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ABSTRACT: 

The competitive adsorption of aromatics and nitrogen heterocycles on the active sites of solid catalytic
sulfides  (Ni(Co)-MoS2 dispersed  over  oxidic  carriers)  typically  causes  inhibitory  effects  during  the
hydropurification of sulfur heterocycles.  Contrary to this typical  behavior,  we report herein that it  is
possible to promote the scission of the C-S bond of refractory dibenzothiophene by co-feeding the above
compounds during hydropurification over a conventional Ni-MoS2/Al2O3 catalyst. Particularly, we prove
that at temperatures between 240 and 300°C and concentrations of dibenzothiophene between 1.0 and
3.7 wt.%, the desulfurization of dibenzothiophene is promoted by increasing its conversion up to 370%
when either naphthalene, indole, or quinoline are co-fed to the reaction system. The work highlights the
following:  (i)  lower  temperatures  and higher  concentrations  of  the sulfur  heterocycle  enhanced the
cleavage of the C-S bond from dibenzothiophene; (ii) it is possible to promote hydropurification reactions
regardless of the nature of the of co-reactants; namely: a fused aromatic ring -naphthalene-, or a fused
nitrogen heterocycle with a lone pair belonging to the pi-system -quinoline- or not -indole-.

The  measures  that  are  starting  to  emerge
worldwide  for  the  necessary  decarbonization  of
the transportation sector still leave out important
subsectors  such as  long-haul  trucking,  aviation,
and  the  cargo  industry.  Furthermore,  in  most
developing  countries  these  environmental
measures  do  not  contemplate  replacing  fossil
fuels  for  urban  transportation  in  the  next  few
decades. Therefore, producing cleaner fuels while
decarbonization  takes  place  remains  a  critical
environmental  and  societal  issue.  Within  this
context,  the  hydropurification  of  sulfur
heterocycles  -hydrodesulfurization-  continues
driving  scientific  and  industrial  innovation.  To
improve  hydropurification,  both  industry  and
academia  have  focused  their  efforts  on  the
following:  i)  achieving ultra-deep desulfurization
of the fuels to a near zero level of sulfur through
the development of highly active catalysts,1 and,
ii)  optimizing  hydrogen  consumption  during
hydrotreating due to its impact on the profitability
of  the  process.2,3 However,  whether  it  will  be

feasible  to  achieve  these  two  challenges
simultaneously with the current crude oil quality
remains  an  open  question  despite  the  long
history of the field.

The  presence  of  nitrogen  heterocycles  and
polyaromatic  hydrocarbons  on  the  feedstock  of
hydrotreating units  has been considered one of
the  main  problems  to  achieve  ultra-low  sulfur
fuels4,5 because  they  can  outcompete
organosulfur  compounds  for  the  active  sites  of
the  supported  Ni(Co)-MoS2 catalysts.6–9 In  this
sense,  most  researches  agree  that  nitrogen
heterocycles bind more strongly than aromatics
and  organosulfur  compounds  over  the  catalytic
sites  hence  inhibiting  hydropurification.
Furthermore,  a  linear  correlation  between  the
proton affinity of different nitrogen heterocycles
and  the  adsorption  equilibrium  constants  has
been found (Figure 1S).10,11 These findings have
reasonably  led  to  a  paradigm  where  nitrogen
heterocycles  and  to  some  degree  aromatic
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hydrocarbons  are  reaction  inhibitors  for
hydrodesulfurization per se.

Despite  the  above,  a  handful  of  authors
reported  evidence  showing  that  nitrogen
heterocycles  may  promote  hydrodesulfurization.
Nagai12 first showed that acridine enhanced the
desulfurization  of  dibenzothiophene  with  high
selectivity to the direct breaking of the C-S bond.
Afterwards, LaVopa and Satterfield13 reported that
quinoline  also  promoted  the  desulfurization  of
dibenzothiophene;  particularly,  at  low
temperature.  Their  finding  was  confirmed  two
years ago by Nikul’shina et al.14 Finally, Egorova
and Prins15 showed that  either  2-methylpyridine
and  2-methylpiperidine  can  also  promote  this
reaction under specific conditions.

In general, the above studies have the following
experimental  conditions  in  common:12–15 (i)  the
reactions were carried out  in  a  continuous flow
reactor;  (ii)  the  sulfide  based  catalysts  were
promoted by nickel;  namely,  sulfided Ni-MoS2/γ-
Al2O3 and  Ni-WS2/γ-Al2O3;  (iii)  dibenzothiophene
was used as a sulfur heterocycle; and, (iv) all the
nitrogen heterocycles had a lone pair  belonging
to  the  pi-system  hence  being  Lewis  bases.
However, these reports have remained a curiosity
in  the  field  without  further  systematic
investigations despite the possibility for potential
practical  applications  which  would  allow
optimizing hydrodesulfurization just by modifying
the composition of the feed to hydropurification
units. Furthermore, as far as we know, there are
no studies  showing that  co-reactants  may alter
catalytic  reactivity  beyond  classical  Langmuir-
Hinshelwood kinetics where they play the role of
inhibitors.

Within  this  context,  we sought  answering the
following questions: 1) Is the hydrodesulfurization
of  dibenzothiophene  only  promoted  by  a  basic
nitrogen  heterocycle?;  2)  what  is  the  effect  of
temperature over the promoting effect?; and, 3)
what are the effects of the concentration of both
the sulfur  heterocycle  and the  promoter  fed  to
the  reactor?  To  respond  these  questions,  we
analyzed  the  effects  of  naphthalene,  as  an
aromatic compound; and quinoline and indole, as
nitrogen  compound  with  basic  and  non  basic
character,  on  the  hydrodesulfurization  of
dibenzothiophene.  For  this  purpose,  a  series  of
reaction  tests  were  planned  and  executed
following a factorial 23 face-centered cube central
composite  design  experiment  for  assessing  the
effects of temperature; 260, 280, and 300°C, the
concentration of dibenzothiophene; 1.0, 2.2, and
3.7 wt.%; and the concentrations of naphthalene,
quinoline, and indole; 0.13, 0.28, and 0.47 wt.%
over the conversion of dibenzothiophene. All tests
were  done  with  continuous  fixed-bed  reactors
operated  outside  mass  transport  limitations
conditions8,16 at  pH2 = 5 MPa and using samples
from  a  fresh  Ni-MoS2/Al2O3 (commercial
formulation)  catalyst  at  every  independent  run.

All tests were made until reaching a steady state
where  the  conversion  and  selectivity  of  the
dibenzothiophene  hydrodesulfurization  reaction
did  not  change  more  than  ±2%  with  time  on
stream.  An  impact  factor  was  defined  and
calculated  to  show the  degree  of  promotion  or
inhibition for the conversion of dibenzothiophene.

%λDBT=
XDBT

¿
−X DBT
X DBT

∗100% (1)

Where,  X DBT
¿

 and  X DBT represent  the
conversion of dibenzothiophene in the presence
and absence of the co-reactant, respectively. The
conversion, yields, and impact factors calculated
for each reaction is given in Table S1-S4, of the
Supporting Information (Section S2).

Figure  1 shows  statistical  main  effect  plots
where the average of %λDBT  is presented at each
level  of  the input  variables of  the experiments,
i.e.,  temperature  (Figure 1a),  concentration  of
dibenzothiophene (Figure 1b), and concentration
of  co-reactant  (Figure  1c).  In  these  plots,  the
magnitude and slope of  the lines  give  a  rough
idea about the strength and relative significance
of the input variable over the impact factor. The
higher the slope, the greater the significance of
the effect. 17 According to Figure 1a, the impact
factor of indole and naphthalene followed a linear
trend  with  a  negative  slope.  Therefore,  the
temperature  had  a  significant  effect  on  the
promotion effect  of  these co-reactants over  the
conversion  of  naphthalene.  At  lower
temperatures, the promotion due to the presence
of  indole  and  naphthalene  was  higher.  On  the
other hand, the impact factor followed a volcano
trend in the presence of quinoline. The effect of
the concentration of dibenzothiophene on  %λDBT
is depicted in Figure1b. In this case, the overall
trends  of  the  promotion  effect  followed  similar
curves as before. But, instead of a negative slope
for naphthalene and indole, the promotion of the
hydrodesulfurization reaction increased with the
concentration  of  dibenzothiophene.  Finally,  the
influence of the concentration of the co-reactants
on the impact factor is shown in  Figure 1c.  In
this  instance,  all  compounds  had  linear  effects
over the promotion with negative slopes for the
concentrations  of  quinoline  and  indole  and
roughly  a  zero  slope  for  the  concentration  of
naphthalene.

In  summary,  the  statistical  analysis  of  the
effects  of  the  input  variables  of  these
experiments  showed  that:  (1)  the  presence  of
quinoline,  indole,  and naphthalene can promote
the hydrodesulfurization of dibenzothiophene; (2)
the  degree  of  promotion  follows  this  trend:
indole>naphthalene>quinoline; (3) increasing the
reaction temperature had a negative impact  on
the  promotion  effect;  (4)  increasing  the
concentration  of  dibenzothiophene  positively
impacted promotion;  and (5) the concentrations



of quinoline and indole had negative effects over
the  promotion  effect  while  the  effect  of  the
concentration of naphthalene was basically null.

Figure 1. Main effects plots for the impact factor
of  the  conversion  of  dibenzothiophene:  a)
temperature,  b)  concentration  of
dibenzothiophene, and c) concentration of the co-
reactant. 

On  the  other  hand,  it  is  well  known that  the
hydrodesulfurization  of  dibenzothiophene
undergoes  via  two  parallel  pathways:  (i)  direct
desulfurization  (DDS)  which  leads  to  the
formation of biphenyl (BP), and (ii) hydrogenation
(HYD)  where  one  of  the  benzene  rings  of
dibenzothiophene is first hydrogenated to tetra-
hydro-dibenzothiophene  (THDBT)  and  then  to
hexa-hydro-dibenzothiophene  (HHDBT),  followed
by  the  scission  of  the  C-S-C  bond  to  yield
cyclohexylbenzene  (CHB).8 In  this  sense,  it  is
necessary  to  analyze  how the  above  described
effects affected both pathways.

Figure 2 shows a parity diagram for the yields
of  cyclohexylbenzene  and  biphenyl  during  the
hydrodesulfurization  of  dibenzothiophene  in  the
absence  and  presence  of  each  co-reactant.  In
general,  quinoline,  indole,  and  naphthalene
promoted  the  yield  to  biphenyl,  i.e.,  the  direct
scission  of  C-S-C  bond,  Figure  2a.  Also,
naphthalene was able to promote the production
of  cyclohexylbenzene,  Figure  2b,  but  both
nitrogen  heterocycles  inhibited  the  yield  to
cyclohexylbenzene.  The  latter  is  the  typical
finding in the literature. 18,19

Figure  2.  Parity  diagram  for  the  yields  of  a)
cyclohexylbenzene (CHB) and b) biphenyl (BP) in
the  hydrodesulfurization  of  dibenzothiophene  in
the absence and presence of the co-reactant.

The ensemble of the presented results hint that
the origin of the promotion effect of the studied
molecules  may  be  related  to  the  surface
coverage  of  the  different  reactants  (high
concentrations  of  dibenzothiophene  and  low
reaction temperatures) and their influence on the
catalytic sites where direct desulfurization takes
place.  Despite  the  fact  that  this  work  cannot
conclude  nothing  on  the  origin  of  the
demonstrated promotion effects, we advance two
non-mutually excluding hypotheses about it. The
first  one  is  that  aromatics  and  nitrogen
heterocyclic  compounds  promote
hydrodesulfurization  via  direct  desulfurization
because their  adsorption lowers the strength of
the  neighboring  metal-sulfur  bond  (S-H  group
binding  energy)  hence  easing  the  formation  of
more active sites such as sulfur vacancies. This
hypothesis  could  be  supported  by  studies
showing the existence of  a  correlation between
the SH group binding energy and the activity in
hydrodesulfurization reactions.20–22 Indeed, Moses
et  al.22 proposed  the  SH  binding  energy  as  a
descriptor  for  the  rate  of  hydrodesulfurization.
They mentioned that an intermediate strength of
the SH binding would be at  optimum range for
the hydrodesulfurization activity according to the
Sabatier principle. To the left of the maximum the
SH binding energy becomes weaker and on the
right  side increases the strength of  SH binding.
From  our  results,  it  was  evidenced  that  indole
that has an intermediate proton affinity (933.4 kJ
mol-1) between naphthalene (836.0 kJ mol-1) and
quinoline  (953.2  kJ  mol-1)  led  to  a  stronger
promotion  effect.  In  line  with  this  hypothesis,
quinoline  showed  a  volcano-type  plot  for  the
promotion  of  dibenzothiophene,  probably
because  of  the  tendency  of  the  nitrogen
heteroatom  to  donate  electrons  was  more
sensible to the effect of the temperature (Figure
1a) and to the concentration of dibenzothiophene
(Figure1b).  In  this  sense,  the difference in  the
adsorption  structures  and  the  strength  of  the
adsorption  of  the  co-reactants  may  affect  the
degree  of  influence  on  the  SH  binding  energy,
and,  therefore,  the  promotion  of  the  DDS
pathway. 



The  second  hypothesis  is  that  the
hydrogenation-dehydrogenation  equilibrium
established in the first step of the hydrotreating
reaction  sequence  for  the  naphthalene8,23,
indole24, and quinoline25,26 could supply additional
surface  hydrogen  for  the  C-S  bond  scission
reaction.  The  reactions  networks  of  the
hydrogenations  of  quinoline,  indole,  and
naphthalene  are  presented  in  the  Supporting
Information  (Section  S3).  According  to  Li  and
Iglesia27,  propane dehydrogenation can promote
the hydrodesulfurization of thiophene because of
this.  Also,  in  recent  years  a  large  number  of
articles  dealing  with  the  feasibility  of  using
organic  compounds  as  hydrogen  carriers  have
been published.28–30 Several  authors  have found
that  the  dehydrogenation  of  compounds
containing a heteroatom within a five membered
ring is  favored as  compared to  the one with  a
heteroatom  within  a  six  member  ring.31,32 This
agrees with our results in the sense that indole
had  a  stronger  promotion  effect  than  quinoline
and naphthalene.

As  mentioned  earlier,  the  two  hypotheses
proposed  to  explain  the  promotion  of
hydrodesulfurization  by  naphthalene,  quinoline,
and indole are not mutually excluding. Both the
adsorption  of  the  aromatic  and  nitrogen
compounds  and  the  release  of  hydrogen  by
dehydrogenation may modify the binding energy
of  the  surface  SH  groups  and  promote  the
formation of more sulfur vacancies. In the case of
the  supply  of  surface  hydrogen  by
dehydrogenation reactions, these surface species
could react with an SH group to form H2S hence
leaving behind a new sulfur vacancy available for
desulfurization.

As  a  conclusion,  the  response  to  the  three
questions postulated for this work are: 1) The C-S
bond  scission  necessary  for  the
hydrodesulfurization  of  dibenzothiophene  over
solid catalytic sulfides is promoted by both basic
(quinoline)  and  non-basic  (indole)  nitrogen
heterocycles and by aromatics (naphthalene). 2)
Lower  temperatures  strengthen  the  promotion
effects of indole and naphthalene, while it has a
volcano  effect  over  the  promotion  effect  of
quinoline.  3)  A  larger  concentration  of
dibenzothiophene  leads  to  stronger  promotion
effects  of  indole  and  naphthalene  while  over
quinoline promotion followed a volcano trend.
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