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Abstract

This study aims to gain a quantitative understanding of the poisoning effect of 3-ethylcarbazole (3ECBZ) on the hydrodesul
(HDS) of 4,6-diethyldibenzothiophene (46DEDBT) in a fixed bed of a sulfided CoMo/Al2O3–SiO2 catalyst. A nonequilibrium, one
parameter model reproduces experimental results and quantifies how the traveling sulfur wave, nitrogen wave, and catalyst surf
inside the reactor as the poisoning process proceeds. While 3ECBZ’s adsorptivity is about nine times that of 46DEDBT, its heter
moval reactivity is far lower than that of 46DEDBT. The catalyst can adsorb 3ECBZ at a rate at least 17-fold faster than it can denit
Thus even a trace amount of feed nitrogen can substantially retard the HDS rate. The model extracts adsorption and surface r
constants and identifies two dimensionless groups governing the poisoning process. Fundamental and pragmatic implications o
are discussed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In the face of ever-tightening sulfur specifications
transportation fuels, sulfur removal from transportation
els will become increasingly important in the coming yea
Currently, diesel fuel’s sulfur specification in many cou
tries is 350–500 ppmw, but future specifications may
below 10 ppm or less. Conventional hydrodesulfuriza
(HDS) catalysts can remove a significant fraction of the
fur from diesel fuel. But they lack the desired activity f
the HDS of alkyldibenzothiophenes having at least one
stituent located at positionβ to the sulfur heteroatom (th
4 and 6 positions). These refractory sulfur species, co
tively, may be calledβ-dibenzothiophenes (β-DBTs). To
meet future sulfur specifications, it is necessary to de
furize β-DBTs whose refractoriness arises from the st
hindrance around the sulfur atom [1], as exemplified by
diethyldibenzothiophene (46DEDBT) shown in Fig. 1. T
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variation in reactivity withinβ-DBTs is significant [2], and
46DEDBT is one of the most refractoryβ-DBTs.

There are two prevailing thoughts on the nature of
steric hindrance. One view is that the steric hindrance ret
the adsorption ofβ-DBTs on the catalyst surface [1,3]. Th
implies that the rate-limiting step lies in adsorption, wh
then suggests an end-on adsorption mode involving bon
between the sulfur atom and the active sites. The alter
view is that the steric hindrance slows down the surface r
tion for C–S bond scission [4,5]. Here the rate-limiting s
lies not in adsorption, suggesting a side-on adsorption m
that involves theπ -electrons of the aromatic ring. The ste
effect has also been proposed to reduce the rate of oxid
addition of the C–S bond to the catalytic site [6].

Fig. 1. Structures of 4,6-diethyldibenzothiophene and 3-ethylcarbazo

http://www.elsevier.com/locate/jcat
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Whether the rate-limiting step lies in adsorption or s
face reaction is certainly a question of cardinal importan
A pragmatically more important question, arguably, is t
of the nature of catalyst poisoning by nitrogen compou
[7–11]. A catalyst having a high intrinsic HDS activity fo
β-DBTs merits little if its tolerance for nitrogen poisons
unacceptably low. An essential step toward finding way
mitigating the nitrogen poisoning effect is a quantitative
vestigation of the dynamics of the poisoning process, wh
may also shed some light on the HDS rate-limiting st
To conduct such an investigation obliges combined mo
ing and experimental approaches. The latter involves c
ful choice of model compounds and proper experime
design. Carbazoles are an excellent choice as model n
gen compounds because they are the predominant nitr
species in hard-to-desulfurize petroleum middle distilla
(e.g., light catalytic cycle oils) [12–15]. Moreover, when r
finers push diesel HDS to the ultralow sulfur regime,
process is primarily governed by the inhibiting effect
alkylcarbazoles even for not-hard-to-desulfurize feedsto
[16–18]. Experimentally, it is imperative to decouple p
soning from the HDS reaction by using aflow reactor un-
der both transient and steady-state conditions. The th
obtained data must be analyzed with a robust adsorp
kinetics model capable of reproducing the observed tem
ral transition from one steady state (say, unpoisoned s
to another steady state (poisoned state) forboth sulfur and
nitrogen species. A robust model achieves this with
fewest adjustable parameters. Since presulfided HDS
alysts generally require a long time to line out their a
tivities and selectivities, batch autoclaves are not an id
experimental setup for quantifying catalyst poisoning
fects.

An attempt was previously made to rationalize w
46DEDBT HDS is so sensitive to even a trace amoun
3-ethylcarbazole (3ECBZ) [19]. It was posited that the str
ture of 46DEDBT is such that its desulfurization deman
highly hydrogenative sites, dubbedβ sites for the presen
discussion. Such special sites presumably involve spe
multiplets (or ensembles) of specifically arranged adjac
sulfur vacancies whose catalytic properties depend stro
on the metals used (e.g., Co, Ni, Mo, W). They should
a small subset of catalytically active sulfur vacancy si
Geometrically, it does not take much 3ECBZ to break u
β site. Fig. 1 shows that 3ECBE and 46DEDBT have a si
lar shape. Molecular shape was used to explain why fluo
is a far stronger inhibitor than anthracene and phenanth
in the HDS of 4,6-dimethyldibenzothiophene [20].

The present work aims to gain a predictive understa
ing of 3ECBZ’s poisoning effect on the HDS of 46DEDB
observed previously [19]. The catalyst used is a sulfi
CoMo/Al2O3–SiO2. Data obtained from steady-state a
transient experiments with a flow reactor are used to c
struct a nonequilibrium, competitive adsorption-react
model that quantifies what goes on in the fluid phase an
the catalyst surface. The model extracts underlying ads
-
n

)

-

tion and kinetic rate constants, thus providing insights i
the coupling between HDS kinetics and poisoning. Impli
tions of the results for practical applications are discusse

2. Experimental

2.1. Materials

The gases used were cylinder hydrogen of electrol
grade (99.95%) and a cylinder 10% H2S/H2 mixture. Dode-
cane was analytic pure grade. Both 46DEDBT and 3EC
were synthesized through known procedures by an exte
source. A commercial CoMo/Al2O3–SiO2 catalyst, in the
form of 1/16-inch extrudates, was crushed and sieved
20- to 40-mesh granules. Prior to use, the catalyst was
fided at 400◦C for 1 h at atmospheric pressure with a 10
H2S-in-H2 mixture.

2.2. Reactors and procedures

A cocurrent fixed-bed reactor, made of a 3/8-inch i.d. 316
stainless-steel pipe, was operated isothermally in the up
mode to avoid incomplete catalyst wetting and bypass
Glass beads were charged in the fore and aft zones to ac
vapor-liquid equilibrium. To mitigate the axial dispersion e
fect, 3 g catalyst was uniformly mixed with an equal volum
of glass beads in the reactor central zone. Comparative
periments showed that the diluted bed indeed gave a hi
HDS level than the undiluted bed.

The liquid products were identified and quantified
GC/MS and GC using a 75% OV1/25% SW-10 fused
ica capillary column. In addition, the total nitrogen w
analyzed by combustion and chemiluminescence using
Antek analyzer. Due to their low concentrations, individ
hydrodenitrogenation (HDN) products were not measu
The carrier solvent dodecane was essentially inert unde
reaction conditions studied. The product gases were ve
through a caustic scrubber followed by a wet test meter.

Table 1 lists the compositions of the feed mixtu
(density= 0.72 g/cc), with the balance being dodecane.

As detailed elsewhere [19], the experiments were sta
with feed A (1067 ppmw total sulfur as atom) and pure
drogen to obtain the base-case data in the absence of 3E
The conditions used were 265◦C, 2.4 WHSV (liquid weight
hourly space velocity), 1.83 MPa hydrogen pressure,
116 cc H2/cc liquid feed. After the catalyst lined out its a
tivity (steady state I), the reactor was switched over to fee
(1067 ppmw sulfur plus 80 ppmw nitrogen as atom) at ti

Table 1
Feed compositions (wt%)

Feed Feed A Feed B

46DEDBT 0.8 0.8
3-Ethylcarbazole 0.0 0.112



452 T.C. Ho, D. Nguyen / Journal of Catalysis 222 (2004) 450–460

e re
id
new

ed
yl-
eth

than
i-

sent
of

n.

to a
ro to
dis-
0%,
tem

, the
ly
in

iq-
does
nce
af-
an
II.

tica

r exit
ole;

ssi-
the
BT
ot

with
orb

to
nds)
ajor
ng-
a

ped
tion
e
-
ped
rate

ddi-
N
, we
g
2].

ct
ible.
are
ctor
ef-

on-
ct of
de-

ed.
n-

nd
ass),
n
-
l
nits

f the
zero under the same reaction conditions. The state of th
actor was monitored by intermittently analyzing the liqu
products at the reactor outlet until the catalyst reached a
steady state (steady state II).

Besides H2S, the main HDS products were identifi
to be diethylbiphenyls, diethylcyclohexylbenzenes, eth
cyclohexylbenzenes, ethylbiphenyls, ethylbenzene, and
ylcyclohexane. These products accounted for more
98% of 46DEDBT converted. Diethylbicyclohexyl, ethylb
cyclohexyl, biphenyl, and cyclohexylbenzene were pre
in trace amounts. Products from partial hydrogenation
46DEDBT, if present, are negligibly small in concentratio

3. Experimental results

Fig. 2 shows the transient responses of the system
sudden step change in the feed nitrogen content from ze
80 ppmw. The solid curves are model predictions to be
cussed later. The percentage of HDS, initially at about 7
declines during the breakthrough period. When the sys
ultimately reaches steady state II after more than 50 h
HDS level drops to about 10%. Evidently, 46DEDBT simp
cannot compete with 3ECBZ for active sites. Also shown
Fig. 2 is the total nitrogen content (ppmw) of the effluent l
uid as a function of the elapsed hour. The breakthrough
not occur until around the 20 h (the time when the prese
of the nitrogen poison in the effluent is first detected),
ter which the nitrogen content of the liquid effluent takes
upward leap, giving rise to a 58% HDN at steady state
The data shown in Fig. 2 are used to validate a mathema
model of this process.

Fig. 2. Percentage of HDS and total nitrogen concentration at reacto
as functions of elapsed time following introduction of 3-ethylcarbaz
265◦C, 2.4 WHSV, 1.83 MPa, and 116 cc H2/cc liquid feed. Solid curves
are predicted from the nonequilibrium model.
-

-

l

4. Modeling of poisoning process

4.1. Full model

Our objective is to develop as simple a model as po
ble (fewest possible fitting parameters) and yet capture
salient features of the system. Since the HDS of 46DED
primarily follows the hydrogenation pathway [19], we do n
distinguish the hydrogenation and hydrogenolysis sites,
the tacit assumption that 46DEDBT and 3ECBZ both ads
and react exclusively onβ sites. Nor is it unreasonable
presume that heterocycles (sulfur and nitrogen compou
and hydrogen adsorb on different sites [21]. Other m
assumptions are as follows. (A) The catalyst surface is La
muirian. (B) All of the sulfur compounds (46DEDBT and
trace amount of hydrogenated 46DEDBT) can be lum
as a pseudo sulfur compound with the overall adsorp
constantks, desorption constantk′

s, and the overall surfac
HDS rate constantkHDS. Similarly, all of the nitrogen com
pounds (3ECBZ and hydrogenated 3ECBZs) can be lum
as a pseudo nitrogen compound, with the corresponding
constantskn, k′

n, andkHDN. (C) HDS and HDN both take
place irreversibly on the catalyst surface and hydrogen a
tion is not rate limiting. (D) Desorption of HDS and HD
hydrocarbon products is instantaneous. In this regard
note that 3,3′-dimethylbiphenyl shows almost no inhibitin
effect on the HDS of 4,6-dimethyldibenzothiophene [2
(E) The inhibiting effects of H2S and NH3 are far smaller
than that of 3ECBZ [17,23,24]. (F) Axial dispersion effe
and the velocity changes due to adsorption are neglig
(G) The concentrations of sulfur and nitrogen species
constant throughout the catalyst particles. (H) The rea
is isothermal and isobaric, with negligible mass transfer
fects. (I) Hydrogen partial pressure is approximately c
stant because of the high treat gas ratio used. The effe
molar change due to reaction is negligible. (J) Catalyst
activation by coking is negligible. (K) Liquid feed and H2
reach physical equilibrium before entering the catalyst b

Let S andN be the sulfur atom and nitrogen atom co
centrations in the flowing stream (g heteroatom/cc feed),
respectively. Also, letqn andqs be the adsorbed nitrogen a
sulfur concentrations (heteroatom mass per catalyst m
respectively. Ifqm is catalyst’s total capacity for adsorptio
onβ sites, thenθn = qn/qm is the fractional coverage of ad
sorbed nitrogen onβ sites. Here we follow the industria
practice by using the mass of the heteroatom in the u
of S, N , andqm.

With the above assumptions, the transient response o
system after introducing 3ECBZ (timet > 0) is described by
the following plug flow, one-dimensional model.

(i) S mass balance in the fluid phase

v
∂S

∂z
+ ε

∂S

∂t
+ (1− ε)ρp

[
ksS(qm − qn − qs)− k′

sqs
]
(1)= 0.
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(ii) S mass balance in the solid phase

(2)
∂qs

∂t
= ksS(qm − qn − qs)− k′

sqs − kHDSqs.

(iii) N mass balance in the fluid phase

v
∂N

∂z
+ ε

∂N

∂t
+ (1− ε)ρp

[
knN(qm − qn − qs)− k′

nqn
]

(3)= 0.

(iv) N mass balance in the solid phase

(4)
∂qn

∂t
= knN(qm − qn − qs)− k′

nqn − kHDNqn.

Hereε, ρp, andv are bed void fraction, catalyst bulk dens
(in sulfided form), and the superficial fluid velocity based
empty reactor, respectively. The average fluid velocity in
interstices between particles isv/ε. The symbols are define
under Nomenclature if not stated otherwise.

The foregoing model, in the limit∂/∂t → 0, must also de
scribe the system behaviors at steady states I and II. As
be seen later, only by combining the transient and ste
state experiments, may one arrive at a robust model. Be
proceeding further, it pays to simplify the problem. As
staring point, we construct perhaps the most compact m
by invoking the quasi-equilibrium and quasi-steady-state
proximations, as commonly done in kinetic analysis.

4.2. Quasi-equilibrium and quasi-steady-state model

We assume thatkHDS � (ksSf , k
′
s) andkHDN � (knNf ,

k′
n), so adsorption and desorption are in quasi-equilibr

for both sulfur and nitrogen species. We further supp
that the time scales for adsorption and desorption ar
much shorter than the reactor residence time(εL/v) that
the catalyst surface quickly relaxes to a quasi-steady
(∂qs/∂t ≈ 0 and∂qn/∂t ≈ 0) as the 3ECBZ-containing fee
travels down the bed after the startup of the poisoning ex
iment. These two assumptions reduce Eqs. (2) and (4) to
following algebraic equations relating the solid phase to
fluid phase, that is, the Langmuir isotherm in a competi
environment,

(5)qs = KsqmS

1+KnN +KsS
,

(6)qn = KnqmN

1+KnN +KsS
,

whereKn = kn/k
′
n andKs = ks/k

′
s are the adsorption equ

librium constants. To be consistent with the observed ex
nential decay of the reactor sulfur profile at steady sta
[19], we impose thatKs � Kn. The result is the following
much simplified model:

(7)v
∂S

∂z
+ ε

∂S

∂t
= − (1− ε)ρpkHDSKsqmS

1+KnN
,

(8)v
∂N + ε

∂N = − (1− ε)ρpkHDNKnqmN
.

∂z ∂t 1+KnN
l

The boundary conditions at the reactor inletz = 0 (t > 0)
areS = Sf andN = Nf , with Sf andNf being the concen
trations of the sulfur and nitrogen atoms in the liquid fe
respectively. The initial conditionst = 0 (z � 0) areN = 0
and S = Ŝ(z), where Ŝ(z) is the reactor sulfur profile a
steady state I. BesidesKn, the model is characterized by tw
lumped parameters:kHDSKsqm andkHDNKnqm. All of them
can be determined from steady state I and II data.

Setting∂S/∂t = ∂N/∂t = 0 in Eqs. (7) and (8) yields th
familiar equilibrium-based Langmuir–Hinshelwood mod
for steady state II, one that has been used extensive
the literature for modeling catalyst poisoning. This clas
cal model invokes both the equilibrium and the steady-s
assumptions.

Eqs. (7) and (8) can be solved analytically by the met
of characteristics [25], as detailed in Appendix A. The eq
librium and steady-state assumptions imply that the ads
tion of the nitrogen poison is exceedingly fast and stro
(θn ≈ 1). As a result, as depicted in Fig. 3a which sho
the movement ofθn, there are two sharp moving zones in t
bed. Zone A (upstream, shaded area) is completely poiso
whereas zone B is poison free. The poison wave moves a
speed of the carrier solventv/ε. Fig. 3b shows that zones
and B are separated by line 0Q (t = εz/v) when projected
onto thet–z plane. Zone A (t > εz/v) is characterized by
the parallel lines emanating fromz= 0, where the poison i
constantly supplied at the concentrationNf (and sulfur atSf ).
This zone feels the nitrogen disturbances, which propa
from the reactor inlet(z = 0) along the parallelcharacter-
istic lines of slopeε/v (see the arrow in Fig. 3b). ZoneB
(t < εz/v) has not yet felt the nitrogen attack and hence
still governed by the initial conditiont = 0 through “infor-
mation” propagation along thecharacteristiclines emanat-

Fig. 3. (a) Movement ofθn wave inside the reactor. Zone A is poisone
while zone B is poison free. (b) All characteristics, whether emanating f
z= 0 or t = 0, are straight lines of the same slopeε/v. Zone A is under the
influence of the boundary condition atz = 0, while zone B is under the
influence of the initial condition att = 0. The arrow indicates the characte
istic direction for information propagation.
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Fig. 4. Percentage of HDS (×) and total nitrogen concentration (o) at r
actor exit as functions of elapsed time (log scale); 265◦C, 2.4 WHSV,
1.83 MPa, and 116 cc H2/cc liquid feed. Solid lines are predicted fro
the quasi-equilibrium and quasi-steady-state model.

ing from t = 0 at whichS = Ŝ(z) andN = 0. This physical
picture greatly simplifies the mathematical analysis (App
dix A).

The structure of the model is such thatS, N , andθn be-
have as sharp waves moving at the fluid speedv/ε. So the
calculated breakthrough time is nothing but the fluid re
dence time. As Fig. 4 shows, the model simply cannot
scribe the breakthrough behavior of the system. Yet it su
can be made to match the steady-state data. Thus th
message here is that rate constants determined from st
state experiments may not be able to describe reactor
formance under transient conditions. Robust rate cons
should be determined from both transient and steady-
experiments.

4.3. Quasi-equilibrium model

The forgoing discussion obviously invites the questi
Why not keep the catalyst capacity term by relaxing
quasi-steady-state assumption? Appendix B shows th
sulting model, which can be solved analytically as well [2
We do not show the results except to say that the po
wave does move far slower than the fluid velocity. Howe
the model predicts a much steeper rise in the exit nitro
concentration after the breakthrough. Moreover, it can
predict the nitrogen concentration at steady state II bec
surface HDN is overlooked. In what follows we develop p
haps the simplest nonequilibrium model that rectifies
problem at hand.

4.4. Nonequilibrium model

The results reported in [19] offer some clues as to h
we may simplify matters. First, the reactor sulfur pro
at steady state I is exponential, suggesting that 46DED
may sparsely occupy the active sites even in the absen
3ECBZ. Despite the low occupancy, the overall HDS rat
respectably fast (70% HDS), hinting that the surface H
y
y-
-

-

f

Fig. 5. Percentage HDS vs elapsed hour after introduction of feed
400 h; 1.83 MPa, 265◦C, 2.4 WHSV, 116 cc H2/cc liquid feed. The ver-
tical line indicates the beginning of the stripping experiments using fee
[19].

rate may be quite fast relative to the desorption rate. We
assume thatqs � qm andkHDS � k′

s. Second, as shown i
Fig. 5 [19], adsorbed nitrogen species are quite sticky
do not desorb easily. In fact, it does not seem possibl
completely recover the lost HDS activity after stripping w
feed A for a long time. Others have also observed this h
stickiness of five-membered nitrogen heterocycles [15,
It seems then safe to assumekn � k′

n. Thirdly, given the rea
sonably high HDN of 58%, we suppose thatkHDN � k′

n. Fi-
nally, Fig. 2 indicates that 46DEDBT is no match for 3EC
in competitive adsorption, implyingkn � ks. Similarly,qs is
low even in the absence of 3ECBZ, indicatingqs � qn in the
presence of 3ECBZ. Thatqs is small at both steady states
and II means that its impact on the dynamics of the pois
ing process is insignificant.

The foregoing order-of-magnitude analysis leads to
following reduced model:

(9)v
∂S

∂z
+ ε

∂S

∂t
+ (1− ε)ρpksS(qm − qn)= 0,

(10)v
∂N

∂z
+ ε

∂N

∂t
+ (1− ε)ρpknN(qm − qn)= 0,

(11)
∂qn

∂t
= knN(qm − qn)− kHDNqn.

The model serves as the surrogate of the full model in
limits k′

n → 0, k′
s → 0, andqs → 0. It has four parameter

(kHDN, kn, ks, andqm), vs seven in the full model. Only on
of the four parameters is adjustable due to steady-state
straints, as discussed in the next two sections.

4.4.1. Boundary conditions
The corresponding boundary conditions atz = 0 (t > 0)

areS = Sf , N =Nf , and

(12)
dq̃n = knNf(qm − q̃n)− kHDNq̃n,

dt
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whereq̃n = qn at z= 0. Equation (12) upon integration wit
the initial conditionq̃n(0)= 0 gives

(13)q̃n(t)= knNfqm[1− e−(knNf+kHDN)t ]
knNf + kHDN

at z= 0.

4.4.2. Initial conditions
The initial conditions for the model correspond to t

steady state of the reactor prior to poisoning (steady sta
Thus, att = 0 (z� 0), we have

(14)N = qn = 0

and

(15)v
dŜ

dz
+ (1− ε)ρpksqmŜ = 0,

whereS = Ŝ(z) at t = 0. Equation (15) can be readily inte
grated with the reactor inlet condition̂S(0)= Sf to yield

(16)Ŝ(z)= Sf exp

[
− (1− ε)ρpksqm

v
z

]
.

This exponential decay, corresponding to the reactor su
profile at steady state I, is what was observed experim
tally [19]. Here the extent of HDS is dictated by 46DEDB
adsorption. Since WHSV= v/[(1 − ε)ρpL], the appar-
ent pseudo-first-order HDS rate constant measured p
ously [19] iskapp= ksqm.

Settingz = L in Eq. (16) givesSp1, the total sulfur con-
centration in the liquid product at steady state I. The resu
a relationship betweenks andqm

(17)ks = v ln(Sf/Sp1)

(1− ε)ρpqmL
.

Finally, with the boundary and initial conditions, Eqs. (
to (11) were solved numerically by using an implicit fin
difference scheme.

4.5. Steady state II

In the limit t → ∞, Eqs. (9)–(11) define steady state
at whichS = �S(z) andN = �N(z). Dividing Eqs. (9) by (10)
gives the relation d�S/d�N = (ks/kn)(�S/�N) from whichkn is
related toks as

(18)kn = ks
ln(Np2/Nf)

ln(Sp2/Sf)
,

whereSp2 andNp2 are the total sulfur and nitrogen conce
trations in the effluent liquid at steady state II.

At steady state II, Eq. (11) becomes

(19)q̄n(z)= kn�N(z)
kn�N(z)+ kHDN

qm.

In the absence of HDN,̄qn = qm; i.e., all of the active sites
are occupied by nitrogen species. Substituting Eq. (19)
Eq. (10) gives

(20)v
d�N + (1− ε)ρpknqm

kHDN �N
� = 0,
dz knN + kHDN
with N =Nf at z= 0. Upon integration and rearrangeme
Eq. (20) becomes

(21)kHDN = (Nf −Np2)knv

v ln(Np2/Nf)+ (1− ε)ρpqmLkn
.

This equation allowskHDN to be determined fromqm and
the HDN data obtained at the reactor outlet at steady sta

4.6. Property ratios

From Eqs. (18) to (20), one can identify two dimensio
less groupsp andg that govern the poisoning behavior
steady state II. They are

(22)p ≡ ks

kn
= ln(Sp2/Sf)

ln(Np2/Nf)
,

(23)g ≡ knNf

kHDN
= Nf ln(Np2/Nf)

(Nf −Np2)

(
1− ln(Sp1/Sf)

ln(Sp2/Sf)

)
.

Hencep is the adsorptivity ratio reflecting the intrinsic a
sorption affinity of the sulfur species relative to that of t
nitrogen poison. The parameterg is the ratio of nitrogen ad
sorption rate to surface HDN rate. Put differently, it is t
ratio of HDN time scale(1/kHDN) to nitrogen adsorption
time scale(1/knNf). As such,g is an index of poisoning in
tensity. Bothp andg are functions of catalyst propertie
For a given catalyst,p andg depend on temperature. Oth
dimensionless groups are provided in Appendix C.

4.7. Parameter estimation

The parameter estimation was carried out with constra
derived from steady-state experiments (Ŝ, �N , and�S). The
observed breakthrough time allows an initial estimate ofqm.
Eqs. (17), (18), and (21) were used to calculateks, kn, and
kHDN, respectively. The corresponding bestqm value was
then obtained from a least-squares fit to the transient H
and HDN data shown in Fig. 2. The resultingqm was then
used to estimate an improved set ofks, kn, andkHDN values,
which was used to calculate an improvedqm. This iterative
process continued until the system converges. In essencqm
is the only adjustable parameter—which was estimated f
both the transient HDS and HDN data. Meeting this rat
stringent requirement greatly enhances the robustness o
model. In the regression we account for the travel time
feed B to reach the inlet of catalyst bed after the reacto
switched from feed A to feed B. The numerical values
physical properties and operating parameters are listed
der Nomenclature.

5. Results

5.1. Comparison with experiment

The solid curves in Fig. 2 are model predictions, wh
compare well with measured nitrogen exit concentration
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the percentage of HDS as functions of elapsed hour
introducing the 3ECBZ-containing feed. The model also
isfactorily predicts the nitrogen breakthrough time of ab
20 h. However, it underpredicts the HDS level for the ini
part (0–5 h) of the prebreakthrough period. Within this sh
“induction” period the exit percentage HDS actually rema
fairly constant. Accepting the validity of the Langmuir su
face assumption, we may attribute this induction time to
following possible physical situations that are not conside
in the model. Initially, it is tough for “free-falling” nitro-
gen species to hit a “target” because theβ sites are sparsel
occupied by sulfur species. This severely limits the pois
ing power of 3ECBZ. Second, some of the partially hyd
genated 3ECBZs (e.g., tetrahydro-3ECBZ and hexahy
3ECBZ) are likely more inhibiting [21]. The slowness
the hydrogenation rate [21,27] means that it takes tim
build up an effective poison pool on the catalyst surface.
third possible situation is that nitrogen species initially
on non-β sulfur vacancy sites, which greatly outnumber
β sites. Finally, the acidity of the Al2O3–SiO2 support might
play a role as well. It was considered unnecessary to re
the model to include this initial transient effect in terms
return on effort expended, since the one-parameter mod
hand already captures the dominant features of the syst

5.2. Parameter values

The fit shown in Fig. 2 corresponds to the parame
listed in Table 2. In addition, we note thatqn � qs and that
the HDS and HDN levels are comparable (70% vs 58%
steady states I and II, respectively). It follows thatkHDS �
kHDN � k′

n. Also, kHDS � k′
s, p = 0.11, andg = 17.4.

As a consistency test, the value ofksqm from Table 2
gives kapp = 2.87 ccliquid feed/(gcath), compared well with
2.73 ccliquid feed/(gcath) obtained previously [19]. This fur
ther suggests that our model and its kinetic parameters
quately represent the system at hand.

5.3. Dynamic features

Armed with the model parameters, we now look at
spatiotemporal behavior of the system. Fig. 6 shows the
tional sulfur concentration(S/Sf) in the fluid phase as
function of bed position at successive elapsed times. Init
(t = 0 h), the reactor sulfur profile in the absence of 3EC
shows an exponential decline. Subsequently, the fluid s
content increases as the concentration wave travels to
the reactor outlet. The advancing sulfur front is not in ra
adsorption–desorption equilibrium with the active sites

Table 2
Values of model parameters

ks, cc/(gs s) 0.21
kn, cc/(gn s) 1.91
kHDN, s−1 6.32× 10−6

qm, gs or gn/gcat 0.0038
-

d

Fig. 6. Predicted moving sulfur concentration frontS/Sf for different
elapsed times.

Fig. 7. Predicted moving nitrogen concentration frontN/Nf for different
elapsed times.

all the figures to follow, the wave labeled with asterisks is
t = 20 h, approximately corresponding to the breakthro
time. After 30 h of nitrogen attack, the majority of the act
sites in the bed are poisoned; the bulk of 46DEDBT stay
the fluid phase as a “bystander.” As a result, the sulfur pro
remains nearly flat and becomes only slightly concave do
ward near the reactor outlet where some active sites hav
yet been poisoned at that moment. The sulfur concentra
in reactor effluent increases as the poisoning proceeds.

The speed with which the nitrogen wave travels thro
the bed is much slower than the superficial velocity of
carrier solvent. Fig. 7 shows multiple snapshots of fractio
nitrogen concentration(N/Nf) in the fluid phase resultin
from coupled adsorption and HDN. The moving front is
companied by a decreasingN/Nf due to HDN whose rat
plays a pivotal in the poisoning process. The model m
account for surface HDN reaction; otherwise, it would
predict the nitrogen breakthrough curveandthe steady-stat
nitrogen concentration.

Fig. 8 shows the fractional coverage of adsorbed n
genθn as a function of bed length at different elapsed tim
The adsorption-reaction wave moves slowly toward the
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Fig. 8. Predicted fractional site coverage by adsorbed nitrogen,θn, for dif-
ferent elapsed times.

actor exit. At smallt , the catalyst in the upstream section
the bed partially depletes itsβ sites due to nitrogen uptak
In the downstream section, theβ sites are sparsely occu
pied by sulfur species and virtually free of adsorbed nitro
species. For intermediatet , the catalyst near the reactor inl
gives up almost all itsβ sites for 46DEDBT HDS, wherea
that near the outlet partially gives up itsβ sites for HDS.
When t exceeds the breakthrough time, almost all of thβ
sites are blocked off by nitrogen species.

6. Discussion

6.1. Rate-limiting step

As noted before, there has been no agreement on wh
the steric hindrance retards the adsorption of 46DED
or the C–S bond scission. The latter implies that the
face reaction is the rate-limiting step. The picture emerg
from the present modeling study is that even in the abse
of 3ECBZ, the adsorption of 46DEDBT is far slower th
the surface HDS rate under the conditions studied. In f
the surface HDS reaction is so fast that the desorptio
46DEDBT becomes kinetically irrelevant over the time sc
of interest.

If 46DEDBT adsorption takes the end-on mode, it is
hard to see why the adsorption is rate limiting given
steric crowdedness around the sulfur atom. But it is not
vious why this should be the case if the adsorption is s
on. One possible rationalization is to posit that the num
of β sites on the present catalyst is so few that 46DED
has to “fish” for them. Once a 46DEDBT molecule is a
sorbed and hydrogenated, steric hindrance becomes s
icantly weakened and hence a rapid removal of the su
atom. The consequence is that the coverage of 46DEDB
β sites is very low. This proposition suggests that 46DED
may not be inherently more refractory than DBT—if a c
alyst has a sufficiently high surface concentration of the
quired type of active sites that can accommodate 46DED
r

-

for its initial adsorption. Landau et al. [28] reported th
4,6-dimethyldibenzothiophene desulfurizes faster than D
on a sulfided NiW/SiO2 catalyst; the reverse is true on
CoMo/Al2O3 catalyst. The toluene hydrogenation activity
NiW/SiO2 is 10 times that of CoMo/Al2O3.

For perspective, we note that the poisoning effect
3ECBZ is less pronounced in the HDS of DBT [19]. A re
sonable conjecture seems that 46DEDBT demands a
degree of site specificity for its sulfur removal. This is n
the case with DBT, which can desulfurize on bothβ and
non-β sites.

As a final note, the heats of chemisorption of 4-methy
benzothiophene (∼ 19–20 kcal/mol) and 4,6-dimethyldibe
nothiophene (∼ 21 kcal/mol) were reported to be highe
than that of DBT (∼ 10 kcal/mol) over commercial CoMo
Al2O3 and NiMo/Al2O3 catalysts at 190–340◦C and 5 MPa
hydrogen pressure [29]. This result has been taken as
cating that the adsorption ofβ-DBTs is not hindered. It mus
be pointed out, however, that here the heats of chemisorp
were solely calculated from steady-state HDS experim
using an equilibrium-based Langmuir–Hinshelwood mod
Such model, as shown earlier, may not reflect physical r
ity.

6.2. 46DEDBT vs 3ECBZ

The forgoing results say that a tiny fraction of theβ sites
gives a 70% HDS at steady state I, vs a 58% HDN over a
of β sites at steady state II. This indicates that 46DEDBT
3ECBZ have vastly different adsorptivities and reactiviti
Thus, the surface turnover rate for the HDS of 46DED
is orders of magnitude greater than that for the HDN
3ECBZ. On the other hand, 46DEDBT has a far wea
affinity for β sites than 3ECBZ(p = 0.11). The catalyst can
adsorb 3ECBZ at a rate at least 17-fold faster than it can
itrogenate 3ECBZ(g = 17.4). The only similarity between
46DEDBT and 3ECBZ is that their desorption rates are
netically insignificant over the poisoning time scale. T
consequence of all this is that in a flow reactor almost a
theβ sites can eventually be blocked off by nitrogen spec
(θn ≈ 1). This explains why even a trace amount of 3EC
can have a huge impact on the HDS of 46DEDBT [19].

6.3. Mitigation of inhibiting effects

As noted,g is an index of the poisoning intensity th
can be measured through Eq. (23). For catalyst design,
highly desirable to correlateg with catalyst properties (e.g
metal composition and support type) using such techniq
as chemomtrics [24]. A glance at Eq. (C.6) in Appendix
reveals that the nitrogen uptakeθn is of order unity when
g� 1 and of orderg wheng� 1. A highly adsorptive poi-
son by its very nature implies a highg.For typical petroleum
middle distillates over commercial catalysts,g is generally
greater than 10, as is the case here. Thus, a big challen
the HDS ofβ-DBTs is how to accomplishg � 1. One may
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think of changing the catalyst morphology to decreasekn.
The key then is how to achieve this without hurting the
sorption ofβ-DBTs. Decreasingkn through modifying the
electronic and steric characteristics of carbazole specie
not yet shown any promise [19]. One option is to vastly
prove the HDN activity. SincekHDN scales linearly withNf
for a constantg (Eq. (23)), a 10-fold increase inkHDN means
a 10-fold increase in the tolerance for the feed nitrogen l
at the same degree of poisoning. Adjusting reaction temp
ture can also lowerg becausekn andkHDN should in genera
have different temperature responses. There is volumi
patent literature on removing organonitrogen species f
petroleum distillates via various separation schemes (ad
tion, extraction, etc.).

7. Concluding remarks

One of the most important issues in the deep HDS
diesel fuel is howβ-DBTs interact with alkylcarbazole
[16–18]. In an early work [19] we assembled a pleth
of experimental evidence that 3ECBZ is a strong poi
to the HDS of 46DEDBT. In this study, through a hier
chical modeling approach, we gain a better quantitative
derstanding of the dynamic interactions among 46DED
3ECBZ, and the catalyst surface. To reproduce the data
tained from both steady-state and transient experiments
one-parameter model developed here does not invoke
usual quasi-equilibrium or quasi-steady-state assumpt
It identifies important parameters governing the poison
process and sheds some light on the fundamentals of
HDS catalytic chemistry and kinetics. On the practical s
the results of the present study provide some guidanc
to how to mitigate the poisoning effect of alkylcarbazol
which are found to be highly adsorptive and refractory. T
adsorption and kinetic constants extracted from the m
should be useful for both catalyst design and process m
eling and control. In the latter case, enhanced mechan
kinetics can be incorporated into the model.

Nomenclature

g knNf/kHDN
kHDS Surface HDS rate constant (1/s)
kHDN Surface HDN rate constant (1/s)
kn Adsorption rate constant for nitrogen (ccfeed/(gn s))
ks Adsorption rate constant for sulfur (ccfeed/(gss))
k′

n Desorption rate constant for nitrogen (1/s)
k′

s Desorption rate constant for sulfur (1/s)
Kn Nitrogen adsorption equilibrium constant (ccfeed/gn)
Ks Sulfur adsorption equilibrium constant (ccfeed/gs)
L Reactor length (3.82 cm)
N Concentration of nitrogen atom in the fluid pha

(gn/ccfeed)
n N/Nf , Appendix C
s

-

-

-

.

p

-

Nf Feed nitrogen atom concentration (80 ppm as
atom) (gn/ccfeed)�N N at steady state II (gn/ccfeed)

p Selectivity factor defined in Eq. (22)
qm Catalyst maximum site capacity (gs or N/gcat)
qs Concentration of adsorbed sulfur atom on cata

(gs/gcat)
qn Concentration of adsorbed nitrogen atom on c

lyst (gn/gcat)
q̃n qn at the reactor inlet
S Concentration of sulfur atom in the fluid pha

(gs/ccfeed)
Sf Sulfur atom concentration in feed liquid (gs/ccfeed)�S S at steady state II
Ŝ Sulfur concentration in the fluid phase at stea

state I (gs/ccfeed)
s S/Sf , Appendix C
t Time
v Superficial velocity (0.0021 cm/s)
z Axial distance from the entrance of the reactor (c

Greek symbols

α Time constant ratio defined in Appendix C
ε Bed void fraction (0.3)
γ Time constant ratio defined in Appendix C
η Defined in Eq. (C.9)
µ Time constant ratio defined in Appendix C
θn qn/qm, fractional coverage of adsorbed nitrogen
ρp Sulfided catalyst packing density in the b

(1.15 g/cc)
τ t/(Lε/v), Appendix C
ζ Characteristic coordinate, Appendix A.
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Appendix A. Quasi-equilibrium and quasi-steady-state
model

One can get a good idea of what the solution looks
from Fig. 3b, which shows the parallel characteristic line
slopeε/v. The behaviors ofS andN in zone A are time in-
variant because they are governed by the constant boun
conditionsN = Nf andS = Sf at z = 0. One then can sim
ply use the mass balance equations at steady state II to
S andN in this zone. Since zone B has not felt the nit
gen attack, soN ≡ 0 becauseN = 0 att = 0. And the sulfur
concentration, while being displaced, decays exponent
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In what follows we obtain the concentration wavesS andN
from the method of characteristics.

For zone A(t/ε > z/v), we change the original (t, z)
coordinate toζ = z/v andto = t−εz/v, whereζ is the char-
acteristic coordinate. We do so to reflect the fact that zon
is under the influence of the boundary conditionz= 0, since
ζ = 0 impliesz= 0 andt = to, whereto is the free time pa
rameter alongz = 0. It can be shown that Eqs. (7) and (
along the characteristic direction become

(A.1)
dS

dζ
= − (1− ε)ρpkHDSKsqmS

1+KnN
,

(A.2)
dN

dζ
= − (1− ε)ρpkHDNKnqmN

1+KnN
.

The boundary conditions areS = Sf andN =Nf atζ = 0.
Eqs. (A.1) and (A.2) are nothing but the governing equati
for steady state II, as alluded to earlier. Dividing Eq. (A.1)
Eq. (A.2) and carrying out the integration give a power-l
relation betweenS andN as follows (similar to Eq. (18)):

(A.3)
S

Sf
=

(
N

Nf

)(kHDSKs/kHDNKn)

.

Substituting Eq. (A.3) into Eq. (A.1) and performing t
integration yield

(A.4)
N

Nf
exp(KnNf)= exp

(
− (1− ε)ρpkHDNKnqm

v
z

)
.

For zone B (t/ε < z/v), the governing mass balanc
equations remain the same as Eqs. (A.1) and (A.2) if we
ζ = t/v and zo = z − vt/ε. When ζ = 0, thent = 0 and
z = zo, reflecting that this zone is governed by the init
condition t = 0, with zo being the free distance paramet
Since hereN = 0 at ζ = 0, so Eq. (A.2) has the trivial so
lution N ≡ 0. With S = Ŝ(zo) at ζ = 0, Eq. (A.1) can be
integrated to give

(A.5)S = Ŝ

(
z− vt

ε

)
exp

(
− (1− ε)ρpkHDSKsqm

ε
t

)
,

where Ŝ, an exponential decreasing function, satisfies
mass balance equation at steady state I, namely,

(A.6)v
dŜ

dz
= −(1− ε)ρpkHDSKsqmŜ.

Appendix B. Quasi-equilibrium model

Here for simplicity we consider the limiting casekHDS →
0, kHDN → 0, andqs → 0, while keeping the catalyst capa
ity term ∂qn/∂t . We then have the following model

(B.1)v
∂S

∂z
+ ε

∂S

∂t
+ (1− ε)ρpksS(qm − qn)= 0,

v
∂N

∂z
+ ε

∂N

∂t
+ (1− ε)ρp

[
knN(qm − qn)− k′

nqn
]

(B.2)= 0,

(B.3)
∂qn = knN(qm − qn)− k′

nqn.

∂t
The above system of equations is subject to the u
initial and boundary conditions. Eqs. (B.2) and (B.3)
self-contained. The model is essentially adsorptive in nat

Appendix C. Scaling analysis for nonequilibrium model

The governing equations are made dimensionless by
ing the following scaled variables:s = S/Sf , n = N/Nf ,
ξ = z/L, τ = t/(Lε/v), and θn = qn/qm. The system of
mass balance equations then becomes

(C.1)
∂s

∂ξ
+ ∂s

∂τ
+ ηs(1− θn)= 0,

(C.2)
∂n

∂ξ
+ ∂n

∂τ
+µn(1− θn)= 0,

(C.3)
∂θn

∂τ
= αn(1 − θn)− γ θn.

At steady state II, the system is defined by the follow
equations:

(C.4)
ds̄

dξ
+ ηs̄

1+ gn̄
= 0,

(C.5)
dn̄

dξ
+ µn̄

1+ gn̄
= 0,

(C.6)θn = gn̄

1+ gn̄
.

It follows from Eqs. (C.4) and (C.5) that̄s = n̄η/µ =
n̄p . Also, g = [(1/kHDN)/(1/knNf)] = (time scale for
HDN)/(time scale for nitrogen adsorption). Bothg andp
reflect catalyst properties.

Other dimensionless time-constant ratios emerging f
the analysis are

(C.7)α = Lε/v

1/(knNf)
= fluid residence time

time scale for N adsorption
,

(C.8)γ = Lε/v

1/kHDN
= fluid residence time

time scale for HDN reaction
,

η= 1/WHSV

(1/ksqm)

(C.9)

= space time

time scale for achieving maximum S adsorption
,

µ= 1/WHSV

(1/knqm)

(C.10)

= space time

time scale for achieving maximum N adsorption
.

Note thatα andγ may be related to a Damköhler numb
andg = α/γ .
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