
t

ene

sulfided
nificant
the
inhibitors,
Operating
ing effect
Journal of Catalysis 219 (2003) 442–451
www.elsevier.com/locate/jca

Inhibiting effects in hydrodesulfurization of 4,6-diethyldibenzothioph
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Abstract

This study addresses some of the inhibiting aspects of the hydrodesulfurization (HDS) of 4,6-diethyldibenzothiophene on a
CoMo/Al2O3–SiO2 catalyst at relatively low hydrogen pressures. It is shown that thermodynamic equilibrium does not play a sig
role in inhibiting sulfur removal at 2.17 MPa hydrogen pressure at least up to 370◦C. Both 3-ethylcarbazole and naphthalene inhibit
HDS rate, with the former being far more potent. Other electron-rich or electron-deficient substituted carbazoles are also strong
suggesting that the substituent-induced electronic effect is not a factor governing the poisoning potency of the carbazole family.
at high temperatures is more effective in mitigating the inhibiting effect than operating at high hydrogen pressures. A strong inhibit
can lead to falsification of the overall HDS kinetics.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The importance of hydrodesulfurization (HDS) in pet
leum refining needs no special elaboration. Suffice it to
that future sulfur specifications in diesel fuels may go do
below 10 wppm or less. To develop catalysts and proce
in this ultradeep HDS regime requires the desulfuriza
of refractory sulfur heterocycles whose sulfur heteroa
is sterically hindered. With conventional MoS2-based cat
alysts under most conditions of practical interest, the H
of such refractory sulfur compounds relies heavily on
hydrogenation pathway [1–4]. As a result, the reaction is
drogen intensive and its rate may possibly be inhibited
thermodynamics at very low hydrogen pressures and
high temperatures [3,5].

A more important inhibiting effect in the HDS of mid
dle distillates (200–350◦C boiling range) arises from com
petitive adsorption of indigenous nitrogen compounds
aromatics [1–4,6]. Prior studies of the inhibiting effect
nitrogen compounds are mostly restricted to six-memb
heterocycles such as quinoline and pyridine [1–4,6,7].
six-membered nitrogen compounds, there appears to
good correlation between adsorption equilibrium const
and proton affinities, except for sterically hindered nitrog
compounds [8,9]. It seems, then, that the initial mode of
sorption for six-membered nitrogen compounds is thro
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the nitrogen heteroatom, either by donating its unpaired e
tron to the Lewis site or by interaction with the proton o
Brønsted site.

As significant as these prior studies are, one must re
nize that the majority of the nitrogen compounds in ma
hard-to-desulfurize middle distillates (e.g., light cataly
cycle oils) are five-membered heterocycles such as
bazoles [10–12]. This class of nitrogen species is nonb
in that the extra pair of electrons in the nitrogen heteroa
is involved in theπ cloud of the ring and is therefore n
readily available for interacting with acids. Moreover, t
nitrogen atom in the pyrrolic ring acts as an electron sou
As such, a pyrrole ring is relatively richer in electrons (π -
excessive) compared with a benzene ring [13]. The in
contact of nonbasic nitrogen heterocycles with the cata
surface most likely favors a side-on configuration involv
the aromatic ring (parallel to the catalyst surface) rather
the nitrogen heteroatom. That is, the adsorption mode
carbazole compounds is similar to that for polynuclear a
matics such as naphthalene. So five-membered nitrogen
erocycles and aromatics are likely to be more harmful to
hydrogenation pathway than to the hydrogenolysis path
It follows that the HDS of refractory sulfur species should
more vulnerable to nonbasic nitrogen and aromatic pois
than that of reactive sulfur species such as dibenzothiop
(DBT). Indeed, this is the case with aromatic poisons [14

The present study aims to understand better some o
inhibiting effects in the ultradeep HDS regime by stud

http://www.elsevier.com/locate/jcat
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Fig. 1. Structures of some of the heterocyclic sulfur and nitrogen compounds used in this study.
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ing the HDS of 4,6-diethyldibenzothiophene (46DEDB
a probe molecule more refractory than 4,6-dimethyldiben
thiophene [15]. The catalyst used is a commercial sulfi
CoMo/Al2O3–SiO2. The work begins with the determina
tion of the overall HDS kinetics in the absence of any
hibitor under conditions free of thermodynamic effect. W
then study the extent to which the HDS rate may be inh
ited by the thermodynamically limited hydrogenation at h
temperatures. Following this, both steady-state and tran
experiments are conducted to follow the manner in wh
the HDS rate is inhibited by 3-ethylcarbazole (3ECBZ) a
naphthalene at 1.83 MPa (250 psig) hydrogen pressure
265◦C. For comparison, the inhibiting effect of 3ECBZ o
the HDS of DBT is examined to see if DBT HDS is inde
less vulnerable to 3ECBZ poisoning. Similar experime
are conducted with other substituted carbazoles to exp
the possibility of mitigating the inhibiting effect by mod
fying the electronic properties of carbazoles. Specially
signed experiments are carried out to ascertain the rel
effects of temperature and hydrogen pressure on the
soning process. Finally, we show that a strong inhibit
effect can falsify the overall apparent HDS kinetics. Th
results, taken together, should shed some light on the
alytic chemistry and kinetics of ultradeep HDS of refracto
middle distillates.

2. Experimental

2.1. Materials

The gases used were cylinder hydrogen of electrol
grade (99.95%) and cylinder 10% H2S–H2 mixture. Dode-
cane, naphthalene, 9-ethylcarbazole (9ECBZ orN -ethylcar-
bazole), and DBT were all analytic pure grade. Co
pounds obtained through external custom synthesis inc
t

46DEDBT, 3ECBZ, 3-acetylcarbazole (3ACBZ) [or 1-(9H -
carbazol-3-yl)-ethanone], and carbazole-9-carboxylic a
methyl ester (CBZ9ME). Fig. 1 shows the structures of so
of the compounds. The stabilities of 9ECBZ, 3ACBZ, a
CBZ9ME were tested in batch tubing bomb experime
at 1.83 MPa hydrogen pressure and 265◦C overnight. No
decompositions of these compounds were observed. The
ubility of 3ECBZ in paraffinic solvents is much higher th
that of carbazole [13]. The commercial CoMo/Al2O3–SiO2
catalyst, in the form of 1/16-inch extrudates, was crush
and sieved into 20–40 mesh granules. It was sulfide
400◦C for 1 h at atmospheric pressure with a 10% H2S-
in-H2 mixture.

2.2. Reactor and procedures

The experiments were conducted in two parallel isoth
mal, cocurrent fixed-bed reactors (3/8-inch o.d. 316 stain
less-steel pipe) in a common heated box. Each reactor
erated in upflow mode to avoid incomplete catalyst wett
and bypassing, has a feed burette, pump, gas–liquid s
rator, and product collector. Glass beads were charge
the fore and aft zones to achieve vapor–liquid equilibriu
Typically, the catalyst required many hours to equilibrate
activity after each condition change. To minimize the ax
dispersion effect, 3 g catalyst was uniformly mixed with
equal amount of glass beads in the reactor central zone
Comparative experiments showed that the diluted bed ind
gave a higher conversion than the undiluted bed.

Table 1 lists the compositions of the 10 feed mixtu
(A to J) used in this work, with the balance being dod
cane. Compounds in the liquid effluents were identified
GC/MS and quantified with a HP gas chromatograph
ing a 75% OV-1/25% Supelo wax 10 capillary column. Th
total nitrogen was analyzed by combustion and chemilu
nescence using the Antek analyzer. The product gases
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Table 1
Compositions (wt%) of feeds A to Ja

Compound A B C D E F G H I J

46DEDBT 0.8 – 0.8 0.8 – 0.8 0.8 0.8 0.8 0.8
DBT – 1.5 – – 1.5 – – –
Naphthalene – – 10.0 – – – – –
3ECBZ – – – 0.112 0.112 0.007 –
9ECBZ – – – – – – 0.007
CBZ9ME – – – – – – – 0.0081
CBZ9ME – – – – – – – 0.032
3ACBZ – – – – – – – 0.0075

a Balance is dodecane.
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vented through a caustic scrubber followed by a wet test
ter.

All the experiments were carried out at a treat gas
of 116 cc H2/cc liquid feed (650 standard cubic feet hyd
gen per barrel of liquid feed). The first set of experime
was done to determine the HDS kinetics (feed A, 1067 p
sulfur) at 1.83 MPa hydrogen pressure and 265◦C over a
range of WHSVs (liquid weight hourly space velocity,
liquid feed/(gcath)). Under these conditions, the reaction
not diffusion limited.

The sequence of the poisoning experiments is as follo
Each reactor started with a poison-free feed (feed A o
giving the base-case data at 265◦C and 1.83 MPa. Follow
ing this, a poison-containing feed (feeds C to J) replaced
poison-free feed at time zero to slow down the HDS r
under the same conditions. The state of the reactor was
itored by intermittently analyzing the liquid effluents ov
the entire run. After the reactor reached a new steady s
the original poison-free feed was put back on stream to
the reversibly adsorbed poison off the catalyst, thus reco
ing all or part of the lost HDS activity. The liquid produc
were analyzed during the stripping period until the cata
lined out its activity again.

Besides H2S, the main HDS products were identified
be diethylcyclohexylbenzenes (C4CHB), diethylbiphen
(C4BP), ethylcyclohexylbenzenes (C2CHB), ethylbiphen
(C2BP), ethylbenzenes (C2BZ), and ethylcyclohexa
(C2CH). These products, each having many isomers,
counted for more than 98% of 46DEDBT converted. Tr
amounts of diethylbicyclohexyl,ethylbicyclohexyl, biphen
(BP), and cyclohexylbenzene (CHB) were noted under s
conditions. Virtually no partially hydrogenated 46DEDB
(e.g., tetra- or hexa-hydro-DEDBT) were observed. Tetr
and decalin were the main products of naphthalene hy
genation and accounted for more than 99% of naphtha
converted. Hence side reactions such as ring opening
neglected. The principal products from the HDS of D
were BP and CHB. Due to their low concentrations,
dividual hydrodenitrogenation (HDN) products were n
measured. The carrier solvent dodecane was essentially
under the reaction conditions studied.
-

,

rt

Fig. 2. Overall HDS kinetics of 46DEDBT HDS: ln(Sp/Sf ) (") andγ (	)

vs 1/WHSV; 1.83 MPa, 265◦C, 116 cc H2/cc liquid feed. The solid line is
model prediction.

3. Results and discussion

3.1. Overall HDS kinetics and selectivity

Fig. 2 plots ln(Sp/Sf) vs 1/WHSV at 1.83 MPa and
265◦C, whereSp andSf are the total sulfur contents (wt%
in the liquid product and feed, respectively. The strai
line (solid circles) indicates that the HDS rate is pseu
first order. This suggests that the sulfur coverage on
catalyst surface may be low even in the absence of any
son. The apparent rate constant obtained from regre
is 2.73± 0.05 cc liquid feed/(gcath), including the hydro
gen concentration term because of its insignificant varia
across the reactor. The fit is good, withχ2 = 1.9× 10−4, as
also indicated by the solid line. Note that here the kine
is for the overall sulfur removal; detailed HDS network a
mechanistic kinetics are beyond the scope of this work.

Fig. 2 also shows that interconversion between C4BP
C4CHB is insignificant because of the approximate c
stancy of the mass ratioγ defined as

(1)γ = wt% C4CHB in product

wt% C4BP in product
.

As shown in Fig. 2,γ ∼ 5.5 over a wide range o
WHSVs, indicating that the hydrogenation pathway do
inates the sulfur removal process. Under the condit
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Fig. 3. Weight percents of various HDS product lumps (C4CHB+ C2CHB,
C4BP+ C4BP, and C2CH+ C2BZ) in the total liquid effluents (includ
ing unconverted 46DEDBT) vs 1/WHSV at 1.83 MPa, 265◦C, and 116 cc
H2/cc liquid feed.

tested, the concentrations of C2CHB and C2BP are
lower than those of C4CHB and C4BP. The mass r
C2CHB/C2BP is also approximately constant (∼ 4.5) over
a wide range of HDS levels (not shown).

Fig. 3 shows the concentrations (wt%) of major pro
uct lumps versus space time (1/WHSV) at 1.83 MPa and
265◦C. The major hydrocarbonproduct lumps are C4CH+
C2CHB, C4BP+ C2BP, and C2BZ+ C2CH. The C2BZ+
C2CH product lump most likely results from link cleava
in C4CHB rather than in C4BP because the link between
two phenyl groups in C4BP is much tougher to break.

3.2. Possible thermodynamic inhibition

While the intent of this work is not to define the HD
network, it is helpful for the present discussion to p
pose a rather simplified lumped HDS network as show
Fig. 4. The lumps of C2CHB and C2BP are not shown
cause they are minor products and their reaction pathw
are unclear. The primary desulfurization pathway appe
to be 46DEDBT� “hydro-46DEDBT” → C4CHB, with
“hydro-46DEDBT” being the aggregate of all partially h
drogenated 46DEDBT. This aggregate, being an ultraac

Fig. 4. Portion of lumped 46DEDBT HDS network at 265◦C and 1.83 MPa
H2 pressure. “Hydro-DEDBT” is the lump of all hydrogenated 46DEDB
(e.g., tetra- or hexa-hydro-DEDBT). The total number of carbon atom
R andR′ is 4.
intermediate, is essentially unobservable under the co
tions used. The reversible character of the 46DEDBT hy
genation step may affect HDS because of the thermodyn
ically mandated low concentration of “hydro-46DEDB
at low hydrogen partial pressures and high temperatu
However, if the “drainage” reaction “hydro-46DEDBT”→
C4CHB becomes sufficiently fast at high temperatures (
it has a high activation energy), the overall HDS rate may
suffer and may actually increase. The HDS rate may
increase if the direct hydrogenolysis 46DEDBT→ C4BP
accelerates appreciably at high temperatures. The pos
ity that some hydrogenation sites may transform into
drogenolysis sites at high temperatures may not be ruled
with certainty. At very high temperatures, dehydrogena
of C4CHB to C4BP may occur. The result of all this is th
γ should be a strong decreasing function of temperature

The foregoing discussion is qualitative. Let us see the
obtained with feed A at 2.17 MPa hydrogen pressures
1.5 WHSV (6 g catalysts charge). The reaction tempera
was incrementally raised from 265 to 370◦C at the same
WHSV. As can be seen from Fig. 5, the HDS level increa
with increasing temperature and essentially attains 100
280◦C and maintains at this level at least up to 370◦C.

Fig. 6 shows the weight percents of C4CHB, C4BP, a
C2CH + C2BZ in the total liquid effluents (including un
converted 46DEDBT). At a low temperature of 265◦C, the
concentration of C4CHB is much higher than that of C4
(γ ∼ 5.5). Increasing temperature speeds up the forma
of C2CH+ C2BZ from C4CHB, resulting in a rapid declin
in the C4CHB concentration. In contrast, the C4BP le
remains low and fairly constant, suggesting that ther
little net interconversion (hydrogenation–dehydrogenat
between C4BP and C4CHB. Hereγ decreases with increa
ing temperature mainly due to the decline in C4CHB.
though not shown in Fig. 6, the behavior of C2CHB a
C2BP is similar to that of C4CHB and C4BP. Thus, the p
ture here is that while increasing temperature may inhibit
formation of “hydro-46DEDBT,” the sulfur removal proce

Fig. 5. Percentage 46DEDBT HDS vs temperature at 2.17 MPa H2 pres-
sures; feed A, 1.5 WHSV, 116 cc H2/cc liquid feed.
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Fig. 6. Weight percents of C4CHB (!), C4BP ("), and C2CH+ C2BZ (+)
in the total liquid effluents (including unconverted 46DEDBT) at 2.17 M
1.5 WHSV, and 116 cc H2/cc liquid feed.

is essentially driven by the pathway “hydro-46DEDBT”→
C4CHB→ C2CH+ C2BZ under the conditions tested.

3.3. Inhibition by 3ECBZ and naphthalene

We now turn to inhibition due to nitrogen and ar
matic compounds. Fig. 7 shows the percentage HDS
h-on-stream obtained from the sequential off-poison
on-poison experiments at 1.83 MPa and 265◦C. The HDS
level is about 70% with neat 46DEDBT (feed A). Note th
the initial off-poison experiment was run for 400 h befo
switching over to a poison-containing feed (in the figu
to follow, the elapsed hour after introducing the pois
containing feed is plotted). As can be seen from Fig. 7, u
feed switching the extent of sulfur removal drops and eve

Fig. 7. Percentage 46DEDBT HDS vs elapsed hour after introductio
feeds C (!) and D (+) at the 400th hour; 1.83 MPa, 265◦C, 2.4 WHSV,
116 cc H2/cc liquid feed; the vertical lines indicate the beginning of
stripping experiments using feed A.
ally reaches a new steady state. With 80 wppm feed nitro
(as atom) added as 3ECBZ (feed D), HDS diminishes to
than 10%. Apparently, the majority of the catalytically a
tive sites are taken over by nitrogen compounds (3ECBZ
its hydrogenated derivatives), with an overall HDN level
about 58% (not shown). In contrast, the damage cause
naphthalene (feed C) is relatively minor; HDS drops fr
70 to 53%. Hence a significant fraction of the active s
remain immune to naphthalene poisoning, even though
feed naphthalene concentration (10 wt%) is orders of m
nitude higher than that of 3ECBZ.

The difference between the two inhibitors can further
seen from subsequent stripping experiments. After swi
ing back to feed A (indicated by the dashed vertical lines
arrows in Fig. 7), the recovery of the HDS level in the na
thalene case appears to be a two-step process. The lo
adsorbed species are stripped off the catalyst surface
lowed by the removal of strongly adsorbed species. The
HDS activity can almost be fully recovered. In contrast,
HDS activity recovery in the 3ECBZ case appears to b
one-step process with a progressively slower recovery
Fig. 7 strongly suggests that complete recovery of the
HDS activity may not be achievable even after a long tim
This may have much to do with the propensity of nitrog
heterocycles to polymerize and may eventually go on to f
coke [7,13,17,18].

To sum up, 3ECBZ is a far more potent inhibitor th
naphthalene under the conditions used. Consistent with
the proton affinity, boiling point, and molecular size
3ECBZ are all higher than those of naphthalene [19]. A
3ECBE’s shape is similar to that of 46DEDBT; both mo
cules presumably take the side-on configuration as the
ferred adsorption mode. In this regard, we point out that fl
rene is a stronger inhibitor than anthracene and phenant
in the HDS of 4,6-dimethyldibenzothiophene possibly d
to its molecular shape [20]. Finally, the hydrogenation
3ECBZ would produce more basic nitrogen species tha
presumably more poisonous than 3ECBZ [13].

Before proceeding further, it is worth pausing to look
how 3ECBZ affects the HDS of DBT, a relatively reacti
sulfur compound that takes hydrogenolysis as its princ
HDS pathway.

3.4. Effect of 3ECBZ on DBT HDS

The experiment started with the 1.5 wt% DBT-in-dode
ne feed (feed B) at 265◦C, 3 WHSV, and 1.83 MPa. Thes
conditions gave a 95% HDS with a low CHB/BP ratio of
about 0.34 vsγ ∼ 5.5 shown in Fig. 2. The reactor wa
subsequently switched to feed E containing both DBT
3ECBZ (80 ppm total nitrogen). As Fig. 8 indicates, the H
level dropped to 63.5% at the new steady state, indica
that a large fraction of the active sites survived after nitro
breakthrough.

Comparison of Figs. 7 and 8 shows that 46DEDBT H
is more sensitive to poisoning by 3ECBZ than DBT HD
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Fig. 8. Percentage DBT HDS vs elapsed hour after introduction of fee
1.83 MPa, 265◦C, 3 WHSV, 116 cc H2/cc liquid feed.

thus confirming our earlier supposition. A possible exp
nation may be that 46DEDBT HDS, being a high hyd
gen intensity reaction, requires hydrogenation sites inv
ing specific multiplets of adjacent sulfur vacancies (or
ordinatively unsaturated sites). Such multiplets are site
which 3ECBZ can easily and selectively adsorb. This
true, means that it does not take much 3ECBZ to br
up the multiplets, making 46DEDBT HDS very sensitive
3ECBZ. This is not the case with DBT HDS for which th
site requirements are much less stringent and hence a
sensitivity to 3ECBZ poisoning. To further test this propo
tion, we perform poisoning experiments with a feed conta
ing a trace amount of 3ECBZ.

3.5. Sensitivity to 3ECBZ concentration

With feed F (5 ppm total nitrogen) at 265◦C and 1.83 MPa
hydrogen pressure, the extent of HDS drops to 40.5%, i
cating that the damaging effect of 5 ppm nitrogen is e
greater than that of 10 wt% naphthalene (cf. Fig. 7). Thi
entirely consistent with the proposition that even an exce
ingly small amount of 3ECBZ can break up the multiple
In this case the liquid effluent is virtually free of organo
itrogen within the detection limits. This says that HDN
nearly completed at some point in the reactor; downstr
of which the catalyst bed remains essentially unpoiso
(NH3 is much less poisonous than organonitrogen). It is
unpoisoned part of the catalyst bed that accounts for the
jority of the residual HDS level. A practical implication o
this result is that in order to boost HDS activity by separat
out indigenous nitrogen compounds in petroleum distilla
one has to remove them to a very low level.

3.6. Temperature vs pressure effects

Having witnessed the poisoning power of 3ECBZ,
now want to see the extent to which 3ECBZ’s poisoning
fect can be mitigated through process conditions. With f
F (5 ppm total nitrogen), the dual-reactor system was use
ascertain the relative effects of temperature and pressu
the poisoning process. To mitigate the poisoning effect,
may consider either a high-temperature or a high-pres
operating strategy. The former may suppress the adsor
of nitrogen compounds, whereas the latter may help H
through enhanced HDN, for HDN in general is highly se
sitive to hydrogen pressure [13]. To provide a common b
for comparing these two strategies, we begin the poiso
experiments with the same HDS level, as detailed below
is relevant to point out that in practice the refiner adju
process conditions to maintain a constant HDS level dict
by the sulfur specification.

We first desulfurize 46DEDBT in feed A to the same e
tent (90% HDS) under two different sets of conditions: o
at 280◦C and 1.83 MPa, the other at 270◦C and 3.38 MPa
The WHSV and hydrogen treat rate are the same for b
cases. Thus, prior to the arrival of 3ECBZ, the two ca
lyst beds have similar sulfur profiles but in very diffe
ent environments. One is under high temperature, w
the other under high hydrogen pressure. After switch
over to the nitrogen-containing feed, the two environme
would generate different nitrogen profiles in the reactor
less by chance HDS and HDN have the same pressur
sponse and the same activation energy. Fig. 9 shows the
declines observed in the subsequent poisoning experim
with feed F. As can be seen, the environment does ma
the high-temperature operation is more effective for co
bating the poisoning effect than the high-pressure opera
Besides weakening the adsorption of nitrogen compou
the high-temperature environment presumably accele
the reaction “hydro-46DEDBT”→ C4CHB → C2CH +
C2BZ. A recent study [21] has shown that HDS is more s
sitive to temperature than HDN in tests with a light cataly
cycle oil.

Fig. 9. Percentage 46DEDBT HDS vs elapsed hour under two different
ditions: 1.83 MPa and 280◦C (!); 3.38 MPa and 270◦C (�); 116 cc H2/cc
liquid feed, 2.5 WHSV (feeds A and F).
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3.7. Effects of substituents

Given the high poisoning potency of 3ECBZ, a n
ural question then is: Can the poisoning potency of
bazole compounds be significantly weakened by modify
their structures? If the ability of carbazole compounds
donate electrons to the active sites is a controlling fa
for catalyst poisoning, it might be possible to mitigate
poisoning effect by changing carbazoles’ electronic pr
erties. In this regard, we note that Geneste, Moreau,
co-workers [22–24] observed a significant substituent ef
on the hydrogenation rates of substituted benzenes o
sulfided Ni–Mo/Al2O3 catalyst. They rationalized the r
sults in terms of a substituent-induced electronic effect
changes theπ -adsorption strength of various benzene de
atives.

To pursue the idea, we perform poisoning experime
with the following carbazole derivatives: 3ACBZ, 9ECB
and CBZ9ME. Each of these derivatives was added
the 46DEDBT feed to give 5 wppm total nitrogen. T
electron-donating ethyl group in 3ECBZ and the electr
withdrawing acetyl group in 3ACBZ are both attached
the benzene ring. With carbazole as the reference m
cule, the benzene ring in 3ECBZ is electron rich, wher
that in 3ACBZ is electron deficient. Fig. 10 shows the
pected trend in that 3ACBZ (feed J) is a weaker inhib
than 3ECBZ (feed F), although the difference is small.

Let us look at 9ECBZ in which the electron-releas
N -ethyl group would enrich the electron density of the p
role ring. This inhibitor (feed G) is slightly more potent th
3ECBZ, as Fig. 11 shows. This result also suggests tha
adsorption of carbazole compounds should be side on
otherwise 3ECBZ would be more potent.

The carboxylate group in CBZ9ME is electron withdra
ing, with the result that the pyrrolic ring in CBZ9ME
electron deficient compared with that in 9ECBZ. Fig. 12
dicates that the poisoning power of CBZ9ME (feed H)

Fig. 10. Percentage 46DEDBT HDS vs elapsed hour. Comparison of
soning power of 3ECBZ (!, feed F) and 3ACBZ (�, feed J); 1.83 MPa
265◦C, 2.1 WHSV, 116 cc H2/cc liquid feed.
a

Fig. 11. Percentage 46DEDBT HDS vs elapsed hour. Comparison o
soning power of 3ECBZ (!, feed F) and 9ECBZ (�, feed G); 1.83 MPa
265◦C, 2.1 WHSV, 116 cc H2/cc liquid feed.

Fig. 12. Percentage 46DEDBT HDS vs elapsed hour. Comparison o
soning power of 3ECBZ (!, feed F) and CBZ9ME (�, feed H); 1.83 MPa
265◦C, 2.1 WHSV, 116 cc H2/cc liquid feed.

similar to that of 3ECBZ (and hence weaker than tha
9ECBZ). Thus, directionally, electron withdrawing see
to have a small beneficial effect. However, this electr
deficient nitrogen species is still very destructive. As
example, Fig. 13 shows that with just 20 ppm total nit
gen as CBZ9ME (feed I), the majority of the catalytic si
for 46DEDBT HDS are shut off. For perspective, the H
decline resulting from 5 ppm nitrogen as CBZ9ME is sho
in Fig. 13 as well. Figs. 12 and 13 suggest that the pres
of the bulky carboxylate group does not appear to introd
additional complexities that fundamentally change the
sorption characteristics of the carbazolic structure.

Summarizing, the adsorptivity of carbazole species m
vary due to a substituent-induced electronic effect, it is
far greater than that of 46DEDBT. In other words, the v
nature of the carbazolic structure is the overriding fac
governing the poisoning potency. Another factor not c
sidered here is that the high poisoning potency of carba
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Fig. 13. Percentage 46DEDBT HDS vs elapsed hour. CBZ9ME as po
at 5 ppm (�, feed H) and 20 wppm (!, feed I) N in feed; 1.83 MPa, 265◦C,
2.1 WHSV, 116 cc H2/cc liquid feed.

Fig. 14. Poisoning-falsified overall HDS kinetics, lnSp/Sf vs 1/WHSV;
n = 1, kHDS = 8.0 l/h, andkHDN = 2.85 l/h.

compounds may also have much to do with the formatio
partially hydrogenatedorganonitrogenspecies which ma
more poisonous than the parent molecule.

3.8. Poisoning-disguised HDS kinetics

Adsorption-disguised kinetics is a well-known pheno
enon arising from strong adsorption of self-produced re
tion intermediates. The purpose of this section is to sh
how catalyst poisoning by foreign species such as 3EC
and its hydrogenated derivatives can lead to falsificatio
the overall HDS kinetics.

The overall HDS kinetics for a single sulfur species
most cases is pseudo-first order [1–4, and this work].
collective behavior of a large number of first-order reacti
usually gives the appearance of a higher-than-first-orde
action [25]. Thus, the overall HDS kinetics for a petroleu
feedstock can be viewed as the sum of a vast numbe
first-order reactions subject to competitive adsorption. It
long been observed in practice that the lnSp vs space time
curve is concave upward, implying a higher-than-first-or
apparent kinetics. Typically, the overall order is between
and 2 for most middle distillates, the wider the rate cons
spectrum, the higher the overall order. What goes on is
as space time increases, reactive sulfur species desulf
rapidly and the mixture becomes progressively more ref
tory, thus giving rise to a higher overall order. The analy
to follow shows how poisoning may disguise the overall,
parent HDS kinetics.

Consider an isothermal, steady-state plug-flow reac
Let S andN be the concentrations of total sulfur and nitr
gen (both as atom) at any point in the reactor, respectiv
ThenS = So + Sh andN = No + Nh. The subscript o sig
nifies that the heteroatom (sulfur or nitrogen) in questio
contained in a parent molecule (e.g., 46DEDBT or 3ECB
whereas the subscript h denotes the same heteroatom
tained in the hydrogenated parent molecule (e.g., hy
DEDBTs or hydro-3ECBZs). SinceSh 
 So, we can safely
assume thatS ≈ So. Other simplifying assumptions are
follows: (A) The Langmuir–Hinshelwood model is applic
ble. (B) The feed nitrogen species (e.g., 3ECBZ) and al
hydrogenated derivatives have the same adsorption eq
rium constantK. (C) The adsorption equilibrium constan
for sulfur species, homocyclic species (HDS and HDN pr
ucts such as C4CHB), H2S, and NH3 are all much smalle
thanK. (D) The extent of HDN is low, soN = No + Nh ≈
Nf , whereNf is the feed nitrogen concentration. Althou
some of the assumptions are untenable in certain situat
they give simple, closed-form results that reveal the es
tial point we wish to convey. Extension of the present mo
to more realistic situations is straightforward if done num
ically.

Assuming annth-order HDS rate (withkHDS as apparen
rate constant) in the absence of nitrogen poisoning, we w
the mass balance equations for total sulfur and nitrogen

(2)WHSV
dS

dτ
= − kHDSS

n

1+ KN
,

(3)WHSV
dN

dτ
= − k′

HDNN

1+ KN
,

whereτ is the dimensionless space time, withτ = 1 cor-
responding to the reactor outlet. For nitrogen removal,
virtue of assumption D, we neglect the variation of 1+ KN

along the reactor length, so Eq. (3) becomes

(4)WHSV
dN

dτ
= − k′

HDNN

1+ KN
≈ − k′

HDNN

1+ KNf
= −kHDNN.

That is, the self-inhibition effect is lumped into the effecti
rate constantkHDN. However, we do not invoke this assum
tion for Eq. (2) because sulfur removal is sensitive to eve
small variation inN .

The boundary conditions areτ = 0, S = Sf , andN = Nf .
Integration of Eq. (4) givesN = Nf exp(−kHDNτ/WHSV)
that can then be substituted into Eq. (2) to yieldS analyti-
cally. For a single sulfur species, the HDS kinetics is gen
ally pseudo-first-order (n = 1). The results give a compa
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expression forSp/Sf as follows:

(5)n = 1,
Sp

Sf
= exp

[
− kHDS

WHSV
(1− f )

]
,

(6)n �= 1,
Sp

Sf
=

[
1+ (n − 1)kHDS(1− f )

S1−n
f WHSV

]1/(1−n)

,

where

(7)f = WHSV

kHDN
ln

[
1+ KNf

1+ KNf exp(−kHDN/WHSV)

]

andNfK may be called poisoning intensity. Hence, the
effect of a poison is to decrease the effective reactor le
(or contact time) by a dimensionless factorf . That f de-
pends on WHSV means that poisoning can falsify the ap
ent kinetics. Moreover,f is a function ofkHDN andNfK.
When eitherNfK → 0 or kHDN → ∞, f → 0 as it should.
As kHDN → 0, f → NfK/(1+ NfK).

One can do some thought experiments with the ab
model. In catalyst exploratory studies, one may rank ex
imental catalysts in HDS tests using a single sulfur co
pound (e.g., 46DEDBT). Let us consider then = 1 case.
Suppose that the activity test is done in the absence of
trogen poison (NfK = 0), one then uses first-order kineti
to quantify the catalyst activity, as shown by the straight
in Fig. 14 where ln(Sp/Sf) is plotted against 1/WHSV for
kHDS = 8.0 l/h andkHDN = 2.85 l/h. However, if one add
a nitrogen species to the feed soNfK = 5, then the cata
lyst gives the appearance of a fractional or negative-o
kinetics (dashed line in Fig. 14). That is, the HDS rate
comes progressively faster as nitrogen species get rem
with increasing space time. Since the tolerance of diffe
experimental catalysts for nitrogen poisons can vary wid
(varyingK for different catalysts), catalyst ranking must
done with care.

For a petroleum fraction, we setn = 1.5 with no loss of
generality. So Eq. (6) gives

(8)
Sp

Sf
= 1

[1+ kHDS
√

Sf
2WHSV (1− f )]2

.

Now consider a hypothetical cases where a catalyst is te
with a very high-quality feed so thatNfK is very small,
say NfK = 0.5. The behavior of the catalyst for all pra
tical purposes can be described as 1.5 order kinetic
shown as the solid curve in Fig. 15 forSf = 1.72 wt%,
kHDS = 19 l/(h wt%1/2), andkHDN = 2.85 l/h. Suppose now
that one switches to a different feed that has the same s
compound distribution and total sulfur concentration. T
only difference is that the new feed has a higherNfK = 5.
As the dashed curve in Fig. 15 shows, the decay ofSp/Sf
with this feed gives the appearance of a first-order reac
As NfK increases, the disparities among the sulfur spe
become smaller because the fast-reacting sulfur specie
hurt more than the slow-reacting ones. As a result, the m
ture appears more homogeneous, yielding an overall o
close to unity.
d

r

e

r

Fig. 15. Poisoning-falsified overall HDS kinetics, lnSp/Sf vs 1/WHSV;

n = 1.5, Sf = 1.72 wt%,kHDS = 19 l/(h wt%1/2), andkHDN = 2.85 l/h.

Alternatively, one may view the above result as an ex
ple of separating out nitrogen species to boost HDS acti
The dashed curve (NfK = 5) may be viewed as the HD
behavior of a high-nitrogen feed. Once the nitrogen c
pounds get removed (e.g., via adsorption) from the fe
one sees a rather different apparent kinetics (solid c
NfK = 0.5) that gives a much higher sulfur reduction.

Now suppose that there is another catalyst that is
active, with kHDS = 8 l/(h wt%1/2). But it is so resistan
to nitrogen poisoning thatNfK → 0. The behavior of this
nitrogen-resistant catalyst is shown as the dotted lin
Fig. 15, giving the appearance of an activity crossover.

4. Concluding remarks

Despite their low basicity, carbazole species are str
poisons to the HDS of refractory sulfur compounds o
commercial HDS catalysts. And the poisoning process
not be fully reversible. Changing the electron density aro
the nitrogen atom or in the aromatic ring has relatively
tle effect on the poisoning potency of carbazole species
the same HDS level, a high-temperature operation can s
what mitigate the poisoning effect. A strong inhibiting effe
can disguise the overall apparent HDS kinetics. It is wo
while to gain more insights into the poisoning process
developing a mathematical model that quantifies the inte
tions among sulfur compounds, carbazole poisons, and
catalyst surface. This should be a subject of future resea
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