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The selectivity of a Mo/ALO; catalyst in denitrogenation, desulfurization, and deoxygenation
based on the retarding effect of sulfur and oxygen compounds on acridine hydrodenitrogenation
has been studied. The experiments were done in a continuous flow microreactor at 280-380°C and
10.1 MPa total pressure. Sulfidation of the reduced catalyst hindered the denitrogenation of perhy-
droacridine to dicyclohexylmethane. The suifur and oxygen compounds, except for a small amount
of CS,, depressed the denitrogenation at higher temperatures where the intermediate hydrogena-
tions of acridine to perhydroacridine attained equilibria. At lower temperatures, all the additives
affected the hydrogenation of octahydroacridine to perhydroacridine which was not at equilibrium
and resulted in a decrease of denitrogenation. The kinetics and reaction mechanism of the retarding

effects are also discussed.

INTRODUCTION

Hydrodenitrogenation will become in-
creasingly important in the future for
lowering the nitrogen content of low-grade
petroleum feedstocks, synthctic crudes
extracted from oil shale, and coal-derived
liquids. There are many articles on the hy-
drodenitrogenation of simple model com-
pounds, such as quinoline (/-3), benzo-
quinoline (4), acridine (2, 5), and carbazole
(6), which are found in heavy feedstocks.
In a practical process, however, hydrodeni-
trogenation occurs simultaneously with hy-
drodesulfurization, and therefore an under-
standing is required of the influence of one
reaction upon the other and what kind of
catalyst sites are active in both reactions or
separately.

There are several studies on the effects of
nitrogen compounds on hydrodesulfuriza-
tion. Nitrogen compounds greatly de-
creased the conversion of thiophene (7, 8)
and benzothiophene (9) on sulfided Mo/
AlLO; and CoMo/Al,O; catalysts. Our re-
cent studies of the poisoning effects of ni-
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trogen compounds found that the decrease
in the conversion of dibenzothiophene hy-
drodesulfurization was due to inhibition of
dibenzothiophene hydrogenation by the
strong adsorption of nitrogen compounds
(10) and that the poisoning effect was re-
lated to their gas phase basicities (/7).

On the other hand, a few studies have
been performed determining the effects of
sulfur compounds on the hydrodenitro-
genation of pyridine (/2) and quinolinc
(13-16). Studies on the effects of H,S
(generated by CS;) on quinoline
hydrodenitrogenation suggested that the
presence of H,S remarkably enhanced the
hydrogenolysis of tetrahydroquinoline to o-
propylaniline (13, 14) but inhibited the in-
termediate hydrogenation steps (/3-15)
and the denitrogenation of o-propylaniline
(15). In addition, a study of the competitive
reaction of pyridine and thiophene yielded
the same observation as that of the H,S ef-
fect on quinoline hydrodenitrogenation
12).

A number of questions remain to be an-
swered about the following problems: (1)
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To what extent does sulfidation of the cata-
lyst influence the hydrodenitrogenation? (2)
Is a good mass balance maintained before
and after addition? (3) Since a little CS; en-
hances the condensation of hydroquino-
lines (/6), is hydrodenitrogenation en-
hanced by other sulfur compounds as well
as H,;S? (4) Are similar results obtained
even for the reaction of different types of
nitrogen compounds such as a w-deficient
or sr-excessive ones?

In this study, we choose acridine as the
model compound of a 7-deficient three-ring
nitrogen compound. It is similar to the het-
erocyclic nitrogen compounds, pyridine
and quinoline. Furthermore, since there is
little knowledge of the effect of oxygen
compounds on hydrodenitrogenation, xan-
thene was chosen as a three-ring oxygen
compound.

In this study, we determined the effect of
sulfiding a Mo/ Al,O; catalyst and the kinet-
ics of the retarding effect of sulfur and oxy-
gen compounds on the hydrodenitrogena-
tion of acridine on a Mo/ALO; catalyst.
The mechanism of the hydrodenitrogena-
tion on a Mo/Al,O; catalyst and the selec-
tivity of the catalyst in denitrogenation, de-
sulfurization, and deoxygenation are also
discussed.

EXPERIMENTAL

Catalyst and reagents. The catalyst, 12.5
wt% MoOs on y-Al,O3, has been previously
used (9). Catalyst granules between 0.84
and 1.19 mm were used. H,S (To-ei Chemi-
cal Co., 99.9%) was used without purifica-
tion. Hydrogen (To-ei Chemical Co.,
99.9%) was dried by passing it through a
Linde 13X molecular sieve trap prior to
use. Dibenzothiophene was synthesized ac-
cording to Gilman and Jacoby (17) and was
purified using ethanol. Acridine (Tokyo Ka-
sei Kogyo Co., Ultra Pure Grade) and all
other reagents (Extra Pure Grade) were
used without purification.

Apparatus and procedure. The continu-
ous flow microreactor consisted of an 11-
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mm-i.d. stainless steel tube, in a vertical
configuration. The fresh catalyst (2.0 g} was
first heated in air for more than 24 h at
450°C in the reactor. Reduction was carried
out in situ by exposing the oxidized catalyst
to hydrogen at 400°C and 10.1 MPa pres-
sure for 4 h. Sulfiding was accomplished
with a 10% H,S/H, mixture flowing at 30
liters/h at atmospheric pressure and 400°C
for 3 h after reduction.

After either reduction or sulfidation the
reactor was cooled to a desired temperature
with a H, (or H,S/H,) stream and then a
solution containing 0.25 wt% acridine in xy-
lene was allowed to flow into the reactor.
After about 3 h the reaction reached a
steady state. The solution was then re-
placed by another solution containing both
acridine and an additive compound. The
next feed containing acridine and a more
concentrated compound than the previous
one was then replaced after 2 h. For the
temperature dependence experiment deter-
mining product distribution with a sulfided
catalyst, the solution contained about ¢.003
wt% ethanethiol as well as acridine in order
to maintain the sulfide state of the catalyst.
No sign of deactivation of the catalyst was
observed during the 13 h run.

Analytical. After the reaction, the liquid
products were analyzed by gas chromatog-
raphy with a flame ionization detector. The
column was a 2-m-long, 3-mm-i.d. glass
column packed with 2% Dexsil 400 GC on
60-80 mesh Uniport HP. Temperatures
ranged from 80 to 200°C. Gaseous prod-
ucts, such as H,S and any light cracking
products, could not be determined because
of their dilution.

The main products, which were 9,10-
dihydroacridine, c¢is- and trans-1,2,3,4,
4a,9,9a,10-octahydroacridine, a-perhydro-
acridine, and dicyclohexylmethane, were
isolated with a gas chromatograph
equipped with a T.C.D. detector and were
identified by the data obtained from melting
point, IR (Nihon Bunko), high-resolution
mass spectrometry (Hitachi, RMU-7M),
and NMR (Nihon Denshi, JNM-FX 100)
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FiG. 1. Change in product composition of acridine hydrodenitrogenation on the reduced (a) and
sulfided (b) Mo/AlLO; catalyst as a function of temperature. Reaction conditions: 10.1 MPa total
pressure, 0.25 wt% of acridine, 500 ml (STP) H,/mole, 20 ml/h of feed solution. Reaction products: O,
octahydroacridine; @, perhydroacridine; O, benzylcyclohexylhexane; A, dicyclohexylmethane.

(5). Benzylcyclohexylhexane was analyzed
by mass spectral analysis using a GC-MS
(Shimazu, LK 9000).

RESULTS
Sulfidation of the Mo/ALQO; Catalyst

The changes in the product distribution
of acridine hydrodenitrogenation on the re-
duced and sulfided Mo/ALO: catalyst at
10.1 MPa total pressure are shown in Figs.
la and b. Acridine was hydrogenated to
9,10-dihydroacridine very rapidly even at
280°C. Dihydroacridine was hydrogenated
successively to octahydroacridine and
perhydroacridine, which were then denitro-
genated above 300°C to benzylcyclohexyl-

OO == O[O ==

Acridine 9,10-Dihydro-

acridine

3, H, H,
N NH3
H

Perhydroacridine

hexane and dicyclohexylmethane, respec-
tively. At 340°C, the major reaction
products were perhydroacridine and dicy-
clohexylmethane, with negligible concen-
trations of acridine and dihydroacridine.
The product distribution with the sulfided
catalyst was similar to that with the re-
duced catalyst. The hydrodenitrogenation
of acridine on both catalysts apparently
proceeded via the reaction pathway (5)
shown in Fig. 2.

During sulfidation of the reduced cata-
lyst, more of the hydrogenated acridine
compounds were produced as compared to
those on the reduced catalyst in the range
of 280 to 340°C, but the dicyclohexylmeth-
ane concentration dropped by 50% at all

1,2,3,4,4a,9,9%,10-
Octahydroacridine

1,2,3,4,5,6,7,8-
Octahydroacridine

2-Amincdicyclohexylmethane Dicyclohexylmethane

FIG. 2. Reaction scheme for the hydrodenitrogenation of acridine.
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FiG. 3. Estimation of the equilibrium constant for
the hydrogenation of octahydroacridine (8A) to perhy-
droacridine (PA) on the reduced (O) and sulfided (@)
catalyst.

reaction temperatures. It implied that sulfi-
dation decreased the activity of the Mo/
Al O; catalyst during the formation of the
dicyclohexylmethane from perhydroacri-
dine. The apparent activation energies for
the formation of dicyclohexylmethane on
the reduced and sulfided catalysts were 135
and 156 kJ/mole, respectively.

Equilibria among Acridine and the
Reaction Products during
Hydrodenitrogenation

The equilibrium analysis for acridine hy-
drodenitrogenation by Cocchetto and Sat-
terfield (/8) could not be compared with
our experimental results because their data
were based on the direct denitrogenation of
acridine to diphenylmethane. The estima-
tion of the equilibrium by the Krevelen
group contribution technique was not done
because the values were inaccurate.
Hence, the equilibrium constants were esti-
mated for the reaction steps during hydro-
genation using the ratio of the reaction
products. The molar ratio of perhydroacri-
dine to octahydroacridine is shown in Fig.
3. The ratio for the reduced catalyst in-
creased to 340°C and then decreased with
increasing temperature. Therefore, equilib-
rium of the hydrogenation appeared to be
attained at 340°C. In addition, equilibrium
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of the hydrogenation reaction was attained
more rapidly with the sulfided catalyst than
with the reduced catalyst. Equilibrium was
approached at 320°C. It is apparent that ac-
ridine and dihydroacridine are completely
converted to octahydroacridine even below
280°C, as shown in Fig. 1. Although the
amounts of both acridine and dihydroacri-
dine are negligible at higher temperatures
and their molar ratio is unable to be calcu-
lated, the hydrogenations of acridine to
octahydroacridine seem to approach equi-
libria. Hence, the hydrogenation of acridine
to perhydroacridine on the reduced and sul-
fided catalyst appears to be in equilibrium
above 340 and 320°C, respectively, with the
denitrogenation of perhydroacridine to di-
cyclohexylmethane the rate-determining
step.

Effect of Sulfur Compounds on Acridine
Hydrodenitrogenation

The change in the product composition of
acridine hydrodenitrogenation on the re-
duced catalyst in the presence of thiophene
at 360°C is shown in Fig. 4. The mass bal-
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F1G. 4. Effect of thiophene on the products of acri-
dine hydrodenitrogenation on the reduced catalyst at
360°C. A, Dicyclohexylmethane; @, perhydroacri-
dine; O, octahydroacridine; (1, benzylcyclohexylhex-
ane.
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FiG. 5. Effect of CS, on the products of acridine
hydrodenitrogenation on the reduced catalyst at
360°C. A, Dicyclohexylmethane; @, perhydroacri-
dine; O, octahydroacridine; [J, benzylcyclohexylhex-
ane.

ance is maintained at more than 90% before
and after addition. However, the mass bal-
ance on the addition of CS, at 360°C in Fig.
5 is slightly lower than that during the
addition of the other sulfur compounds.
Addition of thiophene decreased the
dicyclohexylmethane concentration with
increasing concentrations of octahydroacri-
dine and perhydroacridine. Similar obser-
vations were made during the experiments
using either the other sulfur compounds
(Fig. 5) or the sulfided catalyst at 360°C
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Fi1G. 6. Effect of CS, on the products of acridine
hydrodenitrogenation on the sulfided catalyst at 360°C.
A, Dicyclohexylmethane; @, perhydroacridine; O, oc-
tahydroacridine; O, benzylcyclohexylhexane.
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(Fig. 6). The formation of dicyclohexyl-
methane (moles) decreased in the follow-
ing sequence: dibenzothiophene > ben-
zothiophene > dimethyl sulfide >
thiophene > ethanethiol. This indicates
that the sulfur compounds depressed the
denitrogenation of perhydroacridine at high
temperature at which the hydrogenations
of acridine to perhydroacridine attained
equilibria. The addition of very small
amounts of CS;, as shown in Fig. 6, seems
to slightly increase the concentration of di-
cyclohexylmethane with the reduced cata-
lyst at 360°C. Since CS, is easily decom-
posed to form H,, the resulting H,S may
enhance the hydrodenitrogenation. How-
ever, the enhancement of the denitrogena-
tion of perhydroacridine is not observed
during the reaction. Hence, some H,S
present on the surface does not act as a
sulfiding agent but may play an important
role in the hydrodenitrogenation steps, for
example, in the Hofmann degradation (/9).
Thus, the change in the product distribution
on addition of CS, differs from that of the
other sulfide compounds added.

Figure 7 shows, however, that at 300°C
with the reduced catalyst the concentra-
tions of both dicyclohexylmethane and
perhydroacridine decreased, and that of oc-
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Fic. 7. Effect of CS, on the products of acridine
hydrodenitrogenation on the reduced catalyst at
300°C. @, Perhydroacridine; O, octahydroacridine;
A, dicyclohexylmethane.
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FiG. 8. Effect of CS, on the products of acridine
hydrodenitrogenation on the sulfided catalyst at
300°C. O, Octahydroacridine; @, perhydroacridine;
A, dicyclohexylmethane.

tahydroacridine increased, on the addition
of CS;. This also agreed with the data ob-
tained from the sulfided catalysts as shown
in Fig. 8. Therefore, sulfur compounds ap-
pear to depress the hydrogenation of octa-
hydroacridine to perhydroacridine at low
temperature, as well as the hydrogenation
of carbazole to tetrahydrocarbazole (un-
published data).

Effect of Oxygen Compounds on Acridine
Hydrodenitrogenation

Figure 9 shows the effect of xanthene on
the product composition of acridine hydro-
denitrogenation on the reduced catalyst at
360°C. Since xanthene acts as a retarding
agent in the same manner as the sulfur com-
pounds, oxygen compounds also appear to
depress the denitrogenation of perhydro-
acridine.

DISCUSSION
Kinetics of the Retarding Effect

The studies of the hydrodenitrogenation
of pyridine and quinoline found that nitro-
gen removal was pseudo-first order with re-
spect to total nitrogen concentration but the
apparent first-order rate constant decreased
in magnitude as the nitrogen content of the
feed increased (3). Mcllvried (20) has stud-
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ied the hydrodenitrogenation of pyridine
and piperidine on a sulfided NiMo/ALO;
catalyst from 5.1 to 10.1 MPa at 315°C and
reported that the rate expression was

r = kPyPu/(1 + KnPn + KyPh)

where N, H, and A represent piperidine, hy-
drogen, and ammonia, respectively. Sonne-
mans et al. (21) and Satterfield and Coc-
chetto (22) also proposed similar Kinetic
expressions for the hydrogenation of pyri-
dine on a reduced CoMo/Al,Os catalyst and
the hydrodenitrogenation of quinoline on a
sulfided NiMo/Al,O; catalyst.

Nagai er al. (5) have also studied the ki-
netics of acridine hydrodenitrogenation on
a reduced Mo/ Al,O; catalyst and found the
formation of dicyclohexylmethane to be
one-half order in perhydroacridine concen-
tration (0.05-0.4 wt%) and nine-tenths to
two-tenths order in hydrogen partial pres-
sure (2.2-13.0 MPa). The data for the rate
of dicyclohexylmethane formation were
represented by a Langmuir-type equation.
Allowing for competitive adsorption of
perhydroacridine (PA) and hydrogen (H),
the following equation can be derived by a
graphical method under a constant partial
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FiG. 9. Effect of xanthene on the products of acri-
dine hydrodenitrogenation on the reduced catalyst at
360°C. O, Octahydroacridine; @, perhydroacridine;
A, dicyclohexylmethane. ——-, estimated concentra-
tion of benzylcyclohexane.
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TABLE 1

Parameter Values for Best Fits

Compound k Ky Ko K4 Variance
(mmole/h g-cat) (kPa™") (kPa™") (kPa™")
Dibenzothiophene 0.58 18.0 x 1073 13.3 16.7 x 1072 9.7
Benzothiophene 0.81 8.6 x 1077 7.1 6.8 x 1072 28
Thiophene 0.62 10.0 x 10-3 5.5 51 x 1072 62
Dimethyl sulfide 0.96 7.3 X 1073 9.0 3.2 x 1072 9.7
Ethanthiol 0.82 8.6 x 10°° 8.2 1.0 x 1072 10.9
Xanthene 0.90 7.4 X 1073 8.8 1.8 x 1073 0.9

pressure of either perhydroacridine or hy-
drogen (5):

rocm = kKKpaKuPpaPu/(1 + KpaPra

+ KuPu)? (1)
where r is the formation of dicyclohexyl-
methane (DCM), £ is a rate constant, Kj is
an adsorption constant, and P; is a partial
pressure. This equation is based on a dual
site mechanism where the denitrogenation
(desulfurization or deoxygenation) and hy-
drogenation occur on different sites. All of
the acridine compounds except perhydro-
acridine adsorbed on the hydrogenation
sites, whereas perhydroacridine, hydrogen,
and the sulfur and oxygen compounds ad-
sorbed on the denitrogenation sites. The
denitrogenation of octahydroacridine to
benzylcyclohexane on the denitrogenation
sites is neglected in Eq. (1) because the ben-
zylcyclohexane concentration is much less
than the dicyclohexylmethane concentra-
tion. Equation (1) is consistent with the
results of quinoline hydrogenation by Shih
(15).

In this work, Eq. (1) was applied to the
retarding Kinetics of the denitrogenation of
perhydroacridine on a reduced Mo/AlLO;
catalyst by the addition of sulfur and oxy-
gen compounds at 360°C. There would be
little possibility of ring hydrogenation prior
to removal of sulfur or oxygen from the sul-
fur or oxygen aromatic compounds during
the competitive reaction; the possibility
was ignored because the nitrogen com-
pounds adsorbed more strongly than these

compounds on the hydrogenation sites (9,
10). Since addition of the sulfur and oxygen
compounds (A) inhibited the formation of
dicyclohexylmethane, Eq. (1) becomes

rocm = kKpaKuPpaPul/(1 + KpaPpa

+ KyPy + KAPA)Z. 2)

Equation (2) was linearized in the form
Ya = (PpaPu/n"? = 1/(kKpaKn)'"?
+ PppKpa/(kKpaKy)'?
+ PyKu/(kKpaKp)"?
+ PAKA/(kKPAKH)‘/Z.
(3)

A least-squares analysis was done in Eq.
(3) to determine the parameters k, Kpa,
Ky, and K,, using the BASIC program
technique for chemical engineering (23).
The most satisfactory fit to the data oc-
curred with similar values of £, Ky, and
Kp, except for K, and the lower variance,
variance = (Y4 obs — Yaca)?. Parameter val-
ues for the best correlations are given in
Table 1. A large adsorption constant of a
high molecular weight sulfur compound
produced a strong inhibitor. But xanthene,
which is an oxygen compound, was the
weakest inhibitor. The adsorption constant
of xanthene was 93 times smaller than that
of dibenzothiophene, a structure similar to
xanthene. The results suggest that an oxy-
gen compound weakly depresses the deni-
trogenation. The adsorption constants of
hydrogen and perhydroacridine were about
8.4 x 1073 and 7.5, respectively. Broderick
and Gates (24) have studied the dibenzo-
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thiophene hydrodesulfurization on a sul-
fided CoMo/AL;O; catalyst and reported
that the adsorption constant of hydrogen is
8 x 1077 kPa~! at 325°C on the basis of the
equation r = kCpgrCu/(1 + KpgrCper +
Ki,ysChys + KnCy )2 Also, Kilanowski and
Gates (25) reported that both adsorption
constants of benzothiophene and hydrogen
sulfide are 6 x 1072 kPa~! at 332.5°C on the
basis of the equation r = kPgrPy/(l +
KprPyr + KuysPuys)’. Thus, the adsorption
constants of hydrogen and benzothiophene
in Table 1 are similar in order of magnitude
to those found at 332.5°C. These constants
are considered reasonable.

The kinetic study supports the idea that
the sulfur and oxygen compounds adsorb
competitively with perhydroacridine on
denitrogenation sites and result in inhibit-
ing the denitrogenation of perhydroacri-
dine. Furthermore, we have studied the ef-
fect of the sulfur and oxygen compounds on
dibenzothiophene hydrodesulfurization and
found that the sulfur and oxygen com-
pounds depressed the dibenzothiophene
desulfurization but not the hydrogenation
on the sulfided Mo/AlLO; catalyst (9), sug-
gesting the same dual reaction mechanism.
Consequently, the same conclusion was ob-
tained from both hydrodenitrogenation and
hydrodesulfurization. Denitrogenation, de-
sulfurization, and deoxygenation appear to
occur competitively on one type of site on
the sulfided and reduced Mo/Al,O; cata-
lyst, whereas hydrogenation occurs exclu-
sively on the other site.

Active Sites

The activity for dicyclohexylmethane
formation was decreased to 50% when the
reduced catalyst was sulfided, while the ap-
parent activation energy for the sulfided
catalyst rose 21 to 156 kJ/mole from that of
the reduced catalyst. This result suggests
that sulfiding decreases the strength of
denitrogenation sites. Furthermore, more
of hydrogenated nitrogen compounds were
produced with the sulfided catalyst than
with the reduced catalyst. Massoth (26) has
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studied the rates and stoichiometry of sul-
fiding Mo/ALO; catalysts and reported that
a sulfided Mo/Al,Os catalyst held more hy-
drogen on a sulfided anion associated with a
molybdenum atom than a reduced Mo/
Al,O; catalyst. An SH group on molybde-
num produced by sulfiding is likely to be
more effective for hydrogenation than an
OH group. This is in agreement with hydro-
genation that is associated with Brgnsted
acid sites of molybdenum on the sulfided
NiMo/AlL,O; catalyst (11).

Furthermore, Massoth (26) proposed
that the activity for thiophene hydrodesul-
furization depended on a terminal sulfur an-
ion vacancy (C7) and further suggested that
NHj; was not held more strongly on an OJS
pair as compared to an [JO pair:

H H H
0] 6] 0
N O N / sulfiding
Mo Mo —
(DN)
H H H
S S S
NoO N /
Mo Mo
(DS)

(DN and DS represent denitrogenation and
desulfurization, respectively.) His proposal
of active sites for desulfurization leads us to
assume a particular kind of site for the deni-
trogenation of perhydroacridine in the hy-
drodenitrogenation of acridine on the Mo/
AlLO; catalyst. Perhydroacridine is con-
sidered to adsorb more strongly on an
0O pair than an (S pair analogous with the
adsorption of NHj, and is denitrogenated,
Sulfidation decreases the number of [JO
pairs while increasing the number of S
pairs and, consequently, the denitrogena-
tion of perhydroacridine is depressed.
Thus, the denitrogenation may take place
on an [JO pair rather than on an OIS pair on
a molybdenum atom. Therefore, denitro-
genation seems to be sensitive to the struc-
ture. Desulfurization appears to depend on
an (JO pair as well as an [JS pair and is an
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insensitive reaction. The cooperative
mechanism of terminal oxygen (sulfur) an-
ion and anion vacancy for hydrodenitro-
genation will be discussed in a later paper.

CONCLUSIONS

The following conclusions emerge from
this study:

(1) Sulfiding of the reduced catalyst hin-
dered the denitrogenation of perhydroacri-
dine to dicyclohexylmethane at all reaction
temperature.

(2) Sulfur and oxygen compounds de-
pressed the denitrogenation at higher tem-
peratures at which the intermediate hydro-
genations of acridine to perhydroacridine
attained equilibria.

(3) At lower temperatures the sulfur com-
pounds depressed the hydrogenation of oc-
tahydroacridine to perhydroacridine result-
ing in reduction of the denitrogenation of
perhydroacridine.

(4) Kinetics of the retarding effect was
determined with a reduced Mo/AlL,O; cata-
lyst at 360°C, on the assumption of the com-
petitive desorption of perhydroacridine, a
sulfur and oxygen compound, and hydro-
gen on one kind of catalytic site and of octa-
hydroacridine on the other.
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