Journal of Catalysis 269 (2010) 291-301

Contents lists available at ScienceDirect JOURNAL OF
CATALYSIS

Journal of Catalysis
journal homepage: www.elsevier.com/locate/jcat =y

Competitive adsorption of nitrogen species in HDS: Kinetic characterization
of hydrogenation and hydrogenolysis sites

Teh C. Ho*, Liang Qiao'

Corporate Strategic Research Labs., ExxonMobil Research and Engineering Co., Annandale, NJ 08801, United States

ARTICLE INFO

ABSTRACT

Article history:

Received 28 August 2009

Revised 6 November 2009
Accepted 11 November 2009
Available online 24 December 2009

Keywords:
Hydrodesulfurization
Hydrodenitrogenation
Hydrogenation

Through modeling of the transient response of dibenzothiophene (DBT) hydrodesulfurization (HDS) to
inhibition by 3-ethylcarbazole (3ECBZ), the hydrogenation (HYA) and hydrogenolysis (HYL) functions
of a sulfided CoMo/Al,03-SiO, catalyst are characterized. The HYL sites, accounting for about one third
of the total active sites, have a lower adsorption affinity for 3ECBZ than for DBT. The opposite is true
for the HYA sites. The adsorbed nitrogen species are denitrogenated more rapidly on the HYL sites than
on the HYA sites. As a result, the HYL sites are less inhibited by 3ECBZ and drive the HDS of DBT almost
single-handedly in the presence of 3ECBZ. The catalyst surface is sparsely occupied by sulfur species
because the HDS rate is much faster than the hydrodenitrogenation rate on both HYA and HYL sites.
These results give a quantitative understanding of why 3ECBZ is a far weaker inhibitor to the HDS of
DBT than it is to the HDS of 4,6-diethyldibenzothiophene. There appears a tradeoff between the HYA
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and HYL functions, which can be exploited for HDS catalyst and process optimization.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Driven by the growing demand for ultraclean fuels and the
increasing use of heavy oils, sulfur removal from fossil oils has re-
ceived and will continue to attract much attention in the coming
years. Tremendous efforts have been expended on the discovery
and development of new catalytic or noncatalytic (e.g., adsorption,
oxidation) technologies for sulfur reduction, as evidenced by the
voluminous patent and scientific literature. Currently, the most
effective technology remains the hydrodesulfurization (HDS) pro-
cess using Co(Ni)MoS,(WS,) catalysts [1-3]. These catalysts desul-
furize dibenzothiophene (DBT) and its alkyl derivatives via two
pathways. As Fig. 1 shows, the hydrogenolysis (HYL) path produces
biphenyl (BP), whereas the hydrogenation (HYA) path gives cyclo-
hexylbenzene (CHB) [4]. The latter involves ring hydrogenation fol-
lowed by hydrogenolytic cleavage of the C-S bond [5]. The former
has also been referred to as the direct desulfurization (DDS) path.
We do not adopt this nomenclature because the present work is
about simultaneous HDS and hydrodenitrogenation (HDN). The
term DDS does not have a clear meaning for the HDN of nitrogen
heterocycles such as carbazoles.
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The nanostructure of HDS catalysts is notoriously difficult to
characterize. The active sites are generally believed to be sulfur
vacancies associated with Mo (or W) cations and SH~/S?>~ groups
on the edges and corners of MoS, (WS,) crystallites [1,2]. Some
of the Mo cations are substituted by the promoter metals Co or
Ni. Many possible structural configurations with varying degree
of coordinative unsaturation can exist, each having its own activ-
ity/selectivity for HYA and HYL. Recently, nonvacancy sites have
also been identified. They are metallic brim sites with remarkable
hydrogenation function [6,7]. A detailed mathematical modeling of
this state of affairs at the reactor scale is all but impossible. It is
necessary to retreat to an averaging approach that lumps various
active sites into just one or two types. A dual-site model can differ-
entiate HYA and HYL functions based on product distribution.

Competitive adsorption among organosulfur (S), organonitro-
gen (N), and aromatic compounds is a critical issue in hydropro-
cessing catalyst/process research and development. In the HDS of
middle distillates (200-370 °C boiling range; diesel, jet fuel, heat-
ing oil, etc.), the sulfur removal rate becomes increasingly inhibited
by N species as the extent of desulfurization gets increasingly dee-
per [8-10]. Organonitrogen species are the most potent inhibitor
when it comes to desulfurizing hindered alkyldibenzothiophenes
comprising 4-substituted and 4,6-disubstituted dibenzothioph-
enes [8]. In addition to blocking the active sites for HDS, the
adsorbed N compounds would slow down the hydrogen activa-
tion process, thus limiting the supply of surface hydrogen for
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Nomenclature

B concentration of biphenyl in the fluid phase

C concentration of cyclohexylbenzene in the fluid phase

b defined as B/S¢

c defined as C/Sf

g knNfl Reipn

g defined in Eq. (46)

g: defined in Eq. (46)

ha ksasf/ kHDSa

hy ks¢Sf /Kripse

Kups surface HDS rate constant (s7!)

Kupn surface HDN rate constant (s~ 1)

kn adsorption rate constant for nitrogen (cc liquid feed/s/
pmol)

ks adsorption rate constant for sulfur (cc liquid feed/s/
pmol)

K, desorption rate constant for nitrogen (s~})

k; desorption rate constant for sulfur (s~1)

L reactor length (3.82 cm)

Mg defined in Eq. (A7)

my defined in Eq. (A8)

N concentration of nitrogen atom in the fluid phase
(pmol/cc feed)

n N/Nf

Ny feed nitrogen atom concentration (5.76 x 107°g N
atom/cc or 4.1 pmol/cc)

qm catalyst active site density (pmol/g cat)

qs concentration of adsorbed sulfur atom on catalyst
(nmol/g cat)

qn concentration of adsorbed nitrogen atom on catalyst
(pmol/g cat)

S concentration of sulfur atom in the fluid phase (pumol/cc
liquid feed)

Sr feed sulfur atom concentration (1.88 x 107> g S/cc or
58.8 umol/cc feed)

N S/Sf

S s at Steady State I

S s at Steady State II

t time

v superficial velocity based on empty tube

Wq defined in Eq. (A5)

wy defined in Eq. (A6)

z axial distance from the entrance of the reactor (cm)

Greek letters

oy defined in Eq. (A1)
g defined in Eq. (A2)
Ba defined in Eq. (A3)
B, defined in Eq. (A4)
e bed void fraction (0.3)

q/qm, fractional coverage of adsorbed species
catalyst particle density (1.15 g cat/cc cat)
t/(Lev)

z/L

R )
S

DBt -
-

CHB

Fig. 1. A simplified DBT HDS reaction scheme; BP, biphenyl; CHB, cyclobenzene.

hydroprocessing reactions [11,12]. Moreover, N-heterocycles are
known to have a high tendency to form coke, thereby shortening
catalyst lifetime [12,13].

Many difficult-to-desulfurize refinery feedstocks have a signifi-
cant amount of five-membered nitrogen heterocycles such as
alkylcarbazoles, which are hard to denitrogenate [9,12,14]. While
N-inhibition effects have been a well-studied subject, most prior
kinetic studies were conducted under steady-state conditions.
The data were usually analyzed with a single-site Langmuir-Hin-
shelwood model in which surface reactions are assumed to be rate
limiting and the adsorption and desorption are quasi-equilibrated.
Very few dual-site models have been reported in the literature
(e.g., [15-18]).

To develop means of mitigating N-inhibition requires a quanti-
tative understanding of the inhibition dynamics. A most effective
way to achieve this goal is by a combined experimental and mod-
eling study of the transient response of the catalyst to a well-de-
fined stimulus generated by reaction probes in a flow reactor. In
doing so, one can quantify the active site density and the associ-
ated rate constants. This approach was used to characterize a com-
mercial sulfided CoMo/Al,03-SiO, catalyst with a probe consisting
of 4,6-diethyldibenzothiophene (46DEDBT) and 3-ethylcarbazole
(3ECBZ). In terms of active site requirements, these two probe mol-
ecules align with each other in that their hydroremoval reactions

rely primarily on the HYA function [10,19]. Thus, as a first approx-
imation, a single-site model was used to analyze the inhibition
dynamics by treating all sites as if they were of the HYA type
[20,21].

A major motivation for this study was the following observa-
tion. The HDS rate of 46DEDBT over CoMo/Al,05-SiO, decreases
precipitously upon addition of a trace amount of 3ECBZ (5 wppm
as N atom) to the feed; yet the HDS of DBT is only moderately
inhibited by 80 wppm feed N [19]. To understand these remark-
ably different inhibiting behaviors, here we examine the inhibition
dynamics using a probe consisting of DBT and 3ECBZ. These two
molecules have very different requirements for active sites: the
HDS of DBT predominately follows the HYL route, while the HDN
of 3ECBZ relies heavily on the HYA pathway. Accordingly, the
present work develops a dual-site model capable of distinguishing
HYA and HYL sites. The model gives a quantitative picture of the
dynamic interactions between DBT and 3ECBZ and explains why
DBT HDS is more N resistant than 46DEDBT HDS. It also reveals
an HYA-HYL tradeoff whose practical implications are discussed
with examples taken from experiments with petroleum fractions.

2. Experimental

The details of the experimental procedures are available else-
where [19]. What follows is a brief description of some key aspects.
The CoMo/Al,05-Si0O, catalyst (3 g), in the form of 20/40-mesh
granules, was presulfided at 400 °C for one hour at atmospheric
pressure with a 10% H,S-in-H, mixture. A cocurrent fixed-bed
reactor, made of a nominal 3/8-inch ID 316 stainless steel pipe,
was operated isothermally in up-flow mode to avoid incomplete
catalyst wetting and bypassing. The reaction conditions were
265 °C, 3 WHSV (liquid weight hourly space velocity), 1.83 MPa
hydrogen pressure, and 116 cc Hy/cc liquid feed. Axial dispersion
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was minimized through dilution with 3 g of glass beads. The vari-
ation of the hydrogen pressure across the reactor is insignificant.

The transient experiments entail tracking changes in catalyst
behavior following a step jump in the feed nitrogen concentration.
Specifically, the experiments were started with a feed containing
1.5 wt% DBT to obtain the baseline data in the absence of 3ECBZ.
After the catalyst lined out its activity (Steady State I), the feed
was switched over to one that contains 1.5wt% DBT and
0.112 wt% 3ECBZ (80 wppm total nitrogen) at the same reaction
conditions. The state of the reactor is monitored by intermittently
analyzing the liquid products at the reactor outlet until the catalyst
reached Steady State II. Modeling the thus-obtained data offers an
effective means of discriminating among rival models and estimat-
ing catalyst site densities as well as associated rate constants.

The density of the liquid feed is 0.72 g/cc. The liquid products
were identified and quantified by GC/MS and GC using a 75%
0V1/25% SW-10-fused silica capillary column. Acetone was used
as the internal standard. Besides H,S, the dominant HDS products
by far were cyclohexylbenzenes (CHB) and biphenyls (BP). Trace
amounts of tetrahydrodibenzothiophene (THDBT), bicyclohexyl
(BCH), and benzylcyclopentane were noted. The total nitrogen con-
tent in the liquid effluent was measured by combustion and chemi-
luminescence using the Antek analyzer. Due to their low
concentrations, individual HDN products were not measured. The
carrier solvent dodecane is essentially inert under the reaction
conditions studied.

3. Experimental results
3.1. HDS reaction pathways

As Fig. 2 shows, the product mass ratio ypgr=[CHB]/[BP] (the
square bracket denotes the wt% in the liquid product) is a weak
increasing function of the extent of HDS (or 1/WHSV). This indi-
cates a rather slow hydrogenation of BP to CHB [22,23]. The hydro-
genation of CHB to bicyclohexyl is even slower because CHB is
much less reactive than BP [22]. Thus, for practical purposes, the
HDS of DBT can be approximated as two independent reactions
as shown in Fig. 1 in which transitory intermediates and kinetically
insignificant pathways are neglected.

Fig. 2 also indicates that at high DBT conversions (>80% HDS),
vper =~ 0.3. By contrast, the HDS of 46DEDBT over the same catalyst
gives ypeppr = [C4CHB]/[C4BP] > 5, with [C4BP] and [C4CHB] being
the concentrations of diethylbiphenyls and diethylcyclohexylbenz-
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Fig. 2. yppr vs. fractional HDS; 1.83 MPa, 265 °C, 116 cc Hy/cc liquid feed, and
varying WHSV; sulfided CoMo/Al,03-SiO,.

enes, respectively [19]. The big difference between the two y val-
ues reinforces the notion that there is little overlap in terms of
active site requirements for the HDS of DBT and 46DEDBT in the
absence of N inhibitors. Put differently, the DBT-HDS and 46DED-
BT-HDS systems are nearly “orthogonal” to each other. Indeed,
there is very little mutual inhibition in simultaneous HDS of DBT
and 46DMDBT [24].

3.2. Transient response

Fig. 3 displays the results of the inhibition experiment. The HDS
level declines from 95% at Steady State I to 64% at Steady State II
after the N adsorption front completely passes through the bed.
The inhibition transient has a characteristic time scale of about
50 h, which is much longer than the fluid residence time inside
the reactor. The time scale for N desorption is even longer [19].

As shown in Fig. 3, a large fraction of the active sites in the HDS of
DBT are spared from the 3ECBZ assault. For perspective, the figure
also shows that at the same level of feed nitrogen (80 wppm), 3ECBZ
has a catastrophic effect on the HDS of 46DEDBT - with HDS plum-
meting from 70% to less than 10%. As reported previously [19], the
46DEDBT HDS level drops from 70% to 34% with a feed nitrogen con-
centration as low as 5 wppm. This was rationalized by positing that
the HDS of 46DEDBT requires specific multiplets of adjacent sulfur
vacancies that are surrounded by readily available SH™ groups.
These sites, having special geometric and/or electronic properties,
become totally incapacitated upon chemisorption of even a trace
amount of 3ECBZ. This “structure-sensitive” inhibition is not ob-
served in the HDS of DBT. Real feed experiments have also shown
that indigenous N species are far more effective in inhibiting hin-
dered DBTs than in inhibiting unhindered DBTs [25,26].

Fig. 4 shows that ypgr declines sharply during the N break-
through period. While both HYA and HYL sites are inhibited, there
is a disproportionately greater decrease in the CHB concentration
than in the BP concentration. So the HYL sites have a higher capac-
ity to resist the jump in N concentration. In other words, the inhi-
bition is selective in that the HYA function is suffered more than
the HYL function.

4. Model development

We now construct a mathematical model for estimating the site
density and rate constants from the data obtained during the
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Fig. 3. Percentages of HDS of DBT and 46DEDBT at reactor exit as functions of
elapsed time following introduction of 3-ethylcarbazole; 265 °C, 1.83 MPa, 116 cc
H,/cc liquid feed, 2.4 WHSV (for 46DEDBT HDS), 3.0 WHSV (for DBT HDS).
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Fig. 4. yppr vs. elapsed time; 1.83 MPa, 265 °C, 116 cc Hy/cc liquid feed, 3 WHSV.

breakthrough period and at Steady States I and II. All active sites
are lumped into either the HYA or HYL type. All nitrogen-contain-
ing species (3ECBZ and its HDN intermediates) and sulfur-contain-
ing species (DBT and its HDS intermediates) are grouped as N-
compounds and S-compounds, respectively. Let S and N be the sul-
fur atom and nitrogen atom concentrations in the flowing stream,
respectively. The concentrations of BP and CHB are represented by
B and C, respectively. The subscripts a and [ signify quantities asso-
ciated with the HYA and HYL sites, respectively. We denote ¢,, as
the adsorbed nitrogen (atom) concentration on the HYA sites, g,, as
the adsorbed sulfur concentration on the HYL sites, and g, as the
saturated chemisorption capacity of the HYA sites. Then 0, = qpq/
(ma is the fractional coverage of the adsorbed nitrogen on the HYA
sites. The same applies to q,,, and 0., = q,;/q,,,- Here we use the
sulfur and nitrogen species to “sample” (or “titrate”) the active
sites (adsorbed BP and CHB are much smaller than adsorbed S
and N). So g and q,,, are a measure of catalyst’s HYA and HYL
maximum site densities, respectively.

For HDS, ks, k,, and kups are the adsorption rate constant,
desorption rate constant, and surface HDS rate constant, respec-
tively. Likewise, the corresponding rate constants for HDN are k,,,
K,, and kypn. And the rate constants for BP and CHB are kp, k;, k.,
and k., respectively. The sulfur and nitrogen atom concentrations
in the feed are denoted by Srand Ny, respectively. Reactor specifica-
tions are: bed void fraction, ¢=0.3; catalyst particle density,
pp=1.15 g/cc; bed length, L = 3.82 cm; and superficial fluid veloc-
ity based on empty reactor, v=2.63 x 10~ cm/s. The average fluid
velocity in the interstices between particles is v/e.

4.1. Full model

Before setting out the model equations, we make the following
simplifying assumptions. (1) The catalyst surface is Langmuirian
and energetically uniform; (2) hydrogen is adsorbed on sites that
are different from those for S and N adsorption; (3) due to the high
hydrogen/DBT volume ratio, the hydrogen pressure is constant and
the surface hydrogen coverage is high; (4) the effect of molar
change due to reaction is negligible; (5) the inhibiting effects of
H,S, NH3, and heteroatom-free hydrocarbons are relatively insig-
nificant compared to that of 3ECBZ; (6) axial dispersion effect
and the velocity changes due to adsorption are negligible; (7) the
concentrations of S- and N-compounds are constant throughout
the catalyst particles; (8) the reactor is isothermal and isobaric,
with negligible mass transfer effects; (9) HDS and HDN both occur
irreversibly on the catalyst surface and hydrogen addition is not
rate limiting; (10) catalyst deactivation by coking is negligible over

the time scale of the experiment; and (11) liquid feed and hydro-
gen reach physical equilibrium before entering the catalyst bed.
With these assumptions, we write the following mass balance
equations for a plug-flow reactor.

(1) Mass balance of S in the fluid phase and on HYA and HYL
sites

oS S
ga + Z/& =—(1- 8)pp[ksaS(Qma —Gsq — Gna)
+ ksls(qmﬁ —Gs¢ = Gne) — k;aqsﬂ - k;fq”] (1)
a /
g;a = ksas(qma —qsq — qna) - ksaqSﬂ - kHDSaqsa (2)
aq, !
gtk = KstS(Gme — Gse — Gne) — Koo — KrpseQse 3

(2) Mass balance of N in the fluid phase and on HYA and HYL
sites

ON ON
85 + 1/5 = —(1-€)ppknaN(qima — Gsa — Gna)
+ kneN(Gme = Qs = Gne) — Knalna — KneGine] 4)
8 /
g?a = k”ﬂN(qma —Gsq — qna) - knaqna - kHDNaqna (5)
0 ) /
g;k = kneN(Gme — Gse — Gne) — KiGne — KepneGe ©

(3) Mass balance of BP in the fluid phase and on HYA and HYL
sites

19):] OB
8& + UE =—(1- 8)pp[kbaB(qma ~Gsq — Gna)
+ kB(@me — Gse — ) — Kbalba — KoeGie] (7)
Ol '
g:a = kbGB(qma —(sq — qna) - kbaqba (8)
aqy, /
% = kpeB(Gme — Gse = Gne) — Ko Qe + Krpsedse 9)

(4) Mass balance of CHB in the fluid phase and on HYA and HYL
sites

oC oC
SE + U& = —(1 - 3)pp[kmc(Qma —sq — qna)
+ kffc(qmé — Ay — qné) - k/caqca - k/c[qcl] (10)
19 /
g;a = kfﬂc(qmu —(gq — Qna) - kcaqcll + kHDS’JqSG (11)
19 /
g{l = kc/C(qmé‘ - qsé’ - qn() - kcé"qck (12)

Note that the differentiation of HYA and HYL sites is based on the
concentrations of BP and CHB in the liquid product.

4.2. Model reduction

To construct a simplest possible model necessitates further
pruning so the dimensionality of the parameter space is reduced.
This is achieved via time scale separation [20,27]. For example,
the slow desorption of N-compounds can be considered as frozen
over the time scale of the inhibition transient. At the other ex-
treme, the surface HDS is too fast to influence the sluggish inhibi-
tion process (kyps > kypn because the C-S bond is much weaker
than the C-N bond). The consequence is that the inhibition tran-
sient is mainly governed by the interplay of sulfur adsorption,
nitrogen adsorption, and surface HDN. It is relevant to mention
that experiments using industrial feedstocks have also shown that
the desorptions of N-compounds [28] and S-compounds [29] are
slow.

In light of the above, we set ki, < knaNy, Ky, < kneNs, Ky <
kipna, k;u < Kupne, k;a < kupsqa, and k;g < kyps:.

A further stipulation is that the surface HDS rate is faster than
the adsorption rate so that kS; < kupse and kg Sy < kupse. The
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desorptions of N- and S-compounds are not fast enough to attain a
local adsorption-desorption equilibrium as the N- and S-adsorp-
tion fronts travel down the bed during the breakthrough period.

It is also reasonable to stipulate that q,, < q,, and q,, < q,q
based on the following order-of-magnitude arguments. At steady
state and with the assumption of slow desorption, it follows from
Egs. (2), (3), (5), and (6) that

@R S-E@EDE o
Gna kna/ \Kiipsa ) \N )’ Ay kne) \ knpse /) \N

Let S/N ~ S/N;=0(10%). From the 46DEDBT-3ECBZ probe [20,21],
we estimate that (Kso/Kna)aspeopr_secez = 0(107")  and  (kupna/
Kupsa)aspepsr—secsz = 0(10°°), implying  that (qsa/dna)aspensr—secsz ~
0(10™°). Due to DBTs higher kyps, we expect that
(Keupn /Kips) per—secez < (Kb /Kups) aspepsr—secsz ON both HYA and HYL
sites. Also, the ratio (ks /kn)pgr_secsz Should be higher than or com-
parable to (Ks/Kna)ppr_spcsz- And the ratio (ksa/Kna)ppr_spcsz 1S €X-
pected not to be greater than (ks /kna)agpepsr_secsz Dy more than,
say, two orders of magnitude (to be confirmed a posteriori). These
arguments lead to the supposition that (q.,/qnq)psr_sesz < 1 and
(Gs¢/Gne) ppr—3ecez < 1. Finally, we suppose that over the time win-
dow of the inhibition transient, the surface concentrations of BP
and CHB are both at a quasi-steady state (9q,,/ot =~ O,
gy, /0t ~ 0,0q,/0t ~ 0, and dq.,/0t ~ 0). We are left with a
much simplified model (six equations instead of 12)

t5p+ V5, = —(1=8)PykeaS(na — Gua) + KseS(Ame = dn)] - (14)
8%4‘ U% = —(1—8)pp[knaN(Gma — Gna) + kneN(@me — @o)] - (15)
8g;a = KknaN(Gma — Gna) — KripNaGna 1o
851;[ = kneN(Qoy — Goe) — KeioneGoe 1
B S ) "
g%#v%-<1—ammﬂ%aqw )

Here the active sites are primarily occupied by adsorbed N species,
which are the driver of the inhibition dynamics.

To identify governing parameters, Eqs. (14)-(19) are made
dimensionless with the following scaled variables: s=5/S; n=N/
Ny b=B|S;, c=C|S, ¢ =z/L, and ¢ = t/(Le/v). Note that WHSV = v/
[(1 —&)ppL]. The inhibition process comprises many competing
events. A mathematical description of the system should reflect
the relative time scales of these events, which are defined by the
following dimensionless groups (see the Appendix for details):
oy = KeoQre/WHSV,  0lq = KsaQma/WHSV, By = knaQma/WHSV, B, =
kneGne/WHSV,  wq = knaNs/(Le/v), Wy = kyNf/(Le/v), mg=
kupna(Le/v),  my = kupne(LE/ V), &4 = Wa/Mq = KnaNfr/Kupne, and
g =w,/m = kniNf/kHDN[-

With the above dimensionless quantities, Eqs. (14)-(19) in
dimensionless form become

0s  0s
% + 2% = —[0;S(1 — Ons) + 0taS(1 — Opg)] (20)
on an

ac e = ~1hen(1 = Ona) + in(1 = On)] (21)
O0nq

(9@ = Wun(l - (')na) - ma(")na (22)
One _ =w,n(1 = On) — M0y (23)
ag
ob ob
8_; +— 9= = oS(1 — Ony) (24)
ac  oc
8_g+6_é: %aS(1 — Ona) (25)

To solve the above equations we need to specify the boundary
conditions at ¢=0 and the initial conditions at {=0. At =0,
s=n=1and b=c=0 for { >0. Moreover, at £ =0

dOna _ Wal(1 = Opg) — MaOnq (26)
dg
d;”” =w,n(1 = On) — M0y (27)

where f)na(g) = 0ne(0,¢) and ()m( ) = 0n(0, Q). Egs. (26) and (27) re-
quire the initial conditions Ong = Ope =0 at £ =0.

There are eight independent dimensionless groups in the gov-
erning equations. We next specify the initial conditions for Egs.
(20)-(25) and derive five constraints from analysis of the steady
states. The present dual-site model thus has three adjustable
parameters. By contrast, the previous single-site model has only
one fitting parameter [20].

4.3. Steady State I (DBT feed)

The initial condition { =0 (¢ > 0) for the model corresponds to
the steady state of the reactor prior to the inhibition experiment.
At this steady state, we let s=§, b=b, and c=¢& Also,
n=0p = 0p =0 and

ds .

d_f = —(0t; + 0tg)S (28)
db . de .

&= S gz = % (29)

At¢=0,8=1and b=
integrated to give

¢ = 0. The above equations can then be

§ — e~ (ut0a) (30)
b= "faa [1— e ()] (31)
= faa 1 — e (te) (32)

Note that § + b + ¢ = 1. The constraints imposed by Steady State I
are the measured concentrations of DBT, BP, and CHB at the reactor
exit. It can be seen from Eq. (30) that the exponential decay of DBT
is dictated by adsorption (¢, and o,). Let b=byandé=c; at¢=1,
both of which are obtained experimentally. The result is that «,
and o, can be determined from the data obtained at Steady State I

b 1

a/:brﬁ-Cl lnl—(b1+C1) 33)
C1 1

o= 1 34

* b1+C1 nl*(b1+C]) ( )

4.4. Steady State 11 (DBT + 3ECBZ feed)

After a sufficiently long time, the system under N inhibition re-
laxes to Steady State II. That is, in the limit of { — oo, Egs. (20)-(25)
revert to the governing equations for Steady State Il at which s =5,
n=n,b=>b,c=¢c, and 0 = 0. The governing equations are

§=fmafma+wameE (35)
O = a1~ B 4 1,01~ Bl (36)
0 = Waii(1 — Ona) — Malna (37)
0 = Wiii(1 — Bny) — MyBuy (38)
db o

P ote(1 = Bry) (39)
dC = fxa(1 gna)g (40)
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It follows from Eqgs. (37) and (38) that

N _ gaﬁ n g/ﬁ
H""_1+guﬁ’ 9’”_1+gﬂﬁ (41)

Steady State II is then defined by the following dual-site model

7 (et ) )
ZZ‘(l f;€n+1f;an>n (43)
& )

The foregoing equations were solved numerically with boundary
conditions at ¢=0: 5(0) =i(0) =1 and b(0) = ¢(0) = 0. The exit
concentrations measured at ¢=1 provide three additional con-
straints: fi(1) = ny, b(1) = b,, and c(1)=c, are required to match
the experimental data. Thus, the total number of adjustable param-
eters is reduced from eight to three. The two dimensionless param-
eters o, and o, in Egs. (28) and (42) can be viewed as effective HDS
rate constants for the HYL and HYA sites in the presence of 3ECBZ,
respectively. Similarly, from Eqs. (42)-(45), we note that the sever-
ity of 3ECBZ inhibition can be gauged by the two dimensionless
parameters g, and g, [20]

_ knaN '
Keipna’

g — Y (46)
Keipne

a

The g’s are nothing but the ratio of the nitrogen adsorption rate to
the surface HDN rate. The surface coverage of N-compounds de-
pends on the surface HDN rate (kypy). Alkylcarbazoles are strong
inhibitors because of their fast adsorption coupled with slow HDN
[12,14,20].

4.5. Parameter estimation

The parameter estimation was carried out through a two-stage
optimization with constraints derived from steady-state experi-
ments. As parameters ¢, and o, can be determined through Steady
State I (Section 4.3), formally, six adjustable parameters (Eqs. (A3)-
(A8) in the Appendix) are subject to optimization. However, there
are three implicit, nonlinear algebraic constraints imposed by Stea-
dy State II. Therefore, in essence, only three of the six parameters
are free. The objective function to be minimized is the Euclidean
norm of the difference (in the form a vector) between experimental
data obtained at the reactor exit and the corresponding model pre-
dictions as functions of time. It is reasonable to use the single-site
model parameters as initial guesses for the corresponding param-
eters in the dual-site model. This is so because the behavior of the
N-compounds in the presence of DBT should not be vastly different
from that in the presence of 46DEDBT [20,21]. With the one-site
model parameters as the base point, we construct a six-dimen-
sional parameter space around the base point, in which each of
the six parameters can vary over a 25-fold range. We then use a
global optimization algorithm to minimize the objective function
within this six-dimensional parameter space subject to three non-
linear constraints. The thus-found optimal parameter set was used
as an initial guess for a local optimization algorithm to find the fi-
nal optimal parameter set. All the computations were performed in
MATLAB. The global and local optimizations were conducted using
the subroutines “glcSolve” and “fmincon” in the commercial pack-
age TOMLAB, respectively.

Table 1
DBT HDS dual-site model: rate constants and site densities.
Parameter Units Value
Kna cc liquid feed/s/pmol 1.5x107°
Kne cc liquid feed/s/pmol 8.7 x10°°
Kripna st 73 x10°C
Kupne s7! 1.6x107°
ksa cc liquid feed/s/pmol 8.6 x 1076
kse cc liquid feed/s/pmol 53 x10°°
Qma pmol N adatom/g cat 157.1
Qe pmol N adatom/g cat 85.7
1
—3S
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| —BP
06 ]
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04f e 1
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time (hr)

Fig. 5. Dimensionless concentrations s, n, b, and c at reactor exit as functions of
elapsed time; 265 °C, 3 WHSV, 1.83 MPa, and 116 cc H,/cc liquid feed. Solid lines
are model predictions. Symbols are experimental results.

5. Results and discussions
5.1. Comparison with experiment

The rate parameters and saturated chemisorption capacities
estimated from the present dual-site model are listed in Table 1.
Since the catalytic sites are almost completely occupied by N spe-
cies, the site densities g, and q,,, can be identified with the con-
centration of chemisorbed nitrogen, with the units being pmol N
adatom/g cat. The model parameters in Table 1 are used to com-
pute the solid curves shown in Fig. 5. As can be seen, the predicted
behaviors compare well with measured exit (relative or dimen-
sionless) concentrations of different species (s, n, b, and c) as func-
tions of elapsed hour after introducing the 3ECBZ-containing feed.
The model captures the dominant features of the inhibition
dynamics.

5.2. Spatiotemporal behavior

Fig. 6 depicts the normalized sulfur concentration in the fluid
phase as a function of bed position and elapsed time. Initially, in
the absence of 3ECBZ, the sulfur profile shows an exponential de-
cline. Then the sulfur concentration in the reactor effluent in-
creases as the inhibition proceeds. Compared with the HDS of
46DEDBT, here 3ECBZ is a benign inhibitor; a significant level of
sulfur removal can still be achieved at Steady State II.

Fig. 7 shows the corresponding behavior of the nitrogen concen-
tration in the fluid phase. The speed at which the organonitrogen
wave travels through the bed is far slower than the superficial
velocity of the fluid. Here the shape of the wave front is dictated
by the combined action of adsorption and surface HDN. For
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Fig. 6. Spatiotemporal behavior of §/Ss; 1.83 MPa, 265 °C, 116 cc Hy/cc liquid feed,
and 3 WHSV.
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Fig. 7. Spatiotemporal behavior of N/Ny; 1.83 MPa, 265 °C, 116 cc Hy/cc liquid feed,
and 3 WHSV.

illustration, we only show the spatiotemporal behavior of 0,, in
Fig. 8. At the reactor inlet, 0,, increases sharply and then levels
off. Here 0,, is order of unity; despite this, the extent of DBT HDS
is still respectably high because an enough fraction of HYL sites re-
main active.

Although the model ignores both 6, and 6, one can estimate
them by assuming 0qs/ot ~ dq,[ot ~0, k., < kupse, and
k,, < kups:. It then follows that

heS(1 — Opg) _ hes(1 —0y)

b= Ths * %= 11hs

(47)

where hg = keSs/knpsa and hy = kg Sy /knps.. Fig. 9 depicts the behavior
of 05, whose maximum occurs at the reactor entrance. When N spe-
cies arrive, delodging of S species starts to occur near the reactor en-
trance. The sulfur species in the fluid phase then have to go further
downstream to search for bare HYA sites. As a result, the maximum
moves from the reactor inlet toward the bed interior and eventually
reaches the reactor outlet. An observer standing at the reactor out-
let will notice that 6y, goes through a maximum as time goes by. The
behavior of 0y is similar. Both 05, and 05, are small, the presence of
DBT has little impact on the extent of the HDN of 3ECBZ. As ex-
pected, the behavior shown in Fig. 9 is qualitatively similar to that
predicted for the 46DEDBT-3ECBZ probe [21].

5.3. HYL vs. HYA sites

This section aims to contrast the HYA and HYL sites based on
the transient responses of the CoMo/Al,05-SiO, catalyst to two

Fig. 8. Spatiotemporal behavior of 0,,; 1.83 MPa, 265 °C, 116 cc Hy/cc liquid feed,
and 3 WHSV.

x 10

Fig. 9. Spatiotemporal behavior of 6s4; 1.83 MPa, 265 °C, 116 cc H,/cc liquid feed,
and 3 WHSV.

“orthogonal” probes: DBT and 46DEDBT with 3ECBZ as the com-
mon inhibitor. The DBT-3ECBZ probe provides information on both
HYL and HYA sites. The previous single-site model for the 46DED-
BT-3ECBZ probe rests on the assumption that all sites perform the
HYA function [20]. On this point, it bears emphasizing that we
lump various active sites into HYA and HYL types; each type is a
collection of different sites that presumably share some common
features. For example, one proposition has been that the HYA path-
way prefers the 7 adsorption, whereas the HYL pathway involves
the o adsorption [5]. Tables 1 and 2 list the active site densities
and overall rate constants estimated from the two probes.

5.3.1. Adsorption of N species

Referring to Table 1, one notices that ks, > ks, which is in keep-
ing with the notion that DBT desulfurization relies heavily on the
HYL function. Although the adsorption of DBT on HYA sites is rel-
atively slow, it is comparable to that of 46DEDBT (see Table 2).
The adsorption of N species, on the other hand, exhibits the oppo-
site behavior: ky, < k,.. We take the results of density functional
theory calculations [30] as suggesting that the adsorption of 3ECBZ
on HYA sites favors the flat configuration (n°-coordination)
through the m-electrons of a condensed carbocyclic ring. As for
the chemisorption of 3ECBZ on HYL sites, we venture to propose
that the initial mode of contact may involve a Lewis basic site
and the NH group of the pyrrolic ring [31]. This proposition is
based on the notion that the N-H bond in 3ECBZ is liable and
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Table 2

46DEDBT HDS single-site model: rate constants and site density.
Parameter Units Value
Kna cc liquid feed/s/pumol 2.7 x107°
kiipna st 6.3 x10°°
ksa cc liquid feed/s/pmol 6.7 x 1076
i pmol N adatom/g cat 271.4

a
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Fig. 10. Possible adsorption mode for 3-ethylcarbazole on the edge of Co-promoted
MoS,; (OJ), sulfur vacancy.

deprotonation may possibly take place on a basic S~2 site. The
presence of Co and Ni would strengthen the basicity (or “mobility”,
loosely speaking) of S~2 species [32] and hence facilitate the depro-
tonation process. Fig. 10 illustrates two possible scenarios. This
argument is in line with the facts that the metal-S bonds are weak-
er in CoMo and NiMo sulfides than in Mo sulfide [33] and that Co/
Ni would increase sulfur’s electron density [34]. The upshot here is
that while the flat, n°-coordination may be the preferred chemi-
sorption mode, there may exist an alternative, secondary chemi-
sorption mode involving deprotonation of the NH group.

5.3.2. Adsorption selectivity and surface HDN rate

The difference in adsorption characteristics between HYL and
HYA sites can be further quantified by contrasting their adsorption
affinities for S species relative to those for N species. The DBT-
3ECBZ probe gives the adsorption selectivities for HYL and HYA
sites
p,:ﬁ:6.1>1 Do =

kn/

E =057<1 (48)
kﬂﬂ

Thus, the HYL sites are about ten times more selective toward DBT
adsorption than are the HYA sites. When it comes to adsorption on
the HYL sites, 3ECBZ cannot compete with DBT. On the other hand,
the HYA sites adsorb 3ECBZ faster than they adsorb DBT. From Ta-
bles 1 and 2, one can see that the p values obtained from the two
probes justify the assumption q,, < q,, and q,; < pq-

Since the desorption of N-compounds is negligibly slow over
the time scale of interest, the surface coverage by N-compounds
is dictated by kppy, which plays the role of cleaning up the surface.
The dual-site model reveals that kypn, > kypne. It thus appears that
while the adsorption of 3ECBZ on the HYL sites is relatively slow
(kne < kng), the denitrogenation rate is facile once 3ECBZ becomes

100_| T T T T T T T T T ]

60
Both Sites

% HDS

20+

. . ; . ; . .
0.0 0.2 0.4 0.6 0.8 1.0
Reactor Length

Fig. 11. Percent HDS as a function of fractional reactor bed length in the presence of
3-ethylcarbazole, Steady State II.
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Fig. 12. Percent HDN as a function of fractional reactor bed length in the presence
of 3-ethylcarbazole, Steady State II.

adsorbed via the aforementioned deprotonation step. The resulting
anionic pyrrole-like nitrogen could interact with an exposed Mo
ion electronically, leading to a facile C-N bond cleavage.

5.3.3. Inhibition severity

The overall effect of the interplay of adsorption and surface
reaction can be quantified by the inhibition severity g defined by
Eq. (46). From the DBT-3ECBZ probe, we have

8a
°t—38 49
2, (49)

Hence, the inhibition severity on the HYA sites is about four times
that on the HYL sites. This is consistent with the steep decline of
yper shown in Fig. 4. Since 0, o kn/kupn, We have 6, < 6,4 The low
kn/kypn ratio of the HYL sites dampens the impact of 3ECBZ inhibi-
tion. This, coupled with the fact that o, > o, indicates that in the
presence of 3ECBZ, the HYL sites essentially desulfurize DBT sin-
gle-handedly. This is shown in Fig. 11, which is obtained from inte-
grating Eq. (42) using the parameters listed in Table 1. Fig. 12,
obtained from integrating Eq. (43), shows that the HYL sites are
as important as the HYA sites even in the HDN of 3ECBZ.
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Fig. 13. Schematic showing that the inhibition dynamics is governed by S adsorption, N adsorption, and surface HDN reactions on HYA and HYL sites. Rate constants are on a

relative scale.

For perspective, the single-site model for 46DEDBT desulfuriza-
tion indicates that the inhibition is more severe, with
Za.4epeppr/8appr = 2.1. This was referred to as a case of “structure-
sensitive” inhibition in Section 3.2. Note also that HDN is self-
inhibited, as indicated by Eq. (43). The k,, and kypn, listed in Ta-
ble 2 should be viewed as apparent values reflecting the underly-
ing assumption that all sites are of the HYA type.

The forgoing discussions, taken together, rationalize why the
inhibition impact on the HDS of DBT is far less than that on the
HDS of 46DEDBT. The DBT HDS relies primarily on the HYL sites
whose low k,/kypy ratio makes it less vulnerable to 3ECBZ attack
than the HYA sites.

5.3.4. Active site density

We now turn to the density of active sites. As Table 1 shows, the
DBT-3ECBZ probe coupled with the dual-site model “sees” a total
site density of about 243 pmol N adatom/g cat, about one third of
which is associated with the HYL function. By comparison, the
46DEDBT-3ECBZ probe coupled with the one-site model gives a
comparable total site density of 272 pmol N adatom/g cat. It must
be pointed out that comparing site density and distribution should
introduce a certain degree of dependence on the probe molecule.
This arises from the fact that the structure and electronic states
of active sites can be strongly influenced by the probe molecule.
And the reaction environments (e.g., local H,/H,S ratio, etc.) gener-
ated from two distinctly different probe molecules can be very dif-
ferent due to dynamic surface reconstruction, which may lead to
interconversion between the two types of sites. Our premise here
is that the DBT and 46DEDBT probes molecules give high “resolu-
tions” for the HYL and HYA functions, respectively.

5.3.5. Summary of inhibition dynamics

Kinetically complex catalyst systems often have many widely
disparate time scales. Fortunately, seldom does the need for con-
sidering all of them arise. This characteristic allows model develop-
ers to focus only on events that are kinetically significant within
the time scale of interest. The present dual-site model is developed
in this spirit. Fig. 13 is a schematic showing that the inhibition
dynamics is governed by S adsorption, N adsorption, and surface
HDN reactions on HYA and HYL sites. The relative sizes of the
two site types reflect their relative densities. The key differences
between the HYL and HYA sites in the HDS of DBT are kg > kg,
Kne < Kng, and kypne > Kppne. There is one thing in common: both
types of sites are almost completely occupied by N species
(05 < Oy, O0sq < Opg) because kyps > kypy. While the adsorption
of 3ECBZ is nonselective, its inhibiting impacts on the HYA and
HYL sites are very different. The surface coverage of S species is

very low (represented by solid purple dots), with the HYL sites hav-
ing a higher coverage than the HYA sites.

6. Hydrogenation-hydrogenolysis tradeoff

We may infer from the foregoing discussions that there appears
a tradeoff between HYA and HYL functions in the following sense.
Although the HYA sites are desirable because of their intrinsically
high activity for desulfurizing hindered DBTs, they are very vulner-
able to N-inhibition. On the other hand, the HYL sites, notwith-
standing their low activity for the HDS of hindered DBTs, have
the advantage of being more resistant to N-inhibition. The follow-
ing two examples address the question of whether the tradeoff can
be exploited to advantage.

6.1. Catalyst splitting strategy

The example here has to do with deep HDS of light catalytic cy-
cle oil (LCO), which is a most difficult-to-desulfurize middle distil-
late. The idea is to develop a catalyst-zoning strategy that plays the
strength of two catalysts with very different selectivities. One cat-
alyst is a bulk (unsupported) NigsMngsMo sulfide that has a very
high selectivity toward HYA (high y). In fact, the catalyst is so
HYA-selective that it desulfurizes 4DEDBT faster than it desulfuriz-
es DBT [9]. The other catalyst is commercial sulfided CoMo/Al,O3,
which is far more HYL-selective than NigsMngsMo sulfide. The
HDS activity of the bulk catalyst is more sensitive to N-inhibition
than that of the supported CoMo catalyst. As detailed elsewhere
[9,35], a most profitable way of using these two catalysts is to place
NigsMngsMo sulfide downstream of CoMo/Al,05 in a stacked-bed
reactor. The overall HDS and HDN performances of a 50/50 stacked
bed are far superior to those obtained from the weighted sum of
the activities of the constituent catalysts, thus signifying a syner-
gism. Apparently, even a modest HDN level attained by CoMo/
Al;,03 can significantly dampen the N inhibition impacts on the
downstream bulk catalyst. The high HYA function of the bulk cat-
alyst makes it relatively insensitive to the H,S generated from the
CoMo/Al,03 catalyst [9]. It should be pointed out that the stacked-
bed outperforms a 50/50 bed in which the two catalysts were
mixed uniformly, even though the latter also exhibits an activity
synergism [36].

The reverse 50/50 stacked-bed (NigsMngsMo is upstream of
CoMo/Al,03) also gives rise to a synergism, albeit a weaker one
[35]. In this case, the HYA sites on the bulk catalyst play a sacrificial
role in protecting the downstream CoMo/Al,O3 catalyst from
N inhibition. This stacking order is suboptimal because the
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Fig. 14. For deep HDS, the required catalyst properties are high hydrogenation
activity combined with high resistance to N inhibition. The latter requires
hydrogenolysis functionality. Conceptually, the desired catalysts lie inside the gray
area that represents the optimum compromise between two opposing
requirements.

CoMo/Al;03 catalyst has a lower sensitivity to N inhibition and
hence does not need much protection.

The above results suggest that the perceived refractoriness of 4-
substituted and 4,6-disubstituted DBTs may well stem from the
high vulnerability of the HYA sites to N-inhibition, rather than
from a lack of reactivity. Fig. 14 shows that the DBT-HDS and
46DEDBT-HDS systems are nearly orthogonal to each other be-
cause the former requires a highly HYL-selective catalyst, while
the latter requires a highly HYA-selective catalyst. For deep HDS,
the required catalyst properties are a sufficiently high HYA activity
combined with a sufficiently high resistance to N inhibition. An
optimum catalyst system then represents the best possible com-
promise between the two opposing requirements. Conceptually,
such an optimum system may lie intermediate between the two
limits, which is schematically represented by the gray area shown
in Fig. 14. The foregoing stacked-bed approach is in line with this
reasoning. As an aside, bulk metal sulfide catalysts generally have
a higher HYA selectivity (higher ) than Al,03-supported metal sul-
fide catalysts [9,10].

6.2. Feed splitting strategy

While the above example is about catalyst splitting, the exam-
ple here is about feedstock splitting. An LCO was fractionated into
two boiling cuts: 340 °C-minus and 340 °C-plus [37]. The 340 °C-
minus cut mainly comprises benzothiophenes, DBT, one- to
three-ring aromatics, and indoles/quinolines. The 340 °C-plus cut
largely comprises alkyl-DBTs, four®-ring aromatics, and carbazoles.
These two boiling cuts were desulfurized over a sulfided CoMo/
Al;05 and a sulfided NiMo/Al,O3 catalysts. The former should be
more HYL-selective than the latter.

It turned out that CoMo/Al,0O3 outperformed NiMo/Al,O5 in the
deep HDS of the more refractory 340 °C-plus cut. The reverse is
true for the deep HDS of the 340 °C-minus cut. This may be inter-
preted as arising from the fact that the HYL-selective CoMo/Al,03
catalyst is less vulnerable to inhibition by carbazoles. The implica-
tion then is that it may be preferable to use CoMo/Al,0s3, instead of
NiMo/Al,O0s3, for deep HDS of middle distillates under conditions
that are difficult for the HYA sites to excel (e.g., low hydrogen
pressures).

7. Conclusions

In a previous study, a single-site model was developed to
understand the dynamics of adsorption competition between

46DEDBT and 3ECBZ on a sulfided CoMo/Al,03-SiO, catalyst. The
present work develops a non-equilibrium, dual-site model that
quantitatively delineates the competition between DBT and 3ECBZ
over the same catalyst under transient and steady-state conditions.
According to this probe reaction, one third of the active sites are
associated with the HYL function, with the balance being the
HYA sites. It is suggested that Co(Ni)-enhanced basic sites compris-
ing S~2 species could be involved in the initial adsorption of alkylc-
arbazoles via deprotonation of the NH group. The HYA sites have a
stronger adsorption affinity for 3ECBZ than for DBT. The opposite is
true for the HYL sites. This, coupled with the faster HDN turnover
rate on the HYL sites, dampens the 3ECBZ inhibition effect on the
HYL sites. These results explain why DBT HDS is much less suscep-
tible to N inhibition than 46DEDBT HDS and point to the impor-
tance of the HYL sites in the deep HDS of middle distillates. To
mitigate the N-inhibiting effect, an active deep HDS catalyst re-
quires a delicate balance between HYA and HYL functions.

The present modeling study invokes several simplifying
assumptions. To obtain more detailed information, some of the
assumptions need to be relaxed. One such example is the neglect
of irreversible poisoning of the active sites. On this point, we re-
mark that in the HDS of DBT, the inhibition by 1,10-phenanthroline
is reversible on the HYL sites, but not on the HYA sites [38].

The present study suggests that standardized model-compound
experiments under transient conditions are quite useful for kinetic
characterization of HDS catalysts and rational interpretation/rec-
onciliation of results obtained from model-compound and real-
feed experiments. The two probes, DBT/3ECBZ and 46DEDBT/
3ECBZ, are suitable for this purpose for covering the deep HDS re-
gime. Further work should also include polynuclear aromatics as
probe molecules. The approach developed here provides a frame-
work that allows a more quantitative characterization of multi-
functional HDS catalysts than has been reported hitherto.
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Appendix A. System dimensionless groups

As mentioned in the text, the system dimensionless groups re-
flect the relative time scales of various events underlying the inhi-
bition process.

Oy
_ 1/WHSV space time based on catalyst weight
(1/ksq,,,)  time scale for full S adsorption on HYL sites
(A1)
O‘a
_ 1/WHSV space time based on catalyst weight
(1/ksaGnq)  time scale for full S adsorption on HYA sites
(A2)
Ba
_ 1/WHSV space time based on catalyst weight
(1/knaGmg) time scale for full N adsorption on HYA sites
(A3)
B

_ 1/WHSV space time based on catalyst weight
" (1/knGy,) ~ time scale for full N adsorption on HYL sites

(Ad)
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Wq
Le/v fluid residence time
- 1/(knaNy) ~ time scale for N local adsorption on HYA sites
(AS)
wy
L/ fluid residence time
1/(kneNy)  time scale for N local adsorption on HYL sites
(A6)
_ Lejv fluid residence time
“ " 1/kypne  time scale for HDN reaction on HYA sites
(A7)
Le/v fluid residence time (AS)

S| /Kepne ~ time scale for HDN reaction on HYL sites

Note that w,, w,, mg, and m, are various forms of the Damkoéhler
number. There are four derived dimensionless groups: p, =
OCu/ﬁa = ksa/kna- P, = a(’/ﬁf = I<sé/’<n17 8a = Wa/ma = knaNf/kHDNu- and
8, = wy/m; = kyNy/knpne. Here the space time and residence time
are both relevant to the analysis of the problem at hand.
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