuring the avoidance of local r_n|n|r?Fa.
method was used for the arithmetic solution of the differential ~_Eight parameters are to be estimatétand for the three
equations, while the modified LevenberMarquardt method kinetic constants and overall mass transfer coefficiakts of
(Visual Numerics: IMSL Math/Library) was selected for the Penzene and hydrogen for every single experiment. To overcome
optimization. the drawback of the large number of parameters, we have
The volatility of the liquid reactants was taken into account Selected a set of 23 experiments that have similar gas- and liquid-
by utilizing Soave-Redlich—-Kwong cubic equation of stat& phase velocities. Then, this set is used for the estimation of the

and estimating the vapetiquid equilibrium constants with ~ Kinetic constants as well as the values of the overall mass
the Newtor-Raphson method. Gagiquid equilibrium was transfer coefficients for benzene and hydrogen that are the same

assumed at the reactor inlet. for all the experiments of the set as the hydrodynamics of the

In the following mass balances of the simulation model for 9as-liquid interface is similar. Assuming thermodynamic
the gas and liquid phases, gdijuid mass transfer resistances equilibrium at the catalyst bed inlet, the concentration profiles
have been considered, while in the kinetic expressions, thein the gas and liquid phases along the bed are calculated by
concentrations of the reactants in the liquid phase are used. Mas§©lving the mass balance eqs-114.
transfer rates are calculated on the basis of the thin-film theory. Al the effort is focalized on the minimization of the objective

In the liquid phase, the differential mass balances for the fun_ctior_1d> that incorpo_rates the experimental and parameters’
reactants along the reactor axis are estimation errors and is expressed as the sum of the squared

differences of experimental and calculated benzene conversion

dN, g P, percent at the reactor exit for the 23 experiments.
dz aNg g — Mpoped = [kGLBa(H_B - CLB) - rppbed]A N
exp
— < \2
(11) D = (Xi - Xi) (20)
dNy "~

Py
= aNg i = 3poped® = [Korrdl g~ = Cin| = 3pPped A
dz Hy

12)

5. Results

5.1. Reaction Kinetics.By minimizing eq 20 for the four
and the corresponding ones for the gas phase are rival models, as discussed before, the values given in Table 1
were obtained for preexponential factors, apparent activation
dN = energies, adsorption enthalpies, and overall mass transfer coef-
—= = kGLBa(_B - CLB)A (13) ficients for hydrogen and benzene. The similarity of the values
dz Hg estimated for the overall mass transfer coefficients for benzene
and hydrogen using any of the four models indicates that these
% = koL@l E —c.la (14) parameters are reliably estimated.
dz AR, T As already mentioned, the apparent activation energy of
benzene hydrogenation stands in the range ef®6kJ/mol,
Equilibrium at the gasliquid interface can be described by ~ 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 4860 kJ/mol at medium coveragfeor
. . 50—105 kJ/mol at monolayer coverage according to Keane and
Cie = CGL(H/RT) = C H] (16) Pattersoff on nickel metal. Hydrogen adsorption enthalpy
usually lies between 30 and 42 kJ/fflohnd 40-120 kJ/mol
while the gas-side and liquid-side mass transfer coefficients are(calorimetric and TPD studie§§, while Lindfords et aPf?
correlated as reported an adsorption enthalpy of 104 kJ/mol for liquid-phase

P =HCl = CLRT 1)
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Table 1. Preexponential Factor, Activation Energy, Adsorption

Enthalpy of Benzene and Hydrogen, Overall GasLiquid Mass
Transfer Coefficients for Benzene and Hydrogen, and Objective
Function for the Four Qualified Kinetic Models _
models 1 2 3 4 % © modelt
2 o model2
A 1.24E+14  8.31E-13  3.81E-12  4.95E-13 S A model3
Ea (3/mol) 487804 477604  3.87E+04  4.78E-04 g © modeld
A 5.53E-03 1.77E-09 1.53E-04 1.49E-36 x
AHyp, (J/mol)  4.29804  7.99E+04  5.14E+04  2.60E+05
Ag 1.93E+03  3.95E-02  2.61E-01  2.63E-00
AHg (J/mol) 5.728-03  5.70E-03  1.56E-04  2.50E-04

aksLm, (579 2.90E-02 2.97E-02 3.20E-02 4.18E-02
aksis (s 1.47E-05 1.72-05 1.80E-05  1.75E-05
/@, Nexp 1.1987 1.2231 1.2320 1.2308

X experimental (%)

Figure 1. Parity plot of experimental versus predicted benzene conversions
for the four qualified kinetic models (lines preseif% confidence zones).

toluene hydrogenation on Ni/ADs. All models tested except ,

Model 4 give reasonable values for hydrogen adsorption i MY
enthalpy. ° 0%00:“?,,

However, all models fit very well the experimental data as % °
indicated by the values @Pnin/Nexpin Table 1 and observedin = g R D oo T
Figure 1. Model 1 generates the minimum deviation between <, 2§03 o < Dow nflow
predicted and experimental values of benzene conversion, an(ﬁ; 8 A P 9 Upflow
this is used in the following, for the estimation of the mass * 001 ---------- o - ERRRRREEEEEEEEEEE
transfer coefficients of every single experiment. o | © o

5.2. Mass Transfer Effects.The effect of the gas velocity | o
on reactor operation was studied by changing the gas flow rates, o0.001 ' '
while the range of the liquid flow rate was narrow and the 0.1 1 10 100
change of the liquid velocity is not expected to considerably Uy aver X 10° (m/s)

affect the mass transfer coefficients. Eighty-eight experiments Figure 2. Overall mass transfer coefficient of hydrogen versus average
were conducted in the temperature range in which the reactionsuperficial gas velocity for downflow and upflow modes of operation.
kinetics was estimated, namely, 7000 °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

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

hydrogen for every single experiment were first estimated. B proposed in the literatur®:**Thus, the dependence of the gas-
?/ocegsin the exy erinqlentalpdata it was made clear thét t%eand liquid-side mass transfer coefficients on the gas superficial

(F:)hange of%he benzrf)ene overall mas,s transfer coefficient had "tﬂevelocity has been investigated using the available experimental

effect on the results. Particularly for valued0-3 s71, a 1000- data. This was attempted by associating the &ltio= aksi or i/

. _p Dgior i) ON the gas and liquid sides, with the average superficial
fold variation of the coefficient altered the result by 5% at most. : : X :
For values-10-3s-1, the equilibrium was reached. and so there velocity of the gas phase through an exponential relationship.

was no benzene transfer between the gas and liquid hasesThiS form of dependence is widely used in the literature
L 9 liquic p although sometimes power equations incorporating Reynolds

Therefore, hydrogen gathwd mass transfer mainly _affects_ number instead of gas velocity are preferred (Tabtea2)d it

the reactor performance, while benzene mass transfer is of minor. " bserved from Figure 2 to hold for the overall mass transfer

|mport.a.nc.e. . . coefficient. In this way, we obtained the following two equations

Equilibrium calculations yield that 95% of the total benzene ¢4 the trickle-flow operation:

is present in the liquid phase, and even if no benzene was

transferred from the gas phase to the liquid phase, that present In(ak /Dy;) = In(a/l) = 1.17 In(Ug awe) +9.32 (21)
in the liquid-phase benzene at the entrance would be sufficient
in most cases for the conversions we measuré%. On the In(akg/Dg;) = In(all) = 2.52 |n@Jg ave) T 9.40 (22)

opposite side, that diluted in the liquid-phase hydrogen was

<10% of that needed for the conversions measured, while its  Figure 3 presents the parity plot of the benzene conversions
concentration in the gas phase was dropping up to 60% alongmeasured for the downflow experiments. The predictions are
the reactor length. This implies that hydrogen mass transfer fairly good, with~10 out of 79 experimental points falling out
effects predominate at the conditions in which the reaction was of the deviation limit of 10% between predicted and experi-
studied. mental values for benzene conversion.

Figure 2 presents the valuesalg, for hydrogen versus the In Figure 4, the estimated gas- and liquid-side mass transfer
average-along the reactor’s catalytic beduperficial velocity coefficients are presented. It is observed that the hydrogen gas-
of the gas phase for the downflow and upflow experiments. side mass transfer coefficients are 1 order of magnitude higher
From this figure, it is observed that the overall géiquid mass than the corresponding coefficients for benzene mass transfer,
transfer coefficient for hydrogen transport strongly depends while the liquid-side hydrogen mass transfer coefficients have
on gas velocity in both upflow and downflow experiments. ~5x larger values than the benzene ones. The velocity impact
Moreover, for superficial gas velocities0.1 cm/s, the upflow on the mass transfer coefficients appears to be more extended
mass transfer coefficient is distinctly less than the correspondingfor the gas-side transport than for the liquid-side transport.
downflow one, while the difference between the two values  The overall mass transfer coefficients for hydrogen and
diminishes as the velocity increases. benzene that result from relations 21 and 22 are presented in
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Figure 3. Parity plot of experimental versus predicted conversions of
benzene extracted from optimization for estimating mass transfer coefficients
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Figure 5. Overall mass transfer coefficients for benzene (B) and hydrogen
(H2) versus average superficial gas-phase velocity for downflow.
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and hydrogen (H2) versus average superficial gas-phase velocity for Figure 6. Comparison of our results of gas-side mass transfer coefficient
downflow. with predictions of literature correlations for hydrogen (H2) and benzene

(B).
Figure 5. Although the predicted values for hydrogen transfer
are less scattered compared to those of Figure 2, the range imelations based on eq 26, distinguishing between low-, high-,
which they vary is about the same. Moreover, it is observed and transition-interaction regimes. lliuta et*alstarted using
that the overall mass transfer coefficient for the benzene transferneural networks instead of algebraic equations, and Larachi et
is very low compared to that of hydrogen; however, this does al.*>improved and expanded to heat transfer this kind of correla-
not affect the process because of the practically negligible tion. While many correlations exist for the liquid-side mass
amounts of benzene demanded to be transferred from the gasransfer, only a few have been published for the gas-side mass

phase to the liquid phase, as discussed before.

Turek and Lang® (eq 24, Table 2), Midoux et atl, and
Morsi et al*! 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 SA§ith
is used. Ellman et &8 proposed a more complicated algebraic

transfer. Those published from Yaichi et*akeq 28, Table 2)
and Wild et al*3 (eq 27, Table 2) are presented together in the
paper by lliuta et at* Finally, Larachi et af® 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,

equation (eq 25, Table 2), which is also used by Gianetto and a number of physicochemical properties need to be used. As
Specchid. Wild et al*3 published also some mass transfer cor- our experiments were performed at a relatively narrow range

Table 2. Mass Transfer Correlations Published in Literature

authors correlations
Goto—Smith® aK_(G 5= = 444D (RQ 4)(3(; 5) (23)
Turek—Lange® ak r_,, = 16.8D,(Ga’ 022)(Rqo 23(5(? ) (24)
Ellman et alf® d, 0325 (25)
ak @ = 9( )(x 2%)(Rg"*)(Wg"*)(S¢" “)( > K))
Wild et al43 028]34 (26)
| aky ) = (2.8x 10° )( )’(XG" #)(Re*H(We*(s¢” 5)( ) ;]
wild et al#3 0.25]1.1 27
deta Ay =0, oe{ )[<xG e e rser ) 225 1 e
Yaichi et al42 (28)

aS 0.985 d 0.72
atony =000, " e e 5573 3)
P, C,
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Figure 7. Comparison of our results of liquid-side mass transfer coefficient ! . - "
for benzene with published experimental data of various systems.

with predictions of literature correlations for hydrogen (H2) and benzene

(B)' 100
90 4= mmmmm e e -
of liquid velocities for which the velocity changes are not IS P S
expected to have a remarkable impact on mass transfer coef- v % o e
ficient values, an average value for liquid velocity is used in X% 70 F---- ,‘ --------------------------------- + Dow nflow
all calculations and comparison figures. Y LR - R @ Upflow
In Figure 6, the predicted values from the equations given in I o
Table 2 for the gas-side mass transfer coefficient are plotted o
along with the curves derived from a recent publication 40 p---- 07 7T TTTTTTmmTmmomommsmoommomo oo
correlating operating conditions with mass transfer through a 30 : : : : . i
neural network methotP. The neural network of the latter work 0 5 10 15 20 25 30 35
has been developed with data for gas velocities between 0.38 Gas Flow Rate (Nifh)

and 200 cm/s and liquid velocities from 0.045 to 1.62 cm/s, Figure 9. Benzene conversion versus gas flow rate for upflow and
and the curve in our drawing is an extrapolation. Although the downflow operation.
gas velocities of this work are lower than those used from the
previous investigators, the estimated gas-side mass transfefrend. The extremely low liquid and gas velocities used in this
coefficients are not far from their predictions. The correlations Work appear to be the reason for the observed deviations.
proposed by Yaichi et d¢ and Wild et al*® (eqs 27 and 28, The calculations of the physical properties of the reacting
Table 2) predict lower values than those estimated in this study, mixture were based on correlations taken fréiremical Prop-
while predictions by Larachi et 4. seem unaffected by gas erties HandbooR* Perry’'s Chemical Engineers’ Handbogk
velocity and exhibit higher values than this work at low gas and the bookThe Properties of Gases and Liquifisfor
velocities (<3 x 1072 cm/s) and lower values at high velocities. multicomponent hydrocarbon gas systems at high pressures.
In Figure 7, the liquid-side mass transfer correlations 5.3. Downflow Versus Upflow.A comparison of the perfor-
estimated in this work and calculated from literature correlations mance of the laboratory reactor in upflow and downflow modes
are presented. Liquid and gas velocity ranges used by Turekis presented in Figure 9. The comparison is attempted a€80
and Langé® and Larachi et & are closer to the ones used in It is shown that, for low gas flow rates, the performance in the
this work. Ellman et a3 reported that their correlation is reliable ~ downflow mode of operation is superior to that of the upflow
for 1078 < Xg < 0.8, whenXg values of this work stand between  one. As the gas velocity increases, the differences decrease and
0.08 and 2. the performance of the catalyst bed in downflow and upflow
Most of the correlations connect liquid-side mass transfer modes becomes identical for high gas flow rafes. connection
coefficients only with liquid velocity and gas-side mass transfer With Figure 2, it appears that the lower mass transfer coefficients
coefficients only with gas velocity. Larachi et @ltake into at low gas velocities account for the |nfer|9r' performgnce of
account both velocities for estimating gas- and liquid-side mass the upflow reactor for the experimental conditions of this work.
transfer coefficients. Nevertheless, Figure 7 includes all cor-
relations independent of what liquid velocities were used for 6. Conclusions
their derivation. In general, these correlations may not be
appropriate for such low gas and liquid superficial velocities A study on the benzene hydrogenation over commercial
as those we have worked with. Correlations given by Ellman catalyst particles in a laboratory three-phase reactor is presented.
et al® and Larachi et a5 predict liquid-side mass transfer ~ The working flow regime is the trickle one.
coefficient datadl ) close to those estimated in this work, while From the comparison of rival kinetic models and from the
the rest of the correlations predict lower values by more than data and the analysis presented, four models appear to describe
an order of magnitude. very well the intrinsic hydrogenation rates for the experimental
Furthermore, sparse data of liquid-side mass transfer coef-conditions used to perform the experiments.
ficients obtained under different liquid and gas superficial ~ An analytical reactor simulation model incorporating reaction
velocities and systems were collected from literature and kinetics, liquid volatility, and solvent effects predicts the experi-
compared with the liquid-side mass transfer coefficients for mental data very well.
benzene calculated in this work (Figure 8). It is observed that Mass transfer limitations appear to have a considerable impact
the values of benzene mass transfer coefficients are clearlyon reactor performance. Overall, gas-side and liquid-side mass
higher than the majority of the points presented except for those transfer coefficients for hydrogen as well as for benzene transfer
of Shah? with which they seem to bear the same range and have been presented. No other experimental mass transfer data



were found in the literature for the gas and liquid velocity
regions examined in this work.
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U, = superficialo-phase velocity (cm/s)
We, = a-phase Weber number

For low gas velocities, mass transfer in upflow operation has Xg = Lockhart-Martinelli number
a greater effect on the reactor performance, although at higherX; = experimental conversion percent of benzene hydrogenation

velocities the differences diminish. This is attributed to the lower

mass transfer coefficients calculated for the upflow operation.
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Nomenclature

a, a, = volumetric interfacial area (cfftn®)

A = internal area of the reactor (&n

A; = preexponential factor for the specific reaction constant

A, = preexponential factor for the adsorption constant of
hydrogen

As = preexponential factor for the adsorption constant of
benzene

Ao = preexponential factor (Arrhenius law)

as = external area of particles and wall per unit reactor volume
(cm&/cmd)

C, = concentration of componemt(concentration units, e.g.,
mol/cre)
' = concentration of componentn the gas side of the gas
liquid interface (mol/crd)

C\. = concentration of componentin the liquid side of the
gas-liquid interface (mol/cr)

CL = concentration of componeitin the liquid phase (mol/
cny)

d: = column diameter (cm)

Dgi = diffusion coefficient of componenitin the gas phase
(cré/s)

dk = Krischer and Kast hydraulic diameter

D.; = diffusion coefficient of componeritin the liquid phase
(cré/s)

_ for experimenti

X; = predicted conversion percent of benzene hydrogenation
for experiment

z = reactor length (cm)

Greek Letters

AHg = adsorption enthalpy of benzene (J/mol)
AHy, = adsorption enthalpy of hydrogen (J/mol)
€ = bed void fraction

pped = catalytic bed density (g/ctp

Dmin = minimized objective function

Subscripts

o. = gas or liquid

aver= average value

G org=gas

| ori = benzene, hydrogen, cyclohexane neimexane
L or I = liquid

V = vapor
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