Available online at www.sciencedirect.com

SCIENCE@DIREOT@ JOURNAL OF
CATALYSIS
ACADEMIC
PRESS Journal of Catalysis 215 (2003) 353-357
www.elsevier.com/locate/jcat
Research Note
On the sulfur tolerance of supported Ni(Co)Mo sulfide
hydrotreating catalysts
E.J.M. Hensen,V.H.J. de Beer, J.A.R. van Veen, and R.A. van Santen
Schuit Institute of Catalysis, Eindhoven University of Technology, PO Box 513, 5600 MB Eindhoven, The Netherlands
Received 19 June 2002; revised 17 October 2002; accepted 3 December 2002
Abstract

This research note describes the sulfur tolerance in hydrodesulfurization for a set of CoMo and NiMo catalysts on various supports. The
activity decrease with increasing8 concentration is diminished by supports with enhanced Brgnsted acidity. The sulfur tolerance for NiMo
catalysts increases in the order activated carb@atuminax< titania< amorphous silica-alumina. A direct interaction between Brgnsted acid
sites and the active sites is proposed. Complexing agents decrease the sulfur tolerance for a given support due to stackiistab MoS
Clearly, CoMo catalysts are less prone to sulfur poisoning than NiMo catalysts. NiMo is the preferred metal combination for desulfurization
under sulfur-lean conditions.
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1. Introduction Most research is focused on alumina-supported catalysts,
since alumina is the preferred support for hydrotreating
applications [1]. The use of other supports can be instructive,
because new insights into the influence of the metal-
support interaction on the functioning of the active phase
can be acquired. Carbon has been widely studied [3-7]

Supported metal sulfide catalysts constitute the most im-
portant class of refinery catalysts for the production of clean
motor fuels. Ever-tightening fuel specifications necessitate
the conversion of the most refractory sulfur components. The 1 . . ; ;
pivotal property of these Co(Ni)Mo sulfide catalysts is their as a potential commercial §upp0rt materl_al,_ since It allqws
ability to convert organosulfur compounds to clean hydro- €2Sy metal recovery. A major drawback is its low density.
carbons in the abundant presence of fouling molecules suchf°M @ fundamental point of view, the absence of strong
as HS and NH [1]. Hydrogen sulfide generally decreases metall—su'pport mteraf:tlons in carbon—supported catalysts,
reaction rates due to competitive adsorption with sulfur- "€Sultinginthe formation of type Il Me-Mo-S phases (Me
containing molecules. However, the behavior is more com- €0 Ni) [8-10], is interesting. On the contrary, titania-
plex as dissociative adsorption may alter the nature of the Pased catalysts exhibita strong Mo-supportinteraction [11].
active sites. For instance, Leglise et al. [2] pointed out that !Nterestingly, titania-supported Mo sulfide, which exhibits

sulfhydryl species play a positive role in the catalytic mech- a high HDS activity, IS difficult .to promote by Co.or Ni
anism of thiophene conversion at very low hydrogen sulfide [12,13]. Amqrphous 5|I|ca-alum.|n_qs (ASA) are of interest
partial pressures. High conversion levels imply high hydro- dug to their improved HDN activities _[14]’ although HDS
gen sulfide partial pressures necessitating sulfur-tolerant cat2ctivities are.generally low [12'1.4]' Th.|s last observation is
alysts. Generally, CoMo catalysts are preferred when a high mostly explained by a low MoSdispersion [11,12].
hydrodesulfurization (HDS) duty is required whereas NiMo- The effect of the support on the sulfur tolerance of

based materials are used when nitrogen removal is the majorCOMo' NiMo, 'and Mo catalysts was noted by several authors
[15-20]. For instance, Farag et al. [15] recently compared

goal DBT and 4,6-DMDBT activities for CoMo supported on
carbon and alumina and found a much higheSHblerance
* Corresponding author. in the latter case. A beneficial effect of ASA compared
E-mail address: e.j.m.hensen@tue.nl (E.J.M. Hensen). to conventional alumina on the sulfur tolerance was also
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noted by Robinson et al. [17]. Borque et al. [19] stressed at 60 ml/min (standard temperature and pressure) while
that the ranking of hydrotreating catalysts is influenced by heating at a rate of 6 Knin to 673 K (in the case of NTA:
the type of feedstock and reaction conditions including the 2 K/min). The temperature was kept at this temperature for
hydrogen sulfide partial pressure. Finally, Kasahara et al. 2 h. Subsequently, the catalyst was exposed to a mixture
[20] observed that the use of Co and Ni as promoters to of 3.33 kPa thiophene and 1 kPa%lin hydrogen at a
alumina-supported Mo catalysts resulted in less inhibition total flow rate of 100 mimin (standard temperature and
by H2S than in unpromoted ones. However, CoMo catalysts pressure) at 673 K. After a stabilization period of 13 h,
showed a much better sulfur tolerance than NiMo catalysts kinetic measurements were started at 623 K.
in the HDS of (di)benzothiophene. Despite these reports,
no systematic effort to study the support effect on the
sulfur tolerance for one particular model reaction under 3. Resultsand discussion
one particular set of reaction conditions has been made.
In this contribution we describe such inhibition effects in The composition of the various catalysts, information on
atmospheric thiophene HDS for a set of NiMo and CoMo their morphology, and their thiophene HDS activities are
catalysts supported on activated carbon, alumina, amorphougollected in Table 1. Activities are steady-state reaction rates
silica-alumina, and titania. expressed per mol Mo. Clearly, carbon is the preferred sup-
port in both NiMo and CoMo. The activity differences be-
tween CoMo—-NTAC on the one and CoMo—-NTAIl and
2. Experimental CoMo/Al on the other hand cohere well with differences ob-
served by Van Veen et al. [8] and Hensen et al. [21]. The ac-
A suite of NiMo sulfide catalysts was prepared on the tivity trends for the NiMo analogues are similar and in agree-
support materials activated carbon (Norit RX-3 extra, p.v. mentwith results of Van Veen et al. [9]. The use of NTA re-
1 ml/g, s.a. 1190 fyg), alumina (Ketien CK-300, p.v.  sults in fully sulfided type Il Me—Mo-S phases for alumina-
0.66 ml/g, s.a. 263 /g), amorphous-silica-alumina (Shell, supported catalysts with higher activities than found for
p.v. 0.67 mfg, s.a. 455 /g, 45 wt% silica), and titania  catalysts prepared by conventional coimpregnation, which
(Degussa P-25, p.v. 0.32 fig, s.a. 50 rA/g, anataseutile = mainly leads to type | Me—Mo-S phase with residual Mo—
75:25). Carbon- and alumina-supported CoMo catalysts O—Al linkages at reasonable Mo loadings [8]. The alumina-
were included for comparison. Prior to use, the support ma- supported NiMo—NTA catalyst has a somewhat higher stack-
terials were calcined at 573 K for 2 h with the exception of ing degree than NiMpAI O3 in accordance with more com-
the activated carbon which was dried at 383 K overnight. plete sulfidation. The values for the average slab length of
All catalysts were prepared by coimpregnation of ammonia- both catalysts are close. In contrast to alumina-supported
cal solutions of ammoniumheptamolybdate (Mersl97%) catalysts, there is hardly any NTA effect on the activities of
and nickel (cobalt) nitrate (Merck, p.a.). If indicated, the im- titania- and ASA-supported NiMo sulfide. Here, we find that
pregnation solution contained the complexing agent nitrilo- titania-supported catalysts are somewhat more active than
triacetic acid (NTA) according to the procedure by Van Veen NiMo—NTA /Al. This difference stems from the somewhat
et al. [8]. The catalysts were dried in air at 383 K for 16 h higher Ni/Mo ratio for the titania-based catalysts. Strikingly,
and with exception of those prepared with NTA calcined in there is only a small NTA effect for the titania-supported cat-
static air at 723 K for 2 h. Catalysts are denoted as follows: alysts as already described by Vissenberg et al. [13]. Further
MeMo(-NTA)/S with Me the promoter ion, (NTA) indicat-  investigations [13,22] showed that this effect is only appar-
ing the use of NTA, and S the support material (C for ac- ent. While the active phase in NiM®i is strongly anchored
tivated carbon, Al for alumina, Ti for titania, and ASA for to the support [12,22,23], NiIMo—NTATi has a higher ini-
amorphous silica-alumina). tial activity which strongly decreases due to sintering in the
Atmospheric gas-phase thiophene hydrodesulfurization initial stages of the reaction. This is most probably induced
experiments were carried out in a single-pass quartz mi- by sulfidation of the TiQ surface. Vissenberg et al. [13] re-
croflow reactor with an internal diameter of 4 mm. Gasified ported difficulties in determining slab lengths and stacking
thiophene was obtained by passing hydrogen through the lig-degrees for titania-supported catalysts, although it is clear
uid in a saturator (293 K). The required thiophene concentra- that the morphologies do not differ to a large extent from
tion was obtained by diluting this flow with pure hydrogen alumina-supported catalysts. There is also no clear NTA ef-
and a hBS/H2 mixture. All flows were regulated by ther-  fect for the ASA-supported NiMo catalysts. Our TEM in-
mal mass flow controllers. The reactor bed consisted of anvestigation indicated pronounced stacking for both ASA-
amount of catalyst (sieve fraction: 125-250 um) with inert supported catalysts and a higher averaged slab length com-
carbon of the same sieve fraction. The reactor was operategared to alumina-supported ones in line with recent results
in differential mode. Reaction products are analyzed by gasfor ASA-supported Mo [24]. A recent Mo adsorption
chromatography (CP-Sil 5 CB column). study [25] showed that molybdate anions preferentially ad-
Prior to reaction, catalysts were sulfided in situ in a sorb on alumina patches of the ASA surface. Since alumina
H>S/H2 mixture (10 vol% HS). The gas flow was kept makes up a rather small part of the total ASA surface area,
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Table 1

Metal loadin@ of catalysts, averaged slab lengih)( stacking degrees}, thiophene HDS reaction rate, and sulfur tolerangeof the various catalysts
Catalyst Mo (wt%) Me (wt%) M¢Mo L (nmyP sP Reaction raté ot
NiMo-NTA/C 6.2 1.2 0.31 1-2 1.2 28.6 0.34
NiMo /Al 9.6 1.4 0.25 2.8 1.7 10.4 0.39
NiMo—-NTA /Al 6.2 1.1 0.28 2.9 1.9 15.6 0.36
NiMo/Ti 3.9 0.9 0.38 £ £ 20.4 0.45
NiMo—-NTA/Ti 3.9 0.9 0.36 £ & 18.4 0.41
NiMo/ASA 8.0 1.5 0.30 n.d. 2.4 15.0 0.48
NiMo—-NTA /ASA 8.0 1.5 0.30 n.d. 2.6 15.6 0.48
CoMo-NTA/C 6.0 1.1 0.30 1-2 1.2 41.0 0.65
CoMoy/Al 10.9 2.0 0.30 3.1 1.3 12.8 0.75
CoMo-NTA/Al 6.7 1.1 0.26 n.d. n.d. 22.4 0.71

n.d., not determined.

@ Checked by atomic absorption spectroscopy.

b Average slab lengths and stacking degree partly taken from Refs. [13,34].

¢ Reaction rate in mol thiophepmol Mo h (conditions:T = 623 K, partial pressures: 3.33 kPa thiophene and 1 kPa hydrogen sulfide, total flow rate
100 ml/min).

d sulfur tolerance defined as the ratio of the reaction rates corresponding to 2.38Rm# 0.1 kPa bfS. The accuracy in the sulfur tolerance is better

than 0.01.
€ Quantitative analysis of the slab length of carbon-supported [24] and of slab length/stacking of titania-supportestdss [13] proved to be very

difficult. From a more detailed analysis [24] an averaged slab length in carbon-supportedoMbS nm with a stacking degree between 1 and 1.4 was
derived.

the catalysts are composed of type || Ma¥en without the conditions. The sulfur resistance appears to be a function of
use of NTA. the support acidity, that increases in the ordeg 81,03 <

The influence of hydrogen sulfide on the reaction rate TiO, < ASA. Moreover, it is observed that the application
was determined by varying thepH partial pressure (0.1- of NTA reducesp. NiMo—NTA/Ti shows a lowerp than
2.0 kPa) at the reactor inlet. The reactions were carried outNiMo /Ti in accordance with the difference between NiMo—
under differential conditions implying a constant$ipartial NTA/Al and NiMo/Al. This latter finding gives substance
pressure along the reactor axis. Fig. 1 shows the influence ofto the thought of different Ni-Mo-S phases being present in
the hydrogen sulfide partial pressure on the HDS activity of NiMo—NTA /Ti and NiMo/Ti. On the contrary, the absence
NiMo sulfide catalysts. The sulfur tolerance)(is defined  of such an effect for ASA agrees well with the occurrence
as the ratio of the reaction rates at 2.0 and 0.1 kP8.H of a type Il Ni-Mo-S phase, irrespective of the use of
The values of this parameter for the various catalysts areNTA. The main conclusion is that support materials with a
listed in Table 1. Although the differences mare subtle  hjgh Brensted acidity and a strong metal-support interaction
there is a clear dependence on the choice of the supportesult in catalysts less prone t@$ poisoning in thiophene
and the addition of NTA in the catalyst preparation. Here Hps. A comparison with the work of Robinson et al.
we stress that the accuracy in the sulfur tolerance is better[17] indicates that this is also valid for gas-phase HDS
than 0.01. Carbon-supported catalysts are most prone t0pf (substituted) DBT. An explanation of these intriguing
H2S poisoning, while catalysts supported on the refractory regyits is not straightforward. First, the interaction of the
oxides retain much more of their activity undep$itrich support with the Mo$ phase may indirectly influence the
electronic state of the promoter ions, thus affecting their
activity. In alumina-supported catalysts, the Mofhase
is strongly bound to the subjacent support by Mo—O-Al
linkages, whereas it is proposed that only a weak Van
der Waals interaction with the support remains when NTA
is used [8,9,21]. This does not tally with the observation
that there remains a significant support effect @rfor
the NTA-prepared catalysts. On the other hand, the very
fact that there is a support effect observed for these NTA
catalysts may indicate that there is a more direct physical
interaction between the active sites and some groups of the
adjacent support. An appealing picture is the interaction of
the support acidic groups with sulfur atoms nearby the active
Fig. 1. Reaction rate vs hydrogen sulfide partial pressfire 623 K, thio- sites influencing their electronic state. A higher Brensted
phene partial pressure: 3.33 kP&) NiMo—NTA /C; (O) NiMo—NTA /Al; acidity of such groups then results in a high sulfur tolerance.
(A) NiMo/Ti; (@) NiMo/Al, and (A) NiMo /ASA. Generally, Mo$-based catalysts have a low stacking degree
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in the case of alumina [24,26,27], titania [13], and even tions. Interestingly, this means that the Ni-promoted catalyst
carbon [24] due to its high surface area. Most of the edge outperforms the Co-promoted one, the latter one being tradi-
sites are thus in close proximity to the support. The effect tionally used in industry when a large HDS duty is required.
of NTA is to increase stacking to some degree resulting A similar behavior was reported for benzothiophene and
in active sites that do not interact with support acidity DBT HDS by Kasahara et al. [20] and for (substituted) DBT
groups. These have a lower sulfur tolerance in line with by Robinson et al. [17]. In industrial practice, this different
the observation for the carbon-supported catalysts and thugresponse on hydrogen sulfide can be made use of, especially
result in a lower average. An alternative effect of the use  in two-stage operations where in the second bed a low8r H
of NTA as chelating ligand could be inhibition of Brensted partial pressure is allowed by countercurrent flow [33].
acid sites by adsorption of nitrogen-containing components
deriving from the decomposition of NTA. However, detailed
XPS studies on hydrotreating model catalysts containing 4. Conclusions
chelating agents [28] indicated that no nitrogen species are
left after standard sulfidation. This is further underpinned ~ The sulfur tolerance of CoMo and NiMo sulfide cata-
by the absence of an NTA effect in the ASA-supported lysts strongly depends on the applied support material. The
catalysts. In this case, stacking is significant irrespective the decrease in HDS activity with increasing hydrogen sulfide
use of NTA [24]. We envisage that the strength of the OH Partial pressure is less pronounced for supports with en-
groups of the ASA support, which interact with the MoS  hanced Bransted acidity. The sulfur tolerance for NiMo cat-
edge sites, increases the overall sulfur tolerance to such z@lysts increases in the order activated carkamumina<
degree that the effect of a decreased number of active siteditania< amorphous silica-alumina. A direct interaction be-
interacting with such surface groups is less important. tween Brgnsted acid sites and the active sites is propt_)sed.
The positive effect of KS in the hydrogen—deuterium  The use of NTA decreases the sulfur tolergnce for a given
exchange rate between deuterium species adsorbed on th&UPPort due to stacking of the MgSlabs. This results in a
metal sulfide and hydrogen atoms of the support was lower numl?er of Mo$ edge sites in direct interaction with .
also explained by such a direct interaction [29], although Brzngted sites due to the separation of the support and active
this interpretation is not conclusive [30]. Alternatively, Sit€S in slabs other than the one attached to the support.
support acidic groups may serve as anchoring centers for A fundamgntal dlﬁerenge in sulfur tolerance betvyeen
thiophene which would result in an increased local reactant COMO and NiMo catalysts is noted, the latter one having a
concentration and enhanced activity. Although Bransted lower sulfurtoler_a}nce making it the preferred catalyst under
acid sites of zeolite strength are necessary for thiopheneStlfur-lean conditions.
cracking [31], Brgnsted sites of lower strength may also lead
to thiophene adsorption [32].
Fig. 2 displays the difference in sulfur tolerance between
CoMo and NiMo catalysts. The decrease in HDS activity
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