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a b s t r a c t

The effect of the solvent type, operating pressure and catalyst loading for deep hydrodesulfurization
of diesel through a reactive distillation process has been analyzed. The analysis considers the com-
putation of reactive residue curve maps for the hydrodesulfurization of dibenzothiophene (DBT) and
4,6-dimethyldibenzothiophene (4,6-DMDBT) in a simple reactive batch distillation process. For the com-
putation of the reactive residue curves, the hydrogenolysis and hydrogenation reaction paths were
considered. The visualization of the reactive residue curves is posed in terms of elements. Through the
computation of the reactive residue curve maps it was possible to reproduce the experimental infor-
ffect of solvent mation stating that DBT is preferentially converted following the hydrogenolysis reaction route, while
4,6-DMDBT is mostly eliminated by the hydrogenation reaction route. From the reactive residue curve
maps the effect of the solvent, pressure and catalyst loading on the conversion of 4,6-DMDBT was stud-
ied. It was found that when n-hexadecane (n-C16H34) is used as the solvent medium and the operating
pressure is set to 10 atm a complete conversion of 4,6-DMDBT is achieved. The same conversion is achieved
using tetraline (C10H12) as solvent but the pressure must be increased up to 30 atm and a higher amount
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of catalyst is required.

. Introduction

Conventional hydrotreating is a commercially proven refining
rocess in which a mixture of heated feedstock and hydrogen goes
hrough a catalytic reactor to remove sulfur and other undesirable
mpurities. A review of the technologies for producing ultra-low
ulfur diesel fuel (ULSD) reveals that current technologies can be

odified to produce diesel with less than 10 parts per million (ppm)

ulfur. Nevertheless, only a small number of refineries produce
iesel with sulfur in the 10 ppm range on a limited basis. The exis-
ence of the required technology does not ensure, however, that all

Abbreviations: A, element A: organic part of the organosulfur compound;
, element B: sulfur atom; C, element C: hydrogen molecule; D, element D:
olvent tetraline or n-hexadecane; AB, molecule AB: di-benzothiophene or 4,6-
imethyldibenzothiophene; AC, molecule AC: bi-phenyl or 3,3′-dimethylbiphenyl;
C4, molecule AC4: cyclohexylbenzene or 3-methylcyclohexyltoluene; CB,
olecule CB: hydrogen sulfide; HDS, hydrodesulfurization; BPH, biphenyl; DBT,

i-benzothiophene; 3,3′DMBPH, 3,3′-dimethylbiphenyl; 4,6-DMDBT, 4,6-dimethyl-
ibenzothiophene; 3-MCHT, 3-methylcyclohexyltoluene; CHB, cyclohexylbenzene.
∗ Corresponding author. Tel.: +52 55 58 04 46 48; fax: +52 55 58 04 49 00.

E-mail address: tvig@xanum.uam.mx (T. Viveros-Garcı́a).
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efineries will have that technology in place and in time to meet
he new ULSD standards because these plants are characterized by
wide range of size, complexity, and quality of crude oil inputs.

Considerable development in reactor design and catalyst
mprovement has already been made to achieve ULSD levels near or
elow 10 ppm. In some cases low sulfur levels are the consequence
f refiners’ efforts to meet other specifications, such as the aromatic
evels required in Scanraff, Sweden, where the refinery operates
ased on SynTechnology principles [1]. The Scanraff hydrotreat-

ng unit consists of an integrated two-stage reactor system with
n interstage high-pressure gas stripper. The unit processes a light
as oil to produce a diesel product with less than 1 ppm sulfur and
.4 vol.% aromatics. It is important to note that the Scanraff plant

s highly selective of its feedstock to achieve the ultra-low sulfur
ontent which may not be generalized to most refineries.

It is generally believed that a two-stage deep desulfurization
rocess will be required by most, if not all refineries, to achieve a

iesel product with less than 10 ppm sulfur. A design consistent
ith this technological approach is proposed by Haldor Topsøe

2], which includes a first stage that reduces the sulfur content
o around 250 ppm or lower and a second stage that completes
he reduction to less than 10 ppm. The DOE/EIA Report [2] points

http://www.sciencedirect.com/science/journal/13858947
mailto:tvig@xanum.uam.mx
dx.doi.org/10.1016/j.cej.2008.04.024
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Nomenclature

Ci is the concentration of species i
ki,j apparent reaction rate constant for species i in cat-

alytic sites j
Ki,j adsorption parameter for species i in catalytic sites

j
L molar liquid hold-up (kmol)
Mcat catalyst mass (kg)
rDBT,� DBT reaction rate at � catalytic sites (kmol/kg cat. h)
rDBT,� DBT reaction rate at � catalytic sites (kmol/kg cat. h)
r0 reference rate of reaction (1 × 10−7 kmol/kg cat. h)
r4,6-DMDBT,� 4,6-DMDBT reaction rate at � catalytic sites

(kmol/kg cat. h)
r4,6-DMDBT,� 4,6-DMDBT reaction rate at � catalytic sites

(kmol/kg cat. h)
V̄ molar vapor flow rate (kmol/h)
Wj element fraction for element j
xi liquid mole fraction of specie i

Greek symbols

o
h
p
h
t
h
s
s
a
r
s
f
a

c
t
c
o
c
t
e
f
b
p

m
r
p
t
c
l
T
c
T
s
r
r
t
c

e
a
R

2

f
d
D
s
m
r

iophene and 4,6-dimethyldibenzothiophene have been thoroughly
studied and revisited by several authors [7,8]. The reaction
network for dibenzothiophene hydrodesulfurization proposed
by Houalla et al. [9] shown in Fig. 1, indicates two primary
˛ dimensionless reaction-separation parameter
� “warped” time

ut that, in some cases the first stage could be a conventional
ydrotreating unit with moderate adjustments to the operation
arameters, just as the higher activity catalysts for achieving a
igher sulfur removal rate. The second stage requires substan-
ial modification of the desulfurization process, primarily through
igher pressure, increasing hydrogen flow rate and purity, reducing
pace velocity, and the appropriate selection of the catalyst. Knud-
en et al. [3] suggested that to deep desulfurize cracked stocks,
higher operating pressure of the reactor is necessary. Pressure

equirements would depend on the quality of the crude oil and the
etup of the individual refinery, thus, the level of pressure required
or deep desulfurization is a key uncertainty in assessing the cost
nd availability of the technology.

In a previous work, Viveros-Garcı́a et al. [4] obtained a con-
eptual design of a reactive distillation column based on a
hermodynamic analysis for DBT hydrodesulfurization reaction,
onsidering the differences in volatility and reactivity between the
rganosulfur compounds. The conceptual design was based on the
omputation of the reactive residue curves map for DBT elimina-
ion. It was found that there exists a temperature region where the
limination of H2S via vaporization was favored. Also, it could be
ound through rigorous simulations that reactive distillation could
e a viable alternative to eliminate the heavier sulfur compounds
resent in the diesel at 30 atm.

In the present work, following the same approach, the ther-
odynamic analysis for sulfur elimination of DBT and the more

ecalcitrant compound 4,6-DMDBT in a simple reactive distillation
rocess has been performed. As it was mentioned above, some of
he difficulties encountered in the development of new HDS pro-
esses are the uncertainty in the level of pressure and catalyst
oading required for deep desulfurization of different feedstocks.
herefore, the effect of the operating pressure, solvent medium and
atalyst loading on the reactive residue curves maps are studied.
he effect of these three parameters on the behavior of the reactive

ystem is very important in order to obtain a reliable design of any
eactive distillation column. For the computation of the reactive
esidue curves, both, the hydrogenolysis and hydrogenation reac-
ion paths are considered. The visualization of the reactive residue
urves is posed in terms of elements [5]. The thermodynamic prop- F
Fig. 1. Reaction pathways for dibenzothiophene hydrodesulfurization.

rties for the organosulfur compounds not reported in the literature
re predicted through the group contribution method of Joback and
eid [6].

. The HDS reactive system and the element approach

In general, there are two possible reaction paths for sul-
ur removal from the organosulfur compounds, as illustrated for
ibenzothiophene (DBT), and 4,6-dimethyldibenzothiophene (4,6-
MDBT) in Figs. 1 and 2, respectively. The first route is the

ulfur atom direct elimination (hydrogenolysis) from the sulfured
olecule. The second route is the hydrogenation of one aromatic

ing followed by the sulfur atom elimination.
The liquid phase hydrodesulfurization reactions for dibenzoth-
ig. 2. Reaction pathways for 4,6-dimethyldibenzothiophene hydrodesulfurization.
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outes: hydrogenation of one aromatic ring gives an equilibrium
ixture of 1,2,3,4-tetrahydrodibenzothiophene and 1,2,3,4,10,11-

exahydrodibenzothiophene; hydrodesulfurization of these two
ntermediates occurs rapidly to give cyclohexylbenzene (CHB).
his combination of reactions is designated as the hydrogenation
ath. The second route, direct hydrodesulfurization of dibenzoth-
ophene to give biphenyl (BPh) is referred as the hydrogenolysis path.
iphenyl reacts further with hydrogen to give cyclohexylbenzene,
ut this reaction is typically two orders of magnitude slower than
he rate of dibenzothiophene hydrogenolysis [7].

For 4,6-dimethyldibenzothiophene hydrodesulfurization reac-
ions, Vanrysselberghe et al. [8] have proposed the reaction
etwork shown in Fig. 2. The hydrodesulfurization reaction net-
ork for 4,6-DMDBT (see Fig. 2) indicates that, in the hydrogenation

oute, the 4,6-DMDBT is hydrogenated into partially hydrogenated
imethyldibenzothiophenes prior to sulfur removal. These inter-
ediates are highly reactive and they are directly desulfurized

nto 3-methylcyclohexyltoluene (3-MCHT) and hydrogen sulfide.
he hydrogenolysis reaction route gives 3,3′-dimethylbiphenyl
3,3′DMBPh) and hydrogen sulfide. 3,3′DMBPh is then hydro-
enated into 3-MCHT.

The experimental results of Vanrysselberghe et al. [8] have
hown that 4,6-DMDBT is less converted and more hydrogenated
rior to sulfur removal and DBT is the most reactive compound

n the hydrogenolysis reaction route. In general, when alkyl sub-
tituents are attached to the carbon atoms adjacent to the sulfur
tom, the rate for direct sulfur elimination is diminished whereas
he sulfur removal rate via the hydrogenation route is relatively
naffected [10]. Co–Mo catalysts desulfurize primarily via the direct
oute, while the Ni–Mo catalysts do it via the hydrogenation route.
he extent to which a given catalyst acts via one route or the other
s determined by the H2 and H2S partial pressures and the hydro-
arbon feed properties.

In agreement with the reaction networks described in
igs. 1 and 2, at least one of the following two unbalanced
ydrogenolysis–hydrogenation reactions should be carried out:

DBT + H2 → BPh + CHB + H2S,

4, 6-DMDBT + H2→ 3, 3′-DMBPh + 3-MCHT + H2S (1)

here BPh, and 3,3′-DMBPh are the hydrogenolysis reaction
roducts and CHB, and 3-MCHT are the hydrogenation reaction
roducts, respectively. The above unbalanced reactions (Eq. (1)) can
e written in a balanced form as

2C12H8S + 7H2→ C12H10+C12H16+2H2S,

2C14H12S + 7H2→ C14H14+C14H20+2H2S (2)

n the above reaction schemes, potential side reactions, as hydro-
enation of biphenyls, cyclohexylbenzenes and cyclohexyltoluenes
re considered negligible in comparison with the hydrogenolysis
nd hydrogenation of dibenzothiophenes [7,8].

.1. Graphical visualization of the reactive space

For the analysis of the reactive system, hydrodesulfurization
eactions of the various species given by Eq. (2), may be lumped
nto the following general reaction:

�1(CNHM–S) + �2H2

→ � (C H –H ) + � (C H –H ) + � H S (3)
3 N M 2 4 N M [�2+(�5−1)] 5 2

here �i is the stoichiometric coefficient of compound i in the
eactive mixture, CNHM is the organic part of the organosulfur com-
ound, (CNHM–H2) and (CNHM–H[�2+(�5−1)]) are the hydrogenolysis
nd hydrogenation reaction products, respectively. It can be noted

e
l
c
p
i

neering Journal 143 (2008) 210–219

hat the hydrogenolysis–hydrogenation reactions given by Eq. (3)
nvolve nine different species including the solvent. Such reac-
ions are carried out in a mixture of many hydrocarbons as solvent

edium, for example, a paraffinic blend of C10–C16. The computa-
ion and visualization of the phase behavior of this multicomponent
eactive mixture may be difficult. This is because of the complex-
ty of the reactive mixture containing H2 and H2S, and the lack
f experimental values for some thermodynamic properties of the
rganosulfur compounds.

In order to simplify the visualization of the reactive phase behav-
or, it is possible to manage the hydrogenolysis–hydrogenation
eactions for each organosulfur compound separately. Assuming a
eactive mixture with only one organosulfur compound (i.e., DBT)
nd an inert species as solvent (i.e., n-hexadecane), and using the
lement concept proposed by Pérez-Cisneros et al. [5], a reduction
f the composition space is possible. Defining the following element
epresentation: A = CNHM; B = S and C = H2, the generalized reaction
3) can be written as

1AB + �2C → �3AC + �4AC4 + �5BC (4)

here AC and AC4 represent all products obtained in the
ydrodesulfurization reactions from all the organosulfur com-
ounds AB studied here. Furthermore, considering that these liquid
hase chemical reactions are carried out in a solvent medium, such
olvent is introduced as element D.

The general element matrix considering the two organosulfur
ompounds can be written as

DBT
(CN=12HM=8S),
4,6-DMDBT
(CN=14HM=12S)

H2 BPh
(CN=12HM=8H2)
3,3′-DMBPh
(CN=14HM=12−H2)

CHB
(CN=12HM=8H8)
3-MCHT
(CN=14HM=12H8)

H2S Solvent

(1) (2) (3) (4) (5) (6)

= CNHM �1 0 �3 �4 0 0
= S �1 0 0 0 �5 0
= H2 0 �2 �3 4�4 �5 0
= solvent 0 0 0 0 0 1

The element fractions (amount of element j/total amount of ele-
ents) are given as [5]:

A = �1x1 + �3x3 + �4x4

2(�1x1 + �3x3 + �5x5) + �2x2 + 5�4x4 + x6
(5)

B = �1x1 + �5x5

2(�1x1 + �3x3 + �5x5) + �2x2 + 5�4x4 + x6
(6)

C = �2x2 + �3x3 + 4�4x4 + �5x5

2(�1x1 + �3x3 + �5x5) + �2x2 + 5�4x4 + x6
(7)

D = x6

2(�1x1 + �3x3 + �5x5) + �2x2 + 5�4x4 + x6
(8)

here xi are the corresponding component mole fractions. The sto-
chiometric coefficients indicated in the element matrix for the two
ydrodesulfurization reactions are �1 = 2, �2 = 7, �3 = 1, �4 =
, �5 = 2. The three-dimensional reactive space for all sulfur com-
ounds in terms of the elements defined previously is shown in
ig. 3. The shadowed areas correspond to the two-dimensional
eactive zones.

With the above element fraction definition, the nine differ-

nt species participating in the hydrodesulfurization reactions are
ocated in this reactive phase diagram. Also, if the solvent con-
entration is kept constant (WD = constant), different normalized
lanes for the reactive mixture could be sketched (see upper plane

n Fig. 3). The solvent-free coordinates in the reactive diagram for
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Fig. 3. Three-dimensional element composition space for HDS of diesel.

he pure species are

B =
{

DBT
4, 6-DMDBT

}
= (WA, WB, WC) = (0.5, 0.5, 0.0)

C =
{

BPh
3, 3′-DMBPh

}
= (WA, WB, WC) = (0.5, 0.0, 0.5)

C4 =
{

CHB
3 − MCHT

}
= (WA, WB, WC) = (0.2, 0.0, 0.8)

C = {H2S} = (WA, WB, WC) = (0.0, 0.5, 0.5)

= {H2} = (WA, WB, WC) = (0.0, 0.0, 1.0)
Fig. 4 shows the normalized triangular phase diagram for the
ydrogenolysis–hydrogenation reactions with a constant solvent
oncentration or without solvent. Thick lines in Fig. 4 indicate the
eactive zone boundaries, thus, any point outside these boundaries

ig. 4. Normalized triangular reactive composition diagram with constant solvent
ompositions (WD = constant) or solvent free.
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Fig. 5. Simple reactive batch distillation process.

oes not belong to the reactive space of the reactive separation
rocess.

. The simple reactive distillation process

Considering a simple non-reactive batch distillation process
hown in Fig. 5 (assuming no catalyst present), the component mass
alances can be written as

dxi

dt
= V

L
(xi − yi) (9)

here the molar liquid hold-up is L and V̄ is the molar vapor flow
ate. The quotient L/V̄ is controlled via the heating input Q, and in
his case it may be assumed that the heating strategy is such that

L

V̄
= L0

V̄0
= constant (10)

his heating policy is physically significant and it leads to an
utonomous ordinary differential equations model [11]. Substitu-
ion of Eq. (10) in Eq. (9) gives

dxi

d�
= (xi − yi); with d� = L0

V̄0
dt (11)

q. (11) represents the variation of the liquid composition in the
till, when no reaction is occurring, with respect to a “warped” time
. It is clear that, as the time is running, the liquid composition in
he pot will be richer in the heaviest compounds since the most
olatile species will leave out with the vapor flow. By the sequential
ntegration of Eq. (11) a set of equilibrium composition points are
btained and the resulting curve that describes the liquid composi-
ion is called a non-reactive residue curve. The equations to compute
he reactive residue curves are similar to those for the non-reactive
ase, but, the reaction term must be added into the mass balances
nd a reaction kinetic expression has to be used to compute such
urves. The autonomous differential equations for computation of
he reactive residue curves can be written as

dxi

d�
= xi − yi + ˛

NR∑
j=1

{[
�ij −

(
NC∑
k=1

�kj

)
xi

]
rj

r0

}
(13)
here ˛ is a dimensionless reaction-separation parameter given by

= Mcatr0

V̄0
(14)
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Table 1
Physical properties for some organosulfur compounds present in the diesel

Compound Tm (K) Tb (K) Tc (K) Pc (atm) ω

Dibenzothiophene 415.05 587.98 853.65 37.59 0.484
4,6-Dimethyldibenzothiophene 462.63 643.70 898.94 29.12 0.584
Biphenyl 277.34 527.32 777.19 34.28 0.377
3,3′-Dimethylbiphenyl 324.92 583.04 824.77 26.85 0.474
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rium calculations is not considerable. Therefore, the non-reactive
phase equilibrium behavior is not dependent on the organosulfur
compound, thus the path of the non-reactive residue curve is
virtually the same, and independent of the organosulfur reactant
considered. In other words, the organosulfur compound in Fig. 6,
yclohexylbenzene 258.30 520.19 760.98 29.73 0.354
-Methylcyclohexyltoluene 289.12 566.26 798.79 23.25 0.423

roperties computed from Joback and Reid Group Contribution Method [6].

In Eq. (13) NC is the number of components participating in
eaction j, NR is the number of reactions, Mcat is the catalyst mass
kg), V̄0 is the vaporization flow rate (kmol/h), rj is the intrinsic
ate of reaction j (kmol/kg cat. h), r0 is a reference rate of reaction
in this work 1 × 10−7 kmol/kg cat. h) and �ij is the stoichiomet-
ic coefficient of compound i in reaction j. The reaction-separation
arameter ˛ indicates the ratio between the amounts of catalyst

oaded in the distillation vessel (i.e., total wetted reacting area)
ultiplied by the reference rate of reaction to the vaporization flow

ate. It should be clear that, in the mathematical model (Eq. (13)) it is
ssumed that there are no diffusion limitations of the reactants. To
arry out the integration of Eq. (13) it is necessary to calculate (i) the
hase equilibrium and (ii) the reaction terms. One of the problems

n the phase equilibrium calculations for the hydrodesulfurization
eactive system is the lack of experimental information of the crit-
cal properties and acentric factors for 4,6-DMDBT compound and
ts respective hydrogenolysis and hydrogenation reaction products.
n the present work, the critical properties and acentric factors were
stimated using the Joback and Reid method [6] for DBT and 4,6-
MDBT, and their respective hydrogenolysis and hydrogenation

eaction products. These properties are shown in Table 1.
With these estimated properties it is possible to compute the

equired fugacity coefficients and to determine the phase equilib-
ium behavior of the reactive mixture the original Peng–Robinson
quation of state [12] with the appropriate binary interaction coef-
cients was used. In order to avoid trivial solutions, the phase
tability test procedure proposed by Michelsen [13] was applied.
t should be pointed out that such stability test was needed since
he certainty on the existence of the involved phases is required.

For the computation of the reaction terms in Eq. (13), the kinetic
odels for hydrogenolysis (� catalytic sites) and hydrogenation

� catalytic sites) reactions of dibenzothiophene, and alkyl substi-
uted dibenzothiophenes reported by Broderick and Gates [7] and
anrysselberghe et al. [8], respectively, were used. That is

For dibenzothiophene:

rDBT,� = kDBT,�KDBT,�KH2,�CDBTCH2

(1 + KDBT,�CDBT + KH2S,�CH2S)2(1 + KH2,�CH2 )
(15)

rDBT,� = kDBT,�KDBT,�KH2,�CDBTCH2

1 + KDBT,�CDBT
(16)

And for 4,6-dimethyldibenzothiophene:

r4,6-DMDBT,� = k4,6-DMDBT,�K4,6-DMDBT,�KH2,�C4,6-DMDBT,�CH2(
1 + K4,6-DMDBT,�C4,6-DMDBT+

√
KH2,�CH2

)3

(17)

k4,6-DMDBT,�K4,6-DMDBT,�KH ,�C4,6-DMDBT,�CH

r4,6-DMDBT,�= 2 2(

1 + K4,6-DMDBT,�C4,6-DMDBT +
√

KH2,�CH2

)3
(18)

here kij is the apparent reaction rate constant for species i in cat-
lytic sites j, Kij is the adsorption parameter for species i in catalytic
neering Journal 143 (2008) 210–219

ites j and Ci is the concentration of species i. Appendix A shows the
emperature dependency of all parameters used in Eqs. (15)–(18).

. The reactive residue curves maps

In this work, the “sulfured” diesel has been considered as a
olvent-rich mixture, since the composition of DBT or 4,6-DMDBT
s equivalent to 500 wppm. Experimental results on hydrodesulfu-
ization kinetics have been reported measuring the reaction rates
or DBT or 4,6-DMDBT with hydrogen and a solvent. Commonly
mployed solvents for such experimental hydrodesulfurization
eactions are n-hexadecane [7,9], a mixture of n-paraffins [8] or
ecaline [14–17]. According with the above, in this work tetraline
1,2,3,4-tetrahydronaphtalene) and n-hexadecane were selected as
he solvent media. Tetraline is a product of naphtalene hydro-
enation and, together with n-hexadecane, it may be considered
hat it is present in a “real” diesel mixture. To compute the non-
eactive and reactive residue curves, an initial point close to the
eft corner on the triangular diagram was chosen. This initial point
epresents the composition of a “sulfured” diesel with mole frac-
ions: 0.0005 for DBT or 4,6-DMDBT (AB), 0.005 for H2 (C) and
.9945 for tetraline (D), and it is assumed that no reaction prod-
cts are present. These initial mole fractions correspond to the
ollowing element fractions: W0∗

A = W0∗
B = 9.695 × 10−4; W0∗

C =
.393 × 10−2; W0∗

D = 0.96413, and their normalization (consid-
ring constant W0∗

D = 0.96413) gives W0
A = W0

B = 0.02703; W0
C =

.94594 (see Fig. 6). These normalized element fractions allow to
ocate the initial point in the element phase diagram near to the

node (pure H2). The proposed initial value is the same for all
alculations performed onward.

.1. Non-reactive residue curves

Fig. 6 shows the non-reactive residue curve for a
BT–H2–tetraline mixture obtained by the sequential inte-
ration of Eq. (11). It is important to notice that, because the DBT
iquid mole fraction is so small, its effect on the phase equilib-
Fig. 6. Non-reactive residue curve for DBT.
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B, could be anyone, DBT or 4,6-DMDBT, and through a simple
istillation (no catalyst present), a straight line pointing to the
rganosulfur compound is obtained.

It can be observed in Fig. 6 that the non-reactive residue curve
eads to the AB stable node, which corresponds to the heaviest com-
ound present in the initial mixture. This is an expected behavior
hen the initial mixture is vaporized without chemical reaction in

he heated still.

.2. Reactive residue curves

The reactive residue curves are obtained by the sequential inte-
ration of Eq. (13). In this case an amount of catalyst is loaded
˛ /= 0) in the still and the HDS reactions are carried out. In order to
isualize the effect of the chemical reactions on the phase equilib-
ium behavior, each HDS reaction pathway was analyzed separately.
hat is, first, it was considered that only the single hydrogenolysis or
ydrogenation reaction route was occurring and, afterwards, both
eaction routes were simultaneously carried out. The set of reactive
esidue curve maps shown in Figs. 7 and 8 were computed consid-
ring an operating pressure of 30 atm and several catalyst loadings
different ˛ values) were used. It should be noticed, in all these
igures, that the reactive residue curves are formed in two sec-
ions: (i) one section where reaction and separation are occurring
imultaneously, and the reactive residue curve is drawn by broken
ines describing the liquid phase composition in the reactive zone
nd (ii) the second section where only the simple distillation of the
emaining mixture is carried out and the residue curve is drawn by
ontinuous lines. Thick points (•) in the figures indicate the limits
etween the reactive and non-reactive (simple distillation) sections
or each one of the residue curves computed. It should be noted that
he simple distillation process lies over the lower reactive separa-
ion boundaries AB–AC or AB–AC4, depending on the reaction route
onsidered. Also, on the reactive residue curve maps, the boiling
emperatures at the corresponding pressures (at 30 or 10 atm) are
ndicated below the pure components nodes.

.2.1. Effect of the reaction route and catalyst loading (˛) on the
BT and 4,6-DMDBT hydrodesulfurization

Reactive residue curve maps for a DBT–H2–tetraline (C10H12)
nd 4,6-DMDBT–H2–tetraline reacting mixtures under a
ydrodesulfurization reactive distillation process were calcu-

ated. Fig. 7a–c shows the reactive residue curves corresponding to
ndividual and simultaneous DBT hydrogenolysis and hydrogena-
ion reactions at 30 atm, respectively. The employed ˛ values were
.05, 0.1, 0.5 and 2.0. Computed non-reactive (˛ = 0) and reactive
esidue curves were plotted in an element ternary phase diagram
t the same operating pressure.

A first observation of these reactive phase diagrams shows the
xpected modification of the reactive residue curves corresponding
o each individual reaction path. Such modification corroborates
he presence of the different HDS reaction products in the boil-
ng reactive mixture, with their different element locations on the
eactive phase diagrams.

A more detailed observation of the reactive phase diagram
or DBT hydrogenolysis reaction (Fig. 7a) shows that the reactive
esidue curves deviate, from the non-reactive residue curve, toward
he representative point of the hydrogenolysis organic product,
iphenyl, or the element combination AC. This trend is proportion-
lly accentuated as the ˛-value increases. It should be clear that the

ncrement of ˛ must be understood as an increment in the catalyst
oading or a decrease in the liquid evaporation rate, V̄ , which repre-
ents an increment in the residence time of the reacting liquid mix-
ure in the still. Therefore, for the higher registered ˛ values (0.5 and
.0), the corresponding reactive residue curves (broken lines) move

Fig. 7. (a) Reactive residue curves map for DBT hydrogenolysis; (b) reactive residue
curves map for DBT hydrogenation; and (c) reactive residue curves map for DBT
hydrodesulfurization.
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Fig. 8. (a) Reactive residue curves map for 4,6-DMDBT hydrogenolysis; (b) reactive
residue curves map for 4,6-DMDBT hydrogenation; and (c) reactive residue curves
map for 4,6-DMDBT hydrodesulfurization.

f
p
o
t
A
u

t
s
p
I
c
b
t
s
a
t
h
f

h
c
r
f
c
p
c
s
i
i

p
d
s
r
o
p

h
f
r
i
l
n

d
D
r
b
4
9
(
T
o
i
l
c

r
g
t
f

s
t

neering Journal 143 (2008) 210–219

rom the standardized initial point to the AC node. After that, a sim-
le distillation of the DBT–biphenyl–tetraline mixture, is described
n the reactive diagram by means of continuous lines. These con-
inuous lines move over the reactive zone boundary line toward the
B node (pure DBT) independently of the value of ˛. Solid dots are
sed to indicate where the reactive curve section ends.

On the other hand, when the hypothetical individual hydrogena-
ion reaction occurs (see Fig. 7b), the reactive residue curves do not
how a noticeable trend toward the representative hydrogenation
roduct point (cyclohexylbenzene) corresponding to the AC4 node.

n other words, under the same reaction conditions (same ˛ values),
yclohexylbenzene formation is significantly smaller compared to
iphenyl formation. In fact, in the case that a complete elimina-
ion of DBT was required through this individual reaction path, a
ensitive increment of the ˛-value should be done. The above is
very important result and it is consistent with the experimen-

al work of Broderick and Gates [7], who concluded that for DBT
idrodesulfurization, the hydrogenolysis reaction path is mostly

avored.
The combined effect of the simultaneous hydrogenolysis and

ydrogenation reactions on the DBT–H2–tetraline reactive mixture,
an be analyzed in the reactive phase diagram shown in Fig. 7c. The
eactive residue curves follow a similar trajectory to those found
or the individual hydrogenolysis reaction route (see Fig. 7a). These
urves move toward a point located on the base of the reactive
hase diagram, closer to the AC node than to the AC4 node. It is
lear that the hydrogenolysis reaction route is favored when the
imultaneous action of the two chemical reactions routes occur,
n spite of the H2S production which, according to experimental
nformation [7] inhibits mainly the hydrogenolysis reaction route.

It should also be noticed that continuous lines on the reactive
hase diagram in Fig. 7c, corresponding to the non-reactive simple
istillation process of DBT–biphenyl–cyclohexylbenzene–tetraline
ystem, do not move over the reactive boundary line AB–AC, which
epresents a DBT–biphenyl–tetraline mixture, due to the presence
f cyclohexylbenzene, although they move permanently toward the
ure component DBT (AB element node).

Fig. 8a and b shows the behavior of the hypothetical individual
ydrogenolysis and hydrogenation reactive distillation processes
or 4,6-DMDBT, respectively. As in the previous case, dotted lines in
eactive phase diagrams describe the behavior of the liquid phase
n the reactive zones, continuous lines represent the simple distil-
ation process and thick points indicate the limit of the reactive and
on-reactive sections.

Fig. 8a shows that, for 4,6-DMDBT hydrogenolysis reaction route,
espite the larger values of ˛ used, in comparison to those for
BT, the reactive residue curves do not lead to the node AC (cor-

esponding to the reaction product) in the reactive diagram. It can
e observed that, in order to obtain representative conversions of
,6-DMDBT, the ˛ values should be increased 5 or 10 times (˛ = 50,
0), compared to the values near to the non-reactive residue curve
˛ = 5, 10); and in comparison to DBT case about 45–50 times higher.
his result means that the amount of catalyst loaded in the still
r the residence time of the reacting liquid mixture should be
ncreased considerably, in order to obtain significant conversion
evels of 4,6-DMDBT. Also, it indicates the need for more active
atalysts to be developed.

On the other hand, Fig. 8b shows the representative reactive
esidue curves corresponding to a hypothetical 4,6-DMDBT hydro-
enation reactive distillation process. It can be observed in Fig. 8b

hat the reactive residue curves trajectories substantially differ
rom those for DBT hydrogenation.

The reactive phase diagram in Fig. 8b shows that, for the
ame ˛ values used in the hydrogenolysis route (see Fig. 8a),
he reactive residue curves describe a clear trend toward the
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C4 node, corresponding to the hydrogenation reaction product
-methylcyclohexyltoluene. This behavior indicates that the hydro-
enation reaction route is favored in the 4,6-DMDBT elimination.
lso, it should be noticed that a small effect on the 4,6-DMDBT
onversion is observed when the ˛-value is increased from 50 to
0, indicating that an increment in the amount of catalyst does not
ecessarily lead to a substantial conversion of 4,6-DMDBT.

Fig. 8c shows the reactive phase diagram when both hydrogenol-
sis and hydrogenation reactions routes are considered for
,6-DMDBT elimination. It can be observed in Fig. 8c that, for the
ame ˛ values, the trajectories of the reactive residue curves are
imilar to those for the hydrogenation reaction route. These results
re in agreement with the experimental information stating that
,6-DMDBT is preferentially eliminated through the hydrogenation
eaction route [8]. It should be noted in Fig. 8c that the simple non-
eactive distillation process occurs over the reactive boundary line
C4–AB, corresponding to a non-reactive mixture of 4,6-DMDBT,
-methylcyclohexyltoluene and tetraline.

.2.2. Effect of the operating pressure on the 4,6-DMDBT
ydrodesulfurization

The effect of the operating pressure on the 4,6-DMDBT
ydrodesulfurization is shown in Fig. 9. It should be noted in Fig. 9
hat both, hydrogenolysis and hydrogenation routes, are consid-
red for the computation of the reactive residue curves at 10 atm.
he comparison of Figs. 8c and 9 reveals that, when the pressure in
he still decreases to 10 atm and tetraline is the solvent medium, an
mportant decrement in 4,6-DMDBT conversion occurs. In fact, the
eactive residue curves in the reactive phase diagram (see Fig. 9)
or low ˛ values (˛ = 5, 10) show a trend similar to that for the
on-reactive residue curve, and only when the catalyst loading is

argely increased (˛ = 200.0) a deviation to the reactions products is
bserved. The fall in 4,6-DMDBT conversion can be clearly observed
n Fig. 10a and b, where the component mole fractions obtained
rom the reactive residues curve computation, for the liquid and
apor phases, are plotted versus temperature. It is clear that, the
eduction of the operating pressure in the still, would lead to a
eduction of the boiling temperatures of the reacting mixture as

hown in Fig. 10b. It can be noted in Fig. 10a that for ˛ = 200.0 and
= 30 atm, the complete elimination of 4,6-DMDBT occurs around
= 718 K, while for P = 10 atm (Fig. 10b) it never occurs for the entire

emperature range explored. This effect could be explained through

ig. 9. Reactive residue curves map for 4,6-DMDBT hydrodesulfurization at 10 atm
nd tetraline as solvent.
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ig. 10. Effect of the operating pressure on the conversion of 4,6-DMDBT: (a)
= 30 atm and (b) P = 10 atm.

he reduction of the hydrogen solubility due to the lower pressure.
ased on the above, it is apparent that a reduction in the operat-

ng pressure would lead to a considerable decrease of the sulfur
limination from diesel.

.2.3. Effect of the solvent on the 4,6-DMDBT
ydrodesulfurization

As mentioned before, in the present work, two solvents, tetra-
ine and hexadecane, were chosen as solvent medium. Fig. 11 shows
he reactive residue curves map for 4,6-DMDBT hydrodesulfuriza-
ion at P = 10 atm with hexadecane as solvent. It can be observed
n Fig. 11 that the trend of the reactive residue curves points to
he AC4 node, indicating that, under these operating conditions,
he conversion of 4,6-DMDBT is increased as the catalyst loading

ncreases. It is shown that whereas a low conversion of 4,6-DMDBT
as obtained with tetraline as solvent at 10 atm (see Fig. 10a), the

witch to hexadecane as solvent leads to a complete elimination of
,6-DMDBT with ˛ = 800. This result indicates that although 4,6-
MDBT can be eliminated at a pressure of 10 atm a very large
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Fig. 11. Reactive residue curves map for 4,6-DMDBT hydrodesulfurization at 10 atm
and n-hexadecane as solvent.
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ig. 12. Composition profile of 4,6-DMDBT at 10 atm and n-hexadecane as solvent
edium.

mount of catalyst is required. Fig. 12 shows the component mole
ractions for 4,6-DMDBT in both phases, indicating that complete
limination of 4,6-DMDBT occurs at T = 702 K for ˛ = 500.0, with
he corresponding raise in the boiling temperatures of the reacting

ixture when hexadecane is chosen as solvent. The above behavior
ay be explained through the increase of the hydrogen solubil-

ty in hexadecane. It is known from experimental information [18]
hat hydrogen solubility increases as the number of carbon atoms
ncreases in the hydrocarbon chain. It is clear that, in order to have
omplete elimination of sulfur from diesel, a careful choice of the
perating pressure and the solvent medium should be done.

. Conclusions
The effect of the solvent, operating pressure and catalyst load-
ng for deep hydrodesulfurization of diesel through a reactive
istillation process has been analyzed. The thermodynamic anal-
sis considers the computation of reactive residue curve maps
neering Journal 143 (2008) 210–219

or the hydrodesulfurization of dibenzothiophene (DBT) and 4,6-
imethyldibenzothiophene (4,6-DMDBT) in a simple reactive batch
istillation process. Through the calculation of the reactive residue
urve maps it was possible to reproduce the experimental informa-
ion which indicates that DBT is preferentially converted through
he hydrogenolysis reaction route, while 4,6-DMDBT is mostly
liminated by the hydrogenation reaction route. In the analysis of
he reactive phase behavior the effect of the catalyst loading, oper-
ting pressure, and type of solvent were studied. From the reactive
esidue curve computation it could be observed that, using tetraline
s solvent medium and reducing the operating pressure to 10 atm,
remarkable decrease in 4,6-DMDBT conversion occurs. This could
e explained by the severe decrease of hydrogen concentration in
he liquid phase due to the pressure reduction and consequently
lower solubility. However, if a combination of n-hexadecane as

olvent and a low operating pressure (10 atm) is proposed, with
he appropriate amount of catalyst load (˛ = 800) a complete elim-
nation of sulfur from diesel could be achieved. Nevertheless, this
esult indicates the employment of a large amount of catalyst, but
lso the need to develop more active and efficient catalysts for
his process. It should be pointed out that, even when the results
btained through the calculation of the reactive residue curves indi-
ate that reactive distillation could be a viable second stage process
or deep HDS of diesel, there are uncertainties about the “true” crit-
cal properties of the HDS reactants and reaction products, which
n this work were estimated by a group contribution method.
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ppendix A. Apparent reaction rate constants and
dsorption parameters used in Eqs. (15)–(18)

or DBT

kDBT,� = 7.87 × 105 exp
(

−1.26×108

RgT

)
; KDBT,� = 1.8 × 10−1 exp

(
1.9×107

RgT

)
KH2,� = 4.0 × 103 exp

(
3.5×107

RgT

)
; KH2S,� = 7 × 10−1 exp

(
2.2×107

RgT

)
kDBT,� KH2,� = 4.22 × 104 exp

(
−1.16×108

RgT

)
; KDBT,� = 2.0 exp

(
6.0×106

RgT

)
or 4,6-DMDBT

k4,6-DMDBT,� = 6.44560 × 107 exp
(

−106223
RgT

)
; K4,6-DMDBT,� = 18.0397

KH2,� = 3.36312 × 10−11 exp
(

113232
RgT

)
; KH2S,� =

1.47118 × 10−8 exp
(

105670
RgT

)
k4,6-DMDBT,� = 3.68208 × 1027 exp

(
−299042

RgT

)
; K4,6−DMDBT,� =

1.58733 × 10−8 exp
(

90485
RgT

)
KH2,� = 1.40255 × 10−15 exp

(
142693

RgT

)
here T is in (K) and Rg is in (kJ/(kmol K))
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