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Abstract

The reaction-ensemble Monte-Carlo (REMC) molecular simulation method was used to study the vapor-phase chemical equilibrium for the
reaction of hydrogenation of benzene to cyclohexane. A one-center modified Buckingham exponential-6 (1CMBES) effective pair potential
model (that had already been used to predict thermodynamic properties and liquid—liquid equilibria of-hdijgdrogen mixtures) was
used for hydrogen. Six-center modified Buckingham exponential-6 (6CMBES®6) effective pair potential models (that had already been used to
reproduce the saturated liquid and vapor densities, vapor pressures, second virial coefficients, and critical parameters of the six-membered ring
molecules), were used for benzene and cyclohexane. No binary adjustable parameters were needed to compute the unlike-pair Buckingham
exponential-6 interactions in the ternary system. Simulation results were obtained for the effect of some operating variables such as temperature
(from 500 to 650 K), pressure (from 1 to 30 bar), and hydrogen to benzene feed mole ratio (from 1.5:1 to 6:1) on the reaction conversion, molar
composition, and mass density of the ternary system at equilibrium. These results were found to be in excellent agreement with calculations
using the predictive Soave—Redlich—-Kwong (PSRK) group contribution equation of state.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and adipic acid, which in turn are used as precursors of
nylon 6 and nylon 6/6, respectivel¥,5,6]. A small amount
In the petrochemical industry, cyclohexane gfz2) of cyclohexane is used as a solvent for cellulose ethers,
is mainly produced from the hydrogenation of benzene high-density polyethylene, rubber, fats and essential oils,
(CsHs), according to the reaction: and as a varnish and paint remover.
Older methods of benzene hydrogenation use a mixed
CeHe + 3Hz < CgHi2 (vapor and liquid) phase process while newer methods use a

vapor-phase procegk, 7]. In mixed-phase processi@s-11],
a portion of the liquid cyclohexane product is recycled to
the reactors to remove the exothermic heat of reaction by
vaporization of the liquid phase. Due to the presence of
cyclohexane in the feed, two, three or four reactors in series
are typically used to complete the hydrogenation reaction
using nickel or a noble metal (like platinum or palladium)
as catalysts supported on alumina or silica. Benzene is fed
in parallel flow into each of the reactors while hydrogen
and recycle cyclohexane are passed through in series flow
from the first to the last reactor. In contrast, in vapor-phase
processe$l12-18] a single reactor suffice to complete the
hydrogenation reaction because the need to recycle cyclo-
* Corresponding author. Tekt57-2-3312935; fax:+57-2-3392335. hexane is eliminated by the use of steam generation to
E-mail address: mllano@mafalda.univalle.edu.co (M. Llano-Restrepo). remove the heat of reaction. The vapor-phase hydrogenation

for which a hydrogen to benzene mole ratio of 3:1 is sto-
ichiometrically required. Cyclohexane can also be recov-
ered directly from natural gasoline and petroleum naphta
[1]. However, the dehydrogenation of cyclohexane and its
derivatives (present in naphtas) to aromatic hydrocarbons
is an important reaction in the catalytic reforming process
used in refinery to produce high octane motor fyets4].
From petroleum fractions, it is difficult to obtain the very
high quality cyclohexane product achieved by benzene
hydrogenation[5-7]. Most of cyclohexane is oxidized to
cyclohexanol and cyclohexanone for making caprolactam
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of benzene to cyclohexane is carried out catalytically in a However, application of any of the most popular equations
tubular reactor, using noble metals as catalysts specifically of state to mixtures requires the values of the binary inter-
formulated to inhibit completely the side reaction in which action parameters that are involved in the mixing rules used
cyclohexane is isomerized to methylcyclopentane. Catalystto compute the equation of state parameters of the mixture.
is packed in the tubes, and boiler feed water is circulated For the interaction of hydrogen with other compounds, it
in the shell for the removal of reaction heat via steam happens that the values of those parameters are not easily
generation. Fresh benzene is combined with makeup andaccessible; in fact, they are usually found to be hidden or
recycle hydrogen and preheated before entering the reactorhard-wired” into the parameter databases of current com-
A stoichiometric value of 3:1 for the hydrogen to benzene mercial process simulators (see, for instance,[f&X]).

(H:B) feed mole ratio is typically used 7]. However, the In consequence, predictive methods that do not need any
H:B feed mole ratio may be 5{112], 8:1 or greater with an  binary interaction parameters turn out to be a convenient
upper limit of 25:1[15]. For low purity feed hydrogen, the choice if the nonideality of the vapor-phase is taken into con-
higher values of the H:B feed mole ratio are favored. Reac- sideration for the computation of the chemical equilibrium of
tor pressures are in the range 10-35[da6,12] Reaction the hydrogenation of benzene to cyclohexane. The predictive
temperatures are in the range 450-67016,12,15,18]Use Soave—Redlich—-Kwong (SRK) group-contribution equation
of high temperatures increases the reaction rate. Howeverof state (known as PSRK method), which was devised and
since the reaction is highly exothernjic 6], its equilibrium developed by Gmehling and co-workg2®—25] combines
conversion decreases at higher temperatures, and the readche SRK equation of stat6] with the original UNIFAC

tion is then limited by chemical equilibrium. As a result, the group contribution methof27-32] and does not require
temperature of the reactor should be set as a compromiseany binary interaction parameters for the mixing rules that
between kinetics and thermodynamics. It is therefore of the are used to compute the mixture parameters. The PSRK
utmost importance to study the effect of some operating method has shown to be very successful for the prediction
variables such as temperature, pressure, and H:B feed mol®f gas solubilities and vapor—liquid equilibria at low and
ratio on the chemical equilibrium of this reaction. high pressures, even for highly asymmetric systfis25]

The effect of H:B feed mole ratio and reactor pressure on This method is based on the original (or revised, if neces-
the chemical equilibrium of the vapor-phase hydrogenation sary) UNIFAC structural groups and corresponding group
of benzene to cyclohexane has been studied by Abraham andnteraction parameters, whose values were found by fitting
Chapmari7]. To calculate the equilibrium conversion, ideal vapor—liquid equilibria at low pressuf@7-32] However,
gas behavior was assumed for the three species involved irfor the development of the PSRK method, the UNIFAC
the reaction. A computer program was developed and pre-database has been extended to gases at supercritical condi-
sented by those authors to calculate the benzene contentions by fitting gas solubilities and vapor-liquid equilibria at
in the cyclohexane product at equilibrium conditions. Re- high pressure. These gases have been added as new structural
sults were reported for three temperature values: 505, 561,groups to the list of groups already existing in UNIFAC. In
and 616 K, three pressure values: 32, 36, and 39 bar, threghat way, b is a group by itself whose interaction parameters
H:B feed mole ratio values: 8:1, 16:1, and 24:1, and three with other groups in the database were found by fitting avail-
feed hydrogen purity values: 75, 85, and 100vol.%. As ex- able VLE and gas solubility data for hydrogen-containing
pected from a consideration of Le &telier's principle, it systems. This makes it possible to use the PSRK method for
was shown by those authors that a decrease in temperaturghe estimation of partial fugacity coefficients in the ternary
an increase in pressure, an increase in the H:B feed molesystem of benzene, hydrogen, and cyclohexane and the com-
ratio, and an increase in feed hydrogen purity, decrease theputation of its chemical equilibrium. Because the required
benzene content of cyclohexane product by increasing thegroup interaction parameters were found by fitting solubili-
conversion of benzene to cyclohexane. ties and VLE experimental data of some of the binary sub-

Since a reliable and economic design of a vapor-phasesystems, results obtained for the chemical equilibrium of the
tubular reactor depends on accurate estimates of volumetternary system would indeed be predictive.
ric properties (like compressibility factor or density) of the Although molecular simulation calculations may some-
mixture of reactants and products, which in turn, depend on times make use of binary interaction parameters into the
the molar composition of the mixture, it would be of in- combining rules that are used to compute the potential pa-
terest to ascertain the validity of the ideal gas behavior as- rameters of the unlike-pair interactions, it has been shown,
sumption made by Abraham and Chapnj@hto compute in some casef33-35] that it is possible to ignore the bi-
the molar composition at equilibrium in the benzene hydro- nary interaction parameters and still obtain very good results
genation vapor-phase reactor. To consider the nonideality offor mixture phase behavior. Such a successful prediction of
the vapor phase, an equation of state could in principle be mixture properties by the sole use of pure component prop-
used to compute the partial fugacity coefficients of benzene, erties is a severe test for the predictive capability of current
hydrogen, and cyclohexane in the ternary mixture as a func-intermolecular potential models.
tion of temperature, pressure, and composition, as required The reaction-ensemble Monte—Carlo (REMC) method de-
for the calculation of the extent of reaction at equilibrium. vised by Smith and Triskgg6] has been applied successfully
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by Lisal et al.[37,38] to the calculation of chemical and tion of state results. Iisection 2 details are given for the
phase equilibria of binary and ternary systems without using potential models used to describe the molecular interactions
binary interaction parameters to compute the unlike-pair in- of the pure substances and the ternary system considered
teractions. This method can be applied to the prediction of in this study. InSection 3 important molecular simulation
the chemical equilibrium of the hydrogenation of benzene details are provided for the purpose of making the results of
to cyclohexane if suitable intermolecular potential models this work as reproducible as possible.Section 4 details
are found and implemented for the three species involved are given for the computation of the chemical equilibrium
in the reacting system. In that direction, a one-center mod- from classical thermodynamics and the PSRK method. In
ified Buckingham exponential-6 (1CMBESG) effective pair Section 5 REMC molecular simulation results are reported
potential model for hydrogen that was successfully used and compared with results obtained from the PSRK method
by Liu and Beck|39] to predict thermodynamic properties and also from the ideal gas behavior assumption.
and liquid-liquid equilibria of helium+ hydrogen mixtures
at 300K and 54 kbar, may be tested for the computation
of the chemical equilibrium of interest to this work. Also, 2. Intermolecular potential models
six-center modified Buckingham exponential-6 (6CMBE®)
effective pair potential models for benzene and cyclohex- In the present work, hydrogen is described as a 1CMBE6
ane that were developed by Errington and Panagiotopoulosfluid, and benzene and cyclohexane as 6CMBES fluids. The
[40], may be tested for the same purpose. These latter po-LCMBE6 potential model used by Liu and Be{89] to
tential models were optimized by their proponents in an at- predict thermodynamic properties and liquid—liquid equi-
tempt to reproduce as accurately as possible the saturatedibria of helium + hydrogen mixtures, is chosen for hy-
liquid and vapor densities, vapor pressures, second virial co-drogen. 6CMBE6 potential models were used by Errington
efficients, and critical parameters of the six-membered ring and Panagiotopouldg0] to model the nonbonded interac-
molecules. tions between groups on different molecules of benzene or
Because the development and testing of potential modelscyclohexane. Even though bond-bending and torsional in-
that remain valid over wide ranges of state conditions and tramolecular contributions were also taken into account by
for a variety of systems of practical significance has been those authors for the development of their potential models
identified as one of the most important tasks for the con- for benzene and cyclohexane, the distributions of bending
tinuing application of molecular simulation methods to the and dihedral angles turned out to be peaked at the values
prediction of phase and chemical equilibjdd], it would be corresponding to a rigid (nonflexible) geometry (planar
of interest to find out whether the above mentioned poten- for benzene and the chair conformation for cyclohexane).
tial models for hydrogen, benzene, and cyclohexane are cain consequence, the parameters of the 6CMBEG6 potential
pable of predicting the chemical equilibrium of this ternary models were optimized by those authors to reproduce, as
system. accurately as possible, the saturated liquid and vapor densi-
Since the 6CMBEG potential models were fitted to repro- ties, vapor pressures, second virial coefficients, and critical
duce saturated liquid and vapor properties, their use for theparameters of the six-membered ring molecules.
computation of chemical equilibrium in the vapor-phase, far ~ These molecular models are used to compute the total
away from saturation, is an extrapolation of predictive na- configurational energy of these fluids by use of the pair-
ture, whose validity, in absence of experimental data, should wise additivity approximation with effective pair potentials
be judged indirectly from a comparison with results obtained ¢;; given by the sum of modified Buckingham exponential-6
from an entirely different predictive approach, such as the (MBE6) mteracuonstBEﬁ between all pairs of intermolec-

PSRK method mentioned above. ular sitesk (in moIecuIel) andl (in moleculej):

In consequence, the aim of this work is to assess the
effect of temperature, pressure, and H:B feed mole ratio onU = Z Z% 1
the chemical equilibrium of the nonideal vapor-phase hy- i

drogenation of benzene to cyclohexane by use of both the
REMC and the PSRK methods, and to test (at least |nd|rectly, where

due to the lack of experimental chemical equilibrium data) Z Zd)MBEG )
the predictive capabilities of the effective pair potential mod-
els used for the three species involved in the reaction, from a
comparison between the molecular simulation and the equa-The MBEG potential of interaction is given by the expression
[42,43}

6 r m 6
1_ - -\ ) f max
HVBES () = (6/00 [ exp( [ rmD ( r ) } et 3)

o0, forr < max

kei lej
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The potential function for > rmay is the original Bucking- ~ Table 1
ham exponential-6 (BE6) potential model, which exhibits a Parameters for the site-site interactions with the potential models used in
spurious maximum at a radial distance: rmax. Because of 1S W'

the occurrence of this maximum and due to the fact that the Interaction o (A) ek (K)  « rm (A) rmax (A)
potential becomes infinitely negative (instead of infinitely BB 3.710 74.06 20 4.067 0.285
positive) at- = 0, the original BE6 potential is modified by CC 3.910 77.40 20 4.286 0.301
making it infinitely repulsive (instead of largely attractive) HH 2978  36.40 111 3430 1.255
for all separations closer tohax, Which is known as the in- BH g:gﬁ ;i’;; i?.g g:%g gzgii
ner cutoff distance. CH 3.444  53.08 149 3854 0.661

In Eq. (3) &, «, andry, are the three parameters of the
MBES®6 potential withry, as the radial distance at which the
original BE6 potential reaches a minimum value-ef. The
inner cutoff distancemay corresponds to the smallest root
of the following transcendental equation that arises from
applying the necessary conditio®Fé(r)/dr = 0 to the
original BE6 potentia[42]:

the calculations, and in consequence, the Lorentz—Berthelot
combining rulesEgs. (8) and (9)together withEq. (10)
are employed to compute the unlike-pair site—site MBE6
interactions.

Table 1llists the values for the size, energy, and steepness
parameters, ¢, andea, respectively, and the subsidiary pa-

Fmax 7 | Tmax 1—0 4 rametersm, andrmax for the six kinds of sitek-site | inter-
. explo|L— m ) T ) actions in the ternary system of benzene (B), cyclohexane
. . . . (C), and hydrogen (H).
Sometimes, instead of the paramatgran alternative size For hydrogen, Liu and Beck39] reportedry, directly

parameter is used, which is defined as the radial distance gq that the corresponding value ®fwas found by solving
at which the original BE6 potential is zero. Thus, once the gq. (5)with « = 11.1. In contrast, for benzene and cy-

parametew has been set, the parameterandrm can be  clohexane, Errington and Panagiotopo k] reported the

related through the following equation: size parametes so that the corresponding value rpf was

6 bex rm\ 6 found by solvingeq. (5)with « = 20. Values ob, ¢, anda

&P (“ [1 - aD - (;) = (3)  for the unlike-pair sitesite interactions were found from the
combining rules given ifEgs. (8)—(10)and the correspond-

The size and energy parametejgandey, for the sitek-site ing values ofr max Were found by solvindeq. (4) Values of

| interaction can be defined in terms of the size and energyr,,, for the unlike-pair sitesite interactions were found by
parametersy, o; andey, & of the molecules that lodge the  solving Eq. (5)
sites by the commonly used combining rules:

Ui
on = 5 (0% + 01) 6) 3. Molecular simulation method
en = L(exen/? 7) Since benzene and cyclohexane are described by six-site
wherey and¢ are adjustable coefficients (known as binary (I-€-» united-atom) molecular models in this work, then it is
interaction parameters). necessary to define the site coordlngtes in a local molecular
If n = ¢ = 1, Eqs. (6) and (7simplify to the well-known  frame (the so-called internal coordinates). For benzene, a
Lorentz—Berthelot combining rulgg4]: fixed planar geometry is a_ssumed with a bpnd length equal
1 to 1.40 A and a bond bending angle of 22With one of the
ok = 5(ox + o1 8) sites located at the origin, the Cartesian coordinates of all the
12 other sites can be easily found by use of planar trigonometry.
e = (eker) 9)

The resulting values of the internal coordinates of the six

The steepness parametsy for the sitek-site | interaction ~ Sites of the benzene molecules are givefiable 2
can be defined in terms of the steepness parametesad Table 2
«; of the molecules that lodge the sites by a geometric mean|nternal cartesian coordinatasy, z (in A) for the six sites of the benzene

combining rule[40]: molecules, with site €located at the origin and the other sites located
at the vertices of a regular hexagon and numbered counter-clockwise

o = (axa)™? (10) _
Site X y z
Due precisely to the fact that one of the aims of this work - o 0 0
. . e . 1
is to ascertain the ability of the MBEG6 potential models for ¢, 1.400 0 0
hydrogen, benzene, and cyclohexane to predict the effectcs 2.100 1.212 0
of the temperature, pressure, and hydrogen to benzene fee@ 1.400 2.425 0
mole ratio on the chemical equilibrium of the ternary system, Cs 0 2425 0
Cs —0.700 1.212 0

then no binary interaction parameters should be involved in
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For cyclohexane, a rigid non-planar geometry, corre- Table 4 ' ' _ o
sponding to the chair conformation, is assumed. Among '”telmha' cariestan C‘I’OV‘?'”?}:E’S vz (|an) f‘i_f the Mo _ngg ?fdthf
the four possible conformations of cyclohexane, namely, cY¢'onexane moecules in the chair conformation, with siieldcated a

. ) ) . L the origin and the other sites defined by thenatrix given inTable 3
chair, semichair, boat, and twisted boat, the chair is the 4nqgqs. (11)~(16)

most stable one due to the absence of any bending and di—

hedral angle straingl5]. Actually, the chair and the twisted e X y z
boat conformations (known as conformers) correspond to Cu 0 0 0
local minima in the potential energy surface whereas the C2 1.540 0 0
semichair and the boat conformations correspond to local 2.053 1.453 0

: . pon Cs 1.540 2178 1.258
maxima. I.n consequence, thglchalr and the twisted boatc, 0 2.178 1.058
conformations coexist at equilibrium at any temperature. cg —-0.513 0.726 1.258

However, due to the relatively large value of 23 kJ/rjatH]

for the energy barrier between the two local minima, the
ry —r;

distribution of conformers is strongly biased towards the p, — —* (14)

chair conformation. Indeed, even at the highest temperature r(i, k)

(650K) considered in the present work, use of the Boltz- O(k. i, j) = arccosbix - bij) (15)

mann distribution shows that 98.6% of the cyclohexane

molecules exhibit the chair conformation. bt — bij x bik 16
In this work, thez-matrix approach[46], explained in K= Sino, 1, ) (16)

geometrical terms by Essén and Svensgbfj, is used to
define the internal coordinates of the sites of the cyclohexane
molecules in the chair conformation. Assuming that three , -

are given inTable 4

sitesk, j, i have already been defined, in that order, the ) _ ) ) .
As usual, the site coordinates in the simulation-box frame

Zz-matrix specifies the relative positiafy of site n (next in . ) :
the sequence), by means of three geometric parameters: thwvere computed using the internal coordinates and the rota-

distancer(n, i) to neighboring sité, the bond anglé(n, i, j) tion matrix [48] based on the three Euler angles<0p <

at sitei between line$—n andi—j, and the dihedral angt&(n, 18(_))’ _1_800 =¢= _1800' and-180" < ¢ < 18,@’ as ex-

i,j, k) between the two planes definedby—j andi——k. The plained in the classic textbook by Allen and Tildes[dy].
bond angle is in the range @ 6 < 180", and the dihedral The methodology of the REMC method has been de-
angle is in the range-180° < ¢ < 18C°. The zmatrix scribed in detail elsewherf86—-38] A single simulation
corresponding to the chair conformation of cyclohexane is box is used to simulate single phase reversible reactions. To
given inTable 3 achieve chemical equilibrium, three kinds of trial moves are

Because the values of the distan¢e, i), and the angles performed in the box: molecule translational (and rotational,
O(n, i, j), ande(n, i, j, k) are given in the-matrix, it is pos- for benzene and cyplohexane) displacements, _box volume
sible to compute the position vectey from the following changes, and reaction steps. The molecule displacements

analytical formula given by Essén and Svensgb: anq the box volume change; are performed in th(_e same way
as in the NPT ensemble, with the usual expressions for the

rn = r; +r(n, i){cosd(n, i, j)bjj probabilities of acceptance of the trial mov@gl,49] For
: . . i . the rotational moves required for benzene and cyclohexane,
+ ane(n’ lf J?[COS(P(n’ b J. 1) Bije < Bip) random orientational displacements were applied following
—sing(n, i, j, k)bij]} (11) the schemd44] based on choosing random values for the
Euler angles in the rotation matrix, and making use of the

The resulting values of the internal coordinates of the six
sites of the cyclohexane molecules in the chair conformation

where , ) . .
internal coordinates of the molecule sites to compute their

r(i, j) = rj —ril (12) simulation-box coordinates.

ri—ri _The probability of_acceptance for the reaction steps is
bij = i) (13) given by the expressiof36]:
Table 3 ¢ N

able — mi vE mE _ v
z-Matrix of the chair conformation of cyclohexane Poc=min) 1 VEImexp(—p AU)H |:(Ni + v;iE)! i|}
i=1

Site i r(n, iy (A) j 6(n, i, j) kK o j K (17)
C
Ci 1 1.540 whereV is the volume of theg)mc, the number of species
Cs 2 1.540 1 109.45 in the reacting systemj = )"~ ,v;, the change in the total
Ca 3 1.540 2 109.48 1 60.02 number of molecules per unit of reaction, withas the sto-
G 4 1540 3 10946 2 -6003 ichiometric coefficient of specia@gpositive for the products
Cs 5 1.540 4 109.4% 3 60.00

and negative for the reactant§);the extent of reactiony;,
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the number of molecules of specidsefore the reaction step  the hydrogen to benzene feed mole ratio. Starting configura-
is taken,8 = 1/kg T with kg as Boltzmann'’s constant afid tions were generated from previous NPT-ensemble runs for
as absolute temperature, afids a function of temperature  pure benzene at the same temperature and pressure of the

given by: reaction. REMC simulation runs required an equilibration
N _AGO phase and a production phase, each consisting of a certain

7 = (_> exp(_rx> (18) number of cycles, which in turn comprised all three kinds of
keT RT trial moves. Typically, REMC simulation runs consisted of

whereAG?X is the standard Gibbs free energy change of a to_tal of 5000 cycles with the first 3000 cyples for gquili—
reaction (computed froriqgs. (33) and (38)n Section &; brauop .and the last 2000 cycles.for production. In this way,
andP?, the standard pressure. a syfflmently Igrge number of trial moves were performed
To perform the reaction steps associated to the hydro-d“r'”g t_he equilibration phqse asto attaln_stable values o_f the
genation of benzene to cyclohexane, first of all, a direction, Properties to be sampled in the production phase. A given
forward or backward, to take the reaction step, is randomly cycle consisted of translational (and orientational, for ben-

chosen. If the forward direction is chosen, thee: 1 and zene and cyclohexane) sequential displacements for all the
the product inEq. (17)takes the form: ’ molecules in the box, followed by one volume change trial

move, and as many reaction step trial moves as the total num-
N;! NNy(Ny — 1)(Ny — 2) ber of benzene and cyclohexane molecules currently present
H = (19) ; -
LLn, + ) Nc+1 in the box. The formulas for the probabilities of acceptance
i=1 for the various kinds of movel86,49] were applied in or-
If the backward direction is chosen, thén= —1 and the  der to accept or reject a new configuration of the system

C

product inEq. (17)takes the form: according to the Metropolis importance sampling technique
[44].
c
1—[ N;! _ Nc In this work, the blocking transformation method de-
(Ni +vi&)!  (NB+ 1D(NH+ 1D (Ny+2(Nyq+ 3 veloped by Flyvbjerg and Peters@s0], and explained in

=t (20) practical detail by Frenkel and Snjit9], was implemented

in order to compute the estimates of the statistical uncer-
For the reaction step in the forward direction, a benzene tainties (error bars) of the ensemble averages obtained from
molecule is randomly picked up, and its potential of in- simulation. Typically, for each fluctuating property, a total
teraction with the other molecules is calculated before that of 1.7 x 10° values were saved to a one-dimensional array
molecule is destroyed. Following this, a hydrogen molecule during the simulation run. At the end of the run, the en-
is randomly chosen, and its potential of interaction with the tries of this array were collected to define the initial data
remaining molecules is calculated before that molecule is block on which to apply Flyvbjerg and Petersen’s blocking
destroyed. The same procedure is repeated sequentially withransformation.
two other randomly chosen hydrogen molecules. Finally, a
cyclohexane molecule is created in the same position as the
benzene molecule that was destroyed, and its potential of in-
teraction with all the surviving molecules is calculated. The
total change of energyU for the reaction step is given by
the sum of the five potentials of interaction that were calcu-
lated sequentially.

For the reaction step in the backward direction, a sequence .
consisting of one cyclohexane molecule destruction, andthe , ([ P \" P 21
creation of one benzene molecule (in the same position as™ <9~ \ po n(yl<p,) (21)
the destroyed cyclohexane molecule) and three hydrogen
molecules, is performed, so that the total change of energy
AU is equal to the sum of the five potentials of interaction
sequentially calculated.

Periodic boundary conditions (PBC) and the minimum
image convention (MIC), as explained in detail by Allen and
Tildesley[44], were applied for the computation of the total _
configurational energy) or any energy changesU. The V=0 . b
MBES®6 potentials were not truncated for the computation of The rr_10|e fracnqry,- gt equilibrium is reIatgd to the extent
the energy and in consequence, long-range corrections Weré)f reaction at equilibriungeq by the expressiofe1]:
not needed. Simulation runs were initiated with a total num-
ber of 864 molecules comprising as many benzene and hy-y, — L‘)’Eeq
drogen molecules as to comply with the specified value of no + Vieq

4. Classical thermodynamics + PSRK method

The chemical equilibrium constaltq for a gas-phase
reaction is given by the expressi{Bi]:

wherey; is the mole fraction,p; is the partial fugacity
coefficient, andv; is the stoichiometric coefficient (pos-
itive for products and negative for reactants) of each of
the C species involved in the reactioP, is the pressure
of the system,P® = 1bar is the standard pressure, and

(22)
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wheren; ¢ is the number of moles of speciem the feed to
the reactor, andg = ), n; 0. For the vapor-phase reaction
of hydrogenation of benzene to cyclohexane, cyclohexane
is not present in the feed to the reactor.

For this reactionEqg. (21)takes the form:

) L P\?
yede — (vedB) YHPH)® (E) Keq=10 (23)

where the suscripts B, H, and C refer to benzene, hydrogen,

and cyclohexane, respectively.

The three partial fugacity coefficients that are required in
Eq. (23)can be obtained by application of the PSRK method
using the following expressiof20]:

Ing; =

B;
—(Zm -1 —In(Zm — Bm)
Bm

Aj 1 B
+C_* Iny,'—i- B

_ {E
Bm
In{1+—
<n(1+2)
wherec* = —0.64663.

The mixture compressibility factdy, is the real root of
the SRK cubic equation of staf26]:

m

Jor (3

2t 1 Zm
| m

1

)]

(24)

i

73 — 72 4+ (Am — Bm — B2)Zm — AmBm =0 (25)

which is solved by use of the analytical formulas from the
Cardano-Vieta methof2].

The mixing rules of Holderbaum and Gmehlifgp] are
employed to compute the mixture parametBgs and Am,
as follows:

Bm = Z)’iBi
i

(26)

A 1|GE Bm
Am:Bm{ZyiE‘—'—c_*[ﬁ—}_Zyiln E
l l

(27)

where the excess Gibbs free energy of the mixture is obtained
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Table 5
UNIFAC group volume R;) and surface areaQ)) parameters for the
application of the PSRK method to this work (frof20,27)

Group ) Re Qk

CH, (1) 0.6744 0.540
ACH (3) 0.5313 0.400
Ho (62) 0.4160 0.571

The activity coefficients/; are obtained from the expres-
sions given by Fredenslund et f7] for the original UNI-
FAC group contribution method. Group volume and sur-
face area parameters forHand the interaction parameters
for H, with group ChH (six of which make cyclohexane),
and H with group ACH (six of which make benzene) have
been given by Gmehling and co-workej20,21] Group
volume and surface area parameters for groups @ntl
ACH, and interaction parameters for group £Mhith group
ACH, had already been given by Fredenslund ef2a1] and
Skjold-Jgrgensen et 28], respectively. The group volume
(R¢) and surface ared);) parameters of groups GHACH,
and H are given inTable 5 The coefficient®mn, bmn, Cnn

of the expression

for the temperature dependency of the interaction parameters
(¥mn), are given inTable 6

The pure component paramet@8sand A; are given by
the expressionf26]:

amn + bmnT + CmnT2
T

Ymn = exp(— (29)

B = 0.0866&

r,i

(30)

P .
A = 0.42748#a(rr,i)

r,i

where P, ; = P/P;; andT;; = T/Tc; with Pc; and T ;
as the critical pressure and temperature of componeat
spectively, andx(7; ;) is the modification by Mathias and
Copeman of the SRK alpha functi¢20]:

(31)

(X(Tr’l') = [1+C1,i(1_ Tro’ls)

from the summability relation for the activity coefficients +c2,i(1—Tr?;5)2+C3,i(1 - Tr?;5)3]2 forTr; <1
[51]:

c Ty ))=[1+c1,:(1-T2%)]? for Ty, > 1
Gm
—n— Ny 28 (32)
RT Z yi Ny (28)

1

Table 6
UNIFAC group interaction parameters for the application of the PSRK method to this work [&D28)
m n Amn Brmn Cmn anm Brm Cnm
CHy ACH 61.13 0 0 —-11.12 0 0
CHy H> 613.30 —2.5418 0.006638 315.96 —0.4563 —0.00156
ACH Ha 734.87 0 0 16.884 0 0
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Table 7 the following expression foKeq as a function of absolute
Pure component parameters for the application of the PSRK method to temperaturdl (in K) is obtained:
this work (from[20])

Component  To (K)  Pe (bar) o . In Keq = —13417InT + 1.14595x 10T — 1.27117

Benzene 562.1 489 0.8356 —0.3750  0.9715 _ 12450 2.18189x 10*
Hydrogen 332 130 01252 0 0 x 10772 72 T +39.5297
Cyclohexane  553.4  40.7 0.9031 —0.8506  1.8211 (38)
Because the reaction is highly exothermic (with a heat of
Values of the critical temperaturg, critical pressurePc, reaction of 216 kJ/mol at 500 K), the chemical equilibrium
and the parameters, cz, c3 for benzene, hydrogen, and  constantkeq decreases as temperature is increased. For a
cyclohexane are given ifiable 7 given value of reaction temperatufethe equilibrium con-
The equilibrium constankeq is a function only of tem-  stantKeq is fixed by Eq. (38) If the reaction pressur®
perature: is also fixed, therEq. (23)becomes a non-linear algebraic
_AGO equation that can be solved for the extent of reaction at equi-
Keq= exp( = rx) (33) librium &eq by use of the Newton—Raphson method with the

help of Egs. (24)—(32)and the set of expressions for the

where AGY, is the standard Gibbs free energy change of combinatorial and residual contributions to the activity co-
reaction, and it can be obtained by integration of van't Hoff's  €fficients from the UNIFAC methof7].
equation, as follow$51]:
AHS 5. Results
INKeq= [ ==2dT +J (34)

5.1. Equilibrium conversion

where the standard heat of reactiad$, is in turn obtained
from the standard isobaric heat capacity change of reaction: Results for the percentage conversion of benzene to cy-
clohexane at equilibrium, as a function of pressure, at tem-

0 0 .
ACD =Y viCp, (35) peratures of 550, 600, and 650 K, are presentdtgs. 1—4
i for hydrogen to benzene (H:B) feed mole ratios of 1.5:1, 3:1,
by integration of Kirchhoff's equation, as folloWs1]: 4.,5:1, and 6:1, respectively. To_av0|d crqwded data points,
results at 500 K have not been includedFigs. 1-4
AHS = / ACS AT + 1 (36) Dueto the decrease of the chemical equi_librium constant
' with temperature caused by the exothermic nature of the

reaction, it happens that the conversion of benzene decreases
as temperature is increased at fixed values of pressure and
H:B feed mole ratio. Since the H:B feed mole ratio of 1.5:1
Cp 2 5 is below the stoichiometrically required value of 3:1, the
R4 +bT+cT™+dT (37) conversion of benzene is low with values not exceeding 50%,
as shown irig. 1 For H:B feed mole ratios of 4.5:1 and 6:1,
. benzene conversion is 100% at a temperature of 500K and
t|onoof Egs. (33)_837)it a terc1)1perature of (2)98'1.5 K, Wr(l)ere pressures above 5bar, and it is also essentially complete at
AHp = 3 vidH;; and AGp = 3, viAGy;, with AH 550 K and pressures above 15 bar, as shovigs. 3 and 4
and AG? as the tabulated values for the standard enthalpy As expected from the decrease in the total number of
and Gibbs free energy of formation, respectively. When the moles by reaction, benzene conversion increases with pres-
values given inrable 8for the standard properties of forma-  sure at fixed values of temperature and H:B feed mole ratio.
tion at 298.15 K, and the coefficierdsb, ¢, dof Eq. (37)are  Also, at fixed temperature and pressure, the conversion of
used to perform the integrations indicateddgs. (34) and  benzene increases as the H:B feed mole ratio is increased,
(36), and the integration constaritandJ are determined,  as expected from Le Gitelier’s principle.

The ideal-gas isobaric heat capacity can be obtained from
the following correlatior{51]:

The integration constantsandJ are evaluated by applica-

Table 8
Pure component gas-phase standard properties of formation (in kJ/mol) at 298.15K and coefficients of the heat capacity cBgel@&ror the
calculation of the chemical equilibrium constant of interest to this work (ff6)

Component AHP AGY a b x 10° c x 108 dx 105
Benzene 82.93 129.665 —0.206 39.064 —13.301 0
Hydrogen 0 0 3.249 0.422 0 0.083

Cyclohexane —-123.14 31.92 —3.876 63.249 —20.928 0
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Fig. 1. Percentage conversion of benzene to cyclohexane at equilibrium asFig- 4. Percentage conversion of benzene to cyclohexane at equilibrium
a function of pressure and temperature for a hydrogen to benzene (H:B)as a function of pressure and temperature for a hydrogen to benzene
feed mole ratio of 1.5:1. Filled symbols: REMC molecular simulation (H:B) feed mole ratio of 6:1. Filled symbols: REMC molecular simulation
(circles for 550K, diamonds for 600K, and triangles for 650K); solid (circles for 550K, diamonds for 600K, and triangles for 650K); solid
lines: PSRK method; dashed lines: ideal gas assumption. lines: PSRK method; dashed lines: ideal gas assumption.

As shown inFigs. 1-4 REMC simulation results for the
conversion of benzene to cyclohexane are in excellent agree-
ment with results obtained from a combination of classical
thermodynamics and the PSRK method. In comparison with
the results obtained from the REMC and PSRK methods,
the benzene conversion turns out to be slightly underesti-
mated by assuming ideal gas behavior for the three species
that take part in the reaction. The deviations shown by the
H/B=3/1 ideal gas results increase at higher temperatures for a fixed
value of the H:B feed mole ratio. These deviations are more

important at temperatures of 600 and 650 K for the H:B feed
0 5 10 15 20 25 30 35 mole ratio of 1.5:1; they become less important for the sto-
P (bar) ichiometric H:B feed mole ratio of 3:1, and they become

] on of b o b absolutely negligible at 550 and 600K for H:B feed mole
Flg. 2. Percentage conversion of benzene to Cyclohexane at equiliorium ratiOS Of 451 and 61

as a function of pressure and temperature for a hydrogen to benzene

(H:B) feed mole ratio of 3:1. Filled symbols: REMC molecular simulation

(circles for 550K, diamonds for 600K, and triangles for 650K); solid 5.2. Equilibrium composition
lines: PSRK method; dashed lines: ideal gas assumption.

conversion (%)

Results for the mole fraction of benzegg at equilib-
rium, as a function of pressure, at temperatures of 550, 600,
and 650K, are presented kigs. 5-8 for hydrogen to ben-
zene (H:B) feed mole ratios of 1.5:1, 3:1, 4.5:1, and 6:1,
respectively. To avoid crowded data points, results at 500 K
have not been included Rigs. 5-8

As expected, these results are entirely consistent with
those presented iRigs. 1-4 For the H:B feed mole ratios
of 3:1, 4.5:1, and 6:1, hydrogen is either in stoichiometric
amount or in excess with respect to benzene. As shown in
Figs. 6—8 due to the exothermic nature of the reaction, at

fixed values of pressure and H:B feed mole rajig,de-
0 5 10 15 20 25 30 35 creases as temperature is decreased. As expected from the
P (bar) decrease in the total number of moles by reactignde-
_ ) o creases with increasing pressure at fixed values of temper-
Fig. 3. Percentage conversion of benzene to cyclohexane at equilibrium asature and H:B feed mole ratio. At fixed conditions of tem-
a function of pressure and temperature for a hydrogen to benzene (H:B) .
feed mole ratio of 4.5:1. Filled symbols: REMC molecular simulation perature and pressurgs decreases as the H:B mole ratio
(circles for 550K, diamonds for 600K, and triangles for 650K); solid increases, because of the conversion of benzene to cyclo-
lines: PSRK method; dashed lines: ideal gas assumption. hexane and also due to the dilution caused by increasing

conversion (%)
a
o

H/B=45/1
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Fig. 5. Mole fraction of benzene at equilibrium as a function of pressure Fi9- 7- Mole fraction of benzene at equilibrium as a function of pressure
and temperature for a hydrogen to benzene (H:B) feed mole ratio of @Nd temperature for a hydrogen to benzene (H:B) feed mole ratio of

1.5:1. Filled symbols: REMC molecular simulation (circles for 550K, 4:5:1. Filled symbols: REMC molecular simulation (circles for 550K,
diamonds for 600K, and triangles for 650 K); solid lines: PSRK method; diamonds for 600K, and triangles for 650K); solid lines: PSRK method;

dashed lines: ideal gas assumption. Error bars for simulation results aredashed lines: ideal gas assumption. Error bars for simulation results are
much smaller than the size of the symbols. much smaller than the size of the symbols.

the amount of hydrogen in the feed to the reactor. In con- come somewhat important at temperatures of 550 and 600 K

trast, since hydrogen is the limiting reactant (due to its stoi- for the stoichiometric H:B feed mole ratio of 3:1, and they

chiometric deficit with respect to benzene) for the H:B feed are almost negligible at 550 and 600K for H:B feed mole

mole ratio of 1.5:1, an increase i (corresponding to a  ratios of 4.5:1 and 6:1. In contrast, as showrFig. 5, for

decrease in the mole fraction of hydrogen) is actually shown the H:B feed mole ratio of 1.5:¥g turns out to be underes-

in Fig. 5 as temperature is decreased at a given value oftimated by assuming ideal gas behavior, in comparison with

pressure. the results obtained from the REMC and PSRK methods. In
As shown inFigs. 5—-8 REMC simulation results foyg this case, the deviations shown by the ideal gas results also

are in excellent agreement with results obtained from a com-increase at higher temperatures and they become certainly

bination of classical thermodynamics and the PSRK method. important at 650 K.

As shown inFigs. 6—8 for the H:B feed mole ratios of 3:1,

4.5:1, and 6:1yg turns out to be overestimated by assuming 5.3, Equilibrium mixture density

ideal gas behavior, in comparison with the results obtained

from the REMC and PSRK methods. The deviations shown  Results for the mass density of the equilibrium mixture,

by the ideal gas results increase at higher temperatures folas a function of pressure, at temperatures of 550 and 650K,

the higher H:B feed mole ratio values. These deviations be- are presented ifigs. 9-12 for hydrogen to benzene (H:B)

0.30
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2 0.25 /B=3/ 0.14 -
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Fig. 6. Mole fraction of benzene at equilibrium as a function of pressure Fig. 8. Mole fraction of benzene at equilibrium as a function of pressure
and temperature for a hydrogen to benzene (H:B) feed mole ratio of 3:1. and temperature for a hydrogen to benzene (H:B) feed mole ratio of 6:1.
Filled symbols: REMC molecular simulation (circles for 550 K, diamonds Filled symbols: REMC molecular simulation (circles for 550 K, diamonds
for 600K, and triangles for 650K); solid lines: PSRK method; dashed for 600K, and triangles for 650 K); solid lines: PSRK method; dashed
lines: ideal gas assumption. Error bars for simulation results are much lines: ideal gas assumption. Error bars for simulation results are much
smaller than the size of the symbols. smaller than the size of the symbols.
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Fig. 9. Mixture mass density at equilibrium as a function of pressure Fig. 11. Mixture mass density at equilibrium as a function of pressure
and temperature for a hydrogen to benzene (H:B) feed mole ratio of and temperature for a hydrogen to benzene (H:B) feed mole ratio of
1.5:1. Filled symbols: REMC molecular simulation (circles for 550K, 4-5:1. Filled symbols: REMC molecular simulation (circles for 550K,
and triangles for 650K); solid lines: PSRK method; dashed lines: ideal @nd triangles for 650K); solid lines: PSRK method; dashed lines: ideal
gas assumption. Except for data point at 30 bar and 550K, error bars for 9as assumption. Error bars for simulation results are much smaller than
simulation results are much smaller than the size of the symbols. the size of the symbols.
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feed mole ratios of 1.5:1, 3:1, 4.5:1, and 6:1, respectively.
To avoid crowded data points, results at 600 K have not been
included inFigs. 9-12

As shown inFigs. 9—12 most of the REMC simulation
results for the mass density of the mixture are in excellent
agreement with results obtained from a combination of clas-
sical thermodynamics and the PSRK method. Some discrep-
ancies occur at 550 K and pressures of 25 and 30 bar, for the
H:B feed mole ratios of 1.5:1 and 3:1. In comparison with ‘ ‘ ‘ ‘
the results obtained from the REMC and PSRK methods, 10 15 20 25 30 35
the mass density of the mixture turns out to be underesti- P (bar)
mated Py assuming 'dea_l gas behavior. The deviations Showr'Fig. 12. Mixture mass density at equilibrium as a function of pressure
by the ideal gas results increase at lower temperatures for 8yng temperature for a hydrogen to benzene (H:B) feed mole ratio of
fixed value of the H:B feed mole ratio. These deviations are 6:1. Filled symbols: REMC molecular simulation (circles for 550K, and

quite important at a temperature of 550K for the H:B feed triangles for 650K); solid lines: PSRK method; dashed lines: ideal gas
assumption. Error bars for simulation results are much smaller than the
size of the symbols.
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mole ratios of 1.5:1 and 3:1, and they are entirely negligible
70 1 H/B=3/1 for a H:B feed mole ratio of 6:1 at 550 and 650 K.

Interestingly, the significant deviations for the mass den-
sity of the equilibrium mixture that are shown by the ideal
gas results at 550K for H:B feed mole ratios of 1.5:1 and
3:1, become less severe for the mole fraction of benzene
yg (Figs. 5 and Hand become almost insignificant for the
benzene conversiorfrigs. 1 and 2

mixture density (kg / m°)

35 6. Conclusions

P (bar)

As expected from a consideration of Le &élier's

Fig. 10. Mixture mass density at equilibrium as a function of pressure principle, the equ”ibrium conversion of the exothermic
and temperature for a hydrogen to benzene (H:B) feed mole ratio of

; i - i vapor-ph hydrogenation of benzen lohexane in-
3:1. Filled symbols: REMC molecular simulation (circles for 550K, and apor-p Sse. hyd gge atq Ohbe ene to cygo e a. € h
triangles for 650K); solid lines: PSRK method; dashed lines: ideal gas creases by either decreasing the temperature, increasing the

assumption. Except for data point at 30bar and 550K, error bars for pressure, or increasing the hydrogen to benzene feed mole
simulation results are much smaller than the size of the symbols. ratio.
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Due to the lack of experimental chemical equilibrium Greek letters
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data for this reaction, it can be said that the excellent 4
agreement between the results obtained in this work from o(T;)

REMC molecular simulation and the PSRk classical

thermodynamics method, is an indirect validation of the
predictive capabilities of the effective pair potential models ¢(n, i, j, k)
used by Liu and BecK39] for hydrogen, and developed
by Errington and Panagiotopould40] for benzene and

cyclohexane.
It turns out from the present work that the assumption

of ideal gas behavior for the three species that take part in

&

%
1

the reaction, becomes perfectly valid only for a hydrogen
to benzene (H:B) feed mole ratio of 6:1 or greater. This re- ¢
sult validates the use of the ideal gas assumption made byy(x, i, j)

the authors of a previous stugi¥] to calculate the benzene

o

concentration in the reactor product at equilibrium, for H:B ¢
feed mole ratios of 8:1, 16:1, and 24:1. In contrast, for a
H:B feed mole ratio of 3:1 or less, the ideal gas assumption ¢
leads to an underestimation of both the benzene conversion

and the mixture mass density at equilibrium, the underesti- A
mation for the mass density being more severe than that for

the conversion. Thus, for a reactor operating with the stoi-

chiometric H:B feed mole ratio of 3:1 (e.g., for the process g

described in Refl17]), use of the PSRK method (instead of
the ideal gas assumption) should be made for chemical equi-Superscripts

librium computations because accurate values of the mixtureg
density are important for a reliable and economic design of MBE6
the tubular reactor.

List of symbols

A
b
B
C
Cp
G
H
ke
Keg
n
N

P
Prx

r(n, i)

N<<cHmYI o3
x

SRK dimensionless parameter

intersite separation unit vector

SRK dimensionless parameter

number of species in the reacting mixture
isobaric heat capacity

Gibbs free energy

enthalpy

Boltzmann’s constant

chemical equilibrium constant

number of moles

number of molecules before a reaction
step is taken

pressure

probability of acceptance of the reaction step
intersite separation distance

distance from site to neighboring site
distance at which the original BE6 potential
reaches a minimum value

inner cutoff distance for the MBE6 potential
intersite separation vector

gas constant

absolute temperature

configurational energy

simulation box volume

mole fraction in the vapor phase at equilibrium
compressibility factor

0

Subscripts

T ThO o
I™20 o)

—

O;*EB;\—
S

steepness parameter for the MBEG6 potential
modified SRK alpha function

energy parameter for the MBEG6 potential
pair potential, Euler angle

dihedral angle between the two planes
defined byn-i-j andi-j-k

partial fugacity coefficient

activity coefficient

adjustable coefficient for the size parameter
combining rule

stoichiometric coefficient

Euler angle

bond angle at sitebetween lines—n andi—
size parameter for the MBEG6 potential
extent of reaction

Euler angle

adjustable coefficient for the energy
parameter combining rule

change

temperature dependent function

for reaction step

UNIFAC group interaction parameter

in excess
modified Buckingham exponential-6
standard state

for benzene
critical

for cyclohexane
at equilibrium

of formation

for hydrogen
species index
molecule indices
site indices

for mixture
UNIFAC group
reduced
reaction

in the reactor feed
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