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Abstract

The simultaneous hydrodenitrogenation (HDN) of alkylamines layattodesulfurization (HDS) of alkanethiols, with the Midnd SH
groups attached to primary, secondary, and tertiary carbon atoms, were studied at ZTD-28203 MPa over sulfided NiMo/AD3,
CoMo/Al»,03, and Mo/AbO3 catalysts. Pentylamine and 2-hexylamine reacted by substitution vgightél form alkanethiols and with
another amine molecule to form dialkylamines. Alkenes and alkanes were not formed directly from pentylamine and 2-hexylamine, but
indirectly by elimination and hydrogenolysis of the alkanethiol intermediates, as confirmed by their secondary behavior and the similar
alkengalkane ratios in the simultaneous reactions of amines and thiols. Only 2-methyl-2-butylamine, with shgrdlid attached to a
tertiary carbon atom, produced alkenes as primary products by E1 elimination. Nip@yAhd CoMo/AbO3 have a higher activity for the
HDS of alkanethiols than does Mo/#D3; H»S has a negative influence. This shows that the thiols react on vacancies on the catalyst surface
(Lewis acid sites). Mo/AlO3 is the best HDN catalyst; 8 has a positive influence on the HDN of amines with the;Njrbup attached to
a secondary and a tertiary carbon atom. This indicates that the HDN of alkylamines occurs on Brgnsted acid sites.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction B-H elimination are responsible for HDM]. Evidence of
these mechanisms has been publigge®], and it has been
Future environmental legislation will require the further concluded that they depend on the alkylamine as well as on
reduction of the sulfur content of gasoline and diesel fuel to the catalys{7]. We found that, over sulfided NiMo/ADs,
10 ppm. Deep hydrodesulfurization (HDS) technology must the substitution mechanism dominates in the HDN of alky-
be implemented to attain this low level of sulfur. Nitrogen- lamines with the NH group attached to a primary or sec-
containing compounds are harmful in deep HDS, as they ondary carbon atoif®,10]. Hofmanng-H elimination rarely
inhibit the HDS of sulfur-containing compounds through occurs in these alkylamines. Nevertheless, a large amount
competitive adsorptiofil—3]. Therefore, it is importantto  of alkene is formed in the HDN of an alkylamine by fast
know how nitrogen-containing molecules are removed by decomposition of theorresponding alkanethiol, which is
hydrotreating catalysts. Nelson and Levy were the first to fgrmed by the substitution of the alkylamine with® On
suggest mechanisms for the hydrodenitrogenation (HDN) of the other hand, the HDN of tertiary amines occurs via an E1
alkylamines and that nucleophilic substitution and Hofmann mechanisnj10].
Cattenot et al. concluded that the HDN mechanism de-
~* Corresponding author. Fax: + 41 1632 11 62. pends not only on the alkylamine, but also on the cata-
E-mail address: roel.prins@chem.ethz.diR. Prins). lyst [7]. Different metal sulfides may have different acidities
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Sy2 | impregnation ofy-Al,03, as described elsewhef®,23].
H,S + R——C——NH, ——> R——C——SH +  NH; The catalysts were sulfided in situ and used immediately,
) i without exposure to nitrogen or air. The total pressure in the

HDN and HDS experiments was 3 MPa; the partial pres-
Scheme 1. Direct substitution of an alkylamine to an alkanethiol by nucle- sure of the alkylamines was 5 kPa. The HDS of alkanethi-
ophilic attack (acid-base catalyzed). ols was studied because they are intermediates in the HDN
of alkylamines. They were studied at 5 kPa in the simul-

and, therefore, different cagaic properties. According to  taneous reaction with 5 kPa of the relevant alkylamine to
their results for unsupported metal sulfides, the acidity de- simulate the conditions necessary for an alkanethiol to form
creases in the order NBS- M0S; > RUuS > RhpS3. The as an intermediate in the HDN of an alkylamine. The ex-
HDN reaction of alkylamines might help to discriminate periments were carried out at 270 and 320with a H,S
among the acidic properties of NiMo/AD3, CoMo/Al>O3, partial pressure of 10 or 100 kPa. When the partial pressure
and Mo/AbOs. In the HDN of an alkylamine, the products of H,S was changed, the hydrogen pressure was adapted
are a dialkylamine, an alkanésh, alkenes, and an alkane. to keep the total pressure constant. The weight timis
They can be formed, in principle, by acid-base catalysis defined as the ratio between the catalyst weight and the to-
(Scheme L The amine group reacts with a proton or a tal molar flow to the reactor and is expressed in g/ miol
Lewis acid, and, at the same time, a nucleophile attacks the(1 g min/ymol = 0.68 x 102 g h/l). To study the influence
a-carbon atom. The ammonia is split off, and a substitution of weight time on the product distribution, we changed the
product is formed. Acid—base chemistry can take place atweight time by varying the flow rates of the liquid and the
metal sulfide surfaces, as confirmed by FTIR spectroscopygaseous reactants with respazcthe amine, while keeping
of pyridine adsorbed at high temperatjitd]. Maugé and their ratio constant. The accuracy of the measured conver-
coworkers found evidence that,H adsorption leads to a  sion was 2% (relative).
substantial increase in the Brgnsted acidity of the sulfide  Pentylamine (Aldrich), hexanethiol (Fluka), 2-hexyla-
phasq12-14] mine (Lancaster), 2-pentanethiol (Aldrich), 2-methyl-2-but-

Substitution may be catalyzed by metallic sites as well ylamine (Aldrich, 98%), 2-methyl-2-butanethiol (ABCR),
as by acidic site$15]. Several groups have discussed the and cyclohexane (Fluka, puriss.) were all used as purchased.
electronic properties of the ideal reactive Masiirface and ~ The gases were hydrogen (PanGas 4.0) and a mixture of 10%
pointed out that this surface has an electron acceptor prop-H,S in Hy (Linde). Mass spectrometry was used to iden-
erty and that it is metalli§16—22] As shown inScheme 2 tify the reaction products. The MS analysis was performed
a sequence of dehydrogenation of amine to imineSH  with an Agilent 6890 gas chromatograph equipped with an
addition, ammonia elimination, and hydrogenation of the HP-5MS capillary column (cross-linked 5% PH ME silox-
thioaldehyde transforms an alkylamine into an alkanethiol. ane, 30 mx 0.25 mmx 0.25 pm) and with an Agilent 5973

For these reasons, we compared the HDN and HDS mass selective detector. Therperature of the injector was
mechanisms in the simultaneous reactions of pentylamine270°C, and the initial temperature of the column oven was
and hexanethiol, the simultaneous reactions of 2-hexylamine80°C; heating to 300C started after 2 min at Z&/min.
and 2-pentanethiol, the HDN of 2-methyl-2-butylamine, and
the HDS of 2-methyl-2-butanethiol in the presence of hexy-
lamine over the three molybdenum sulfide-based catalysts. 3. Results

As we showed for sulfided NiMo/AD3 [9,10]and as we
2. Experimental will show here for sulfided Mo/AlO3 and CoMo/ApO3, the
HDN of alkylamines is not a simple reaction, but is the sum
HDN and HDS experiments were carried out in a cont- of two parallel reactions, each of which consists of several
inuous-flow reactor with NiMo/AlO3, CoMo/Al,O3, and consecutive reactions. We will use two methods to disen-
Mo/Al,O3 catalysts, prepared by sequential pore-volume tangle this complex network of reactions. One method is
H

H
H
| - HoS /
e M %N/ = N T %s + NHg
| \H H

! b

Scheme 2. Indirect substitution of an alkylamine to an alkanethiol by metal catalysis.
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A 1004 this is that if an alkylamine were to react to alkenes and an

% D alkane without going through an intermediate alkanethiol,
the alkengalkane ratio would not be the same as that in the
HDS of the alkanethiol. If, on the other hand, the alkylamine
reacted first to an alkanethiol, which would then react to a
mixture of alkenes ahalkane, the alkengalkane branch-
ing ratio would be determined by the alkanethiol. Thus, the
G branching ratio would be the same in HDN and HDS. The
branching ratio proved to be quite sensitive to the presence
0 e and partial pressures of alkylamine and alkanethiol, appar-
0 1 2 3 4 5 ently because they fluenced the coverage of the catalyst
K*t surface. Therefore, in the HDS alkanethiols, this ratio was
always determined in the presence of an amount of alkyl-
1004 amine equivalent to that used in HDN. Nevertheless, the
conditions in HDS and HDN were not identical, because in
80 D the HDN the thiol is relatively slowly created but reacts fast,
whereas during HDS the initial thiol concentration is high.
60 As a consequence, we found that the alketieane branch-
] ing ratio could vary by 50%. As we shall see in the follow-
40 ing, this still allows us to confirm the nucleophilic substi-
tution mechanism, écause when the mechanism switches
20+ to direct elimination of ammonia from the alkylamine the
1 branching ratios in HDS and HDN differ by a factor be-
0 , , 1 - w tween 7 and 30. Finally, the branching ratios in HDS and
HDN should only be compared at low weight time, because
the alkanethiol reaction is complete within 2 or 3 g yhirol;
Fig. 1. Product selectivities and yields in a consecutive reaction from reac- after that the only reaction is the hydrogenation of the result-
tant A to product D (with equal rate constants for each reaction step). ing alkene to the alkane. This hydrogenation explains why
the branching ratio decreases with weight time.
to concentrate on selectivities instead of yields. The advan-
tage is that selectivities make it easier to distinguish between3.1. Smultaneous reaction of pentylamine and hexanethiol
primary and secondary products. For instance, in a series
of consecutive reactions from reactant A to product D, in ~ The conversion of 5 kPa pentylamine in the simultane-
which the adsorption—desorptioates of reactant, interme- ous HDN and HDS at 320C in the presence of 5 kPa
diate, and product molecules are much faster than the rateshexanethiol and 10 kPaJj3 was 12% at = 1.6 g min/mol
of the chemical reactions of the adsorbed species, and 60% at 8.9 g mifmol over NiMo/Al,Os (Fig. 2); the
ki ko ks conversion over CoMo/AD3 was similar. The conversion
A-B—=C—=D over both catalysts decreased slightly when thé& hres-
the yield of the primary product B and the yield of the sure was increased from 10 to 100 kPa. Over MgDA| the
secondary product C initially rease with reaction time  conversion of pentylamine was much higher than it was over
(Fig. 1A), but this behavior would also be observed for par- NiMo/Al 203 and CoMo/AbOsg; it decreased substantially as
allel reactions of Ato B and A to C. Only if one can measure the HS pressure increased from 10 to 100 kR&H
in a very short time will it be possible to distinguish between ~ The HDN products of pentylamine over the three cata-
consecutive and parallel reactions and to prove the secondaryysts were pentanethiol, dipentylamine, pentenes (i.e., the
character of C. By plotting the same experimental results assum of the two pentene isomers), and pentdfigs; 3—-3.
selectivities, however, the selectivity of B decreases and thatThe selectivities for dipentylamine and pentanethiol in-
of C increases initially with time for a consecutive reaction creased in the order NiMe: CoMo < Mo, whereas the
(Fig. 1B), whereas both selectivities increase in parallel re- reverse order was observed for pentane and the pentenes.
actions of A to B and C. Even though the product yields Dipentylamine behaved as a primary product over all three
are initially low and, thus, the uncertainty of the selectivities catalysts. The amount of dipentylamine was much larger
quite high, it is easy to distinguish between an increase or aover Mo/Al,O3 than over NiMo/AbOs and CoMo/AbOs.
decrease in the selectivity withme. Therefore, we willuse  The selectivity of pentanethiol over the NiMo/)s; and
selectivities to explain the reaction mechanisms. CoMo/Al,O3 catalysts increased with decreasing weight
The second method is to compare the alkatieane ra- time, suggesting that pentanethiol is a primary product as
tio in the HDN of an alkylamine with the alkepialkane well. The Mo/AkO;3 catalyst behaved differently at 100 kPa
ratio in the HDS of a similar alkanethiol. The reason for H>S (Fig. 5. As the weight time decreased, the selectivity
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Fig. 2. Conversion of pentylamine in the presence of hexanethiol @l&r{d 100 [0) kPa HS, and 320 C over sulfided NiMo/ApO3, CoMo/Al,O3, and

Mo/Al,03 catalysts.
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Fig. 3. Product selectivities in the HDN of pentylamine in the presence of hexanethiol ) 88q 100 [J) kPa HS, and 320 C over sulfided NiMo/AyO3

(DPA = dipentylamine).

of pentanethiol first increased, then reached a maximum, anddecreased strongly with increasing$l pressure over all
decreased at shorter weight time. This result was checked bythree catalysts.

repeating the experiments several times. The selectivity of
pentanethiol increased strongly and that of dipentylamine tion of weight time were different over the three catalysts

The selectivities of the pentenes and pentane as a func-
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Fig. 5. Product selectivities in the HDN of pentylamine in the presence of hexanethiol #)1a8n@ 100 [J) kPa HS, and 320C over Mo/AbO3
(DPA = dipentylamine).

(Figs. 3-5. The pentenes and pentane behaved as primarythat the pentenes and pentane are secondary or even tertiary
products over NiMo/AlO3 and CoMo/AbOs3, as shown by  products as well. This seemingly confusing conclusion is
the fact that the selectivitiestapolate to a nonzero value caused by the complexity of ¢hreaction network, in which

with decreasing weight time. Abhe same time the selectiv- products can be formed directly in one step or indirectly
ities initially increase with weight time, however, indicating in several steps; we will come back to this in the discus-
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sion. Over Mo/AbO3, however, the selectivities extrapolate At r = 1.6 gmin/mol it was 100% at 320C (Table J),

to zero with decreasing weiglitme, which indicates that, = while that of pentylamine was only 12% at 320 over

over this catalyst, the hexenes and hexane are secondary (dNiMo/Al ;03 and CoMo/AbO3 (Fig. 2). The conversion of

even tertiary) products only. hexanethiol decreased when thgSHressure was increased
The conversion of 5 kPa hexanethiol in the presence of from 10 to 100 kPa, most strongly over MoA&)z (Table J).

10 kPa HS and 5 kPa pentylamine (simultaneous HDS Nevertheless, for all three catalysts, the conversion of the

and HDN) was much higher than that of pentylamine. thiol was complete at 320 at shortr. This means that

the presence of 6 during the HDN was actually 5 kPa
T higher than the indicated 10 or 100 kPa due &SHn the
able 1 ) . .
Conversions (%) of hexanethiol, 2-pentanethiol, and 2-methyl-2-butane- feed. The hexenghexane ratio, obtained in the HDS of
thiol in the presence of pentylamir@hexylamine, and hexylamine respec- hexanethiol, was similar to the pentapesntane ratio ob-

tively at 270 and 320C and at 10 and 100 kP&, atr = 1.6 g min/mol tained in the HDN of pentylamine over all three catalysts
over NiMo/Al,03, CoMo/Al, O3, and Mo/AbOg3 (Fig. 6).
Hexanethiol ~ 2-Pentanethiol 2-Methyl-2-butanethiol
320°C s20°C 210°C 3.2. Simultaneous reaction of 2-hexylamine and
NiMo 100 90 100 89 76 32
CoMo 10079 99 83 77 26 The conversion of 2-hexylamine was higher than that of
Mo 88 24 98 59 65 22 : ) )
pentylamine over NiMo and CoMo and increased weakly
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Fig. 6. Hexeneghexane ratio in the HDS of hexanethiol (HT) and pentépestane ratio in the HDN of pentylamine (PA) at 18)(and 100 [J) kPa S,
and 320°C over sulfided NiMo/AyO3, CoMo/Al,O3, and Mo/AbO3 (DPA = dipentylamine).
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with increasing HS pressure (cfFigs. 2 and ¥. The main
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of 2-pentanethiol at M) @nd 100 [J) kPa HS and at 320C over sulfided

substitution increased in the order NiMo CoMo < Mo,

products were 2-hexanethiol, di-(2-hexyl)amine, hexenes and those for hexane and hexenes decreased in the same or-
(i.e., the sum of the three hexene isomers), and hexane. Ader igs. 8—-10. The selectivities of 2-hexanethiol and di-(2-
for pentylamine, the selectiies for disproportionation and  hexyl)amine increased with decreasing weight tifig$. 8—
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10), which shows that they are primary products. The selec-

tivity of di-(2-hexyl)aminedecreased with increasing,8

2-hexanethiol.

The selectivities of the hexenes and hexane as a func-

tion of weight time were different over the three catalysts
pressure, whereas the reverse was true for the selectivity of(Figs. 8—-10. Hexenes and hexane behave as primary prod-
ucts over NiMo/ApO3z and CoMo/AbO3, because the se-
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lectivities extrapolate to nonzero values with decreasing nating from 2-pentanethiol was slightly lower than that from

weight time and as secondary products, because the se2-hexylamine over Mo/AlOs.

lectivities increase initially with increasing weight time.

Over Mo/AlbOs, however, the selectivities extrapolate to 3.3. 2-Methyl-2-butylamine and 2-methyl-2-butanethiol

zero with decreasing weighime, which indicates that

hexenes and hexane are secondary or tertiary products The HDN of 2-methyl-2-butylamine was fast; the con-

only. version was already 17% at 270 and 10 kPa bS at
The conversion of 2-pentanethiol in the simultaneous re- jow weight time (1.6 g miimol) and reached 75% at=

action with 2-hexylamine in the presence of 10 kPgSH 8.9 g mirymol over NiMo/Al,Oz (Fig. 12). The conversions

was much larger than that of the corresponding amine. over CoMo/AbO3 and Mo/ALO3z were even higher than

It was almost 100% at = 1.6 g min/mol at 320°C (Ta- those over NiMo/A$Os. In all cases, the main products were

ble 1), whereas that of the corresponding amine was 30% 2-methyl-2-butene, 2-methyl-1-butene, and 2-methylbutane

(Fig. 7). The conversion of hexanethiol decreased when (not shown). The methylbutenes were primary products and

the HS pressure was increased from 10 to 100 kPa, methylbutane was a secondary product.

most strongly over Mo/AlO3. The pentenggentane ra- The conversion of 2-methyl-2-butanethiol at 210

tio in the HDS of 2-pentanethiol was the same as the in the presence of 10 kPa;8 and 5 kPa hexylamine

hexeneghexane ratio in the HDN of 2-hexylamine over was much larger than that of the equivalent amine. It

NiMo/Al 2,03 and CoMo/AbO3 (Fig. 11). The ratio origi- was already 76% at = 1.6 g min/mol over NiMo/Al,O3
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Fig. 12. Conversion
Mo/Al»03.
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Fig. 13. Methylbutenesnethylbutane ratio in the HDN of 2-methyHutylamine (2M2BA) and HDS of 2-methylHautanethiol (2M2BT) in the presence of
hexylamine at 270C and at 10M) and 100 [J) kPa HS over sulfided NiMo/A} O3, CoMo/Al, O3, and Mo/AbOs3.

(Table 9, whereas the conversion of the corresponding 2-methyl-2-butanethiol in the presence of hexylamine was
amine was only 17%Hig. 12). The conversion of 2-methyl-  very different from the ratio in the HDN of 2-methyl-2-
2-butanethiol decreased strongly with increasinghpres- butylamine under the same cations over all three catalysts
sure. The methylbutengsethylbutane ratio in the HDS of  (Fig. 13.
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4. Discussion
4.1. Pentylamine

The conversion of pentylamine at 320 was similar over
NiMo/Al 2,03 and CoMo/AbOs (Fig. 2) but it was higher
over Mo/Al,Os. It decreased more strongly over MogSl3
with increasing HS pressure from 10 to 100 kPay$l

These results may seem to contradict other reports that

NiMo/Al 203 is a better HDN catalyst than CoMo/AD3
and much better than Mo/AD3 [23-25] However, these
publications are mainly concerned with the HDN of aro-
matic N-containing molecules, for which hydrogenation and
not the final N-removal step is rate-determining. Indeed, the
position of the maximum in the selectivity of the pentenes
at lower r for NiMo (Fig. 3) than for CoMo Fig. 4) and
Mo (Fig. 5) indicates that hydrogenation is fastest for the
NiMo catalyst and slowest fothe Mo catalyst. Further-
more, the product selectivigein the HDN of pentylamine
must be considered in detail. The selectivity for dipenty-
lamine, formed by the disproportionation reaction of penty-
lamine, was 20% over NiMo/ADs (Fig. 3), 40% over
CoMo/Al>03 (Fig. 4), and 80% over Mo/AlO3 (Fig. 5

at r = 1.6 gmin/mol, 320°C, and 10 kPa bS. Thus, the
higher conversion over Mo/AD3 is due mainly to the
greater disproportionation of pentylamine to dipentylamine.
We will put forward an explanation for the higher activity of
Mo/Al>0O3 in Sectior4.3.

Hexanethiol converted very fast at 320 (Table 1. The
conversion was already 100% at= 1.6 g min/mol over
both NiMo/Al,03 and CoMo/AbOs at 10 kPa HS. At
100 kPa HS, NiMo/Al,O3 performs slightly better than
CoMo/Al>O3 in the HDS of hexanethiol, but the two cata-
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and 2) substitution of dipentylamine withp8,
CsH11NH2 + CsH11NH2 — CsH1iNHCsH11 + NHs, (2)
CsH11NHCsH11 + H2S — CsH11SH + CsH11NHo. 3)

Pentanethiol is a primary product in Ed) and a secondary
product in Egs(2) and (3) This shows that the selectiv-
ity of pentanethiol is not zero at = 0 (Eq. (1)) and that

it increases with increasing weight time at 100 kPsSH
(Egs.(2) and (3). At higher weight time, the pentanethiol
selectivity decreases becausfethe reaction of the thiol to
an alkene by elimination and to an alkane by hydrogenoly-
sis. The initial increase in the pentanethiol selectivity with
increasing weight time at 100 kP& 8l proves that dipentyl-
amine, formed by dispropodnation of pentylamine, reacts
fast with HS to form pentanethiol and pentylamine over
Mo/Al,03. Over NiMo/Al,O3, dipentylamine reacts faster
with H2S to form pentylamine and pentanethiol than does
pentylamine to form pentanethig®]. For NiMo/Al>Og,

the decomposition of the formed pentanethiol is very fast,
whereas for Mo/AJOz it is slower (Table ). This shows that
maximum thiol selectivity for NiMo/A$Os is not reached
abover = 1.6 g min/mol (the lowest weight time that could
be obtained), whereas for Mo/AD3 there is a clear maxi-
mum. For CoMo/A$O3, with an intermediate rate of thiol
decomposition Table J), there seems to be a maximum
(Fig. 4).

Pentene and pentane behaved not only as primary, but
also as secondary products over NiMa/@g and CoMo/
Al,03 (Figs. 3 and ¥, and they behaved as secondary prod-
ucts only over Mo/AtO3. However, the penten@sentane
ratio in the simultaneous reaction of pentylamine and
hexanethiol was very similar to the hexefiesxane ra-
tio over all three catalystd~{g. 6). This demonstrates that
the alkenes and alkane are determined by the thiol, which

lysts are more or less the same in the HDN of alkylamines asjs an intermediate between alkylamine and hydrocarbons.

well as in the HDS of alkanethiols. The HDS of hexanethiol
is slower over Mo/A$O3, however, and decreased strongly
when the HS pressure was increased from 10 to 100 kPa.
We ascribe the lower thiol conversion over Mog@% to the
much lower number of sulfur vacancies on MdBan on Co
or Ni-promoted Mo$ [19,20]and the decreased conversion
with increasing HS pressure to the filling of these vacancies
by HoS.

Pentanethiol was a primary productin the HDN of pentyl-

Thus, substitution is the predominant reaction in the HDN
of pentylamine over all three catalysts. Pentenes and pen-
tane behave as primary products because of the very fast
decomposition of the intermediate pentanethitdle J).

Only when this decomposition is slowed down, as over
Mo/Al,O3 (Table 1), is the formation of the pentenes and
pentane clearly not primary. The fact that their selectivities
seem to extrapolate to zero for> 0 (Fig. 5 suggests that

the pentenes and pentane might primarily be tertiary prod-

amine over all three catalysts, as shown by the fact thatucts (cf. curve D inFig. 1B with the pentenes and pentane
the selectivity extrapolated to a nonzero value at time zero selectivities inFig. 5, both at lowr). They would then form

(Figs. 3-5. At 100 kPa HS, the selectivity for pentanethiol
increased with decreaginveight time over NiMo/A$Og,

from dipentylamine $cheme 3
Figures 6 and 13how that the alken@lkane branching

seemed to reach a maximum at short weight time over ratio decreases with increasing$ipressure, meaning that

CoMo/Al>O3 (Fig. 4), and clearly reached a maximum with
decreasing weight time over Mo/ADs (Fig. 5). This was

the elimination of the alkanethiol to the alkene is more sup-
pressed by biS than is the hydrogenolysis to the alkane. It

checked by repeating the experimentg several times. Pean not clear Why this is the case. Our DFT calculations show

tanethiol can form in two ways: 1) substitution of pentyl-
amine with BS,

CsH11NH2 + HoS — CsH11SH + NH3, Q)

that in both reactions a vacancy on the edge surface obMoS
is needed for the adsorption of the thiol as well as a sulfur
atom on a neighboring sif@6]. In the elimination reaction
this sulfur atom is needed for the elimination of theH
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_— hand, the selectivity of the heres first increased with in-
of RSH \Hi creasing weight time and later decreased over NiMgIA|
4 RH + HS and CoMo/AbOs. This must be due to the high HDN con-

RNH, S T_RNPB version and, thus, the decreased inhibition of the hydrogena-
Ry tion of the hexenes by the amines at higher weight time.

%ﬁ RNR The hexenegexane ratio in the simultaneous reaction of

7 H 2-hexylamine and 2-pentanethiol was very similar to the

pentenegpentane ratio due to 2-pentanethiol over all three
catalysts Fig. 11). This demonstrates that the hexenes are
mainly produced from 2-hexanethiol, formed by substitution
of H,S in the HDN of 2-hexylamine over all three cata-
atom from the alkyl group. In the hydrogenolysis reaction lysts. The substitution of 2-hexylamine with,8 can be a
this sulfur atom facilitate the splitting of he S—H bond of  gjrect substitution (Eq(1)) or an indirect substitution af-
the thiol, and the resulting hydrogen atom on the neighbor- ter the disproportionation reaction of 2-hexylamine (K8.

ing sulfur atom facilitates theplitting of the CS bond ofthe  3nd (3). The indication that a maximum is reached in the
thiolate and the concerted hydrogenation of the alkyl group. 2_nexanethiol selectivity at shortfor Mo/Al,03 (Fig. 10
These arguments show that there is no simple answer to whysyggests that, at least for this catalyst, both routes play a role.
the alkengalkane branching ratio in the reaction of an alka- Because of the secondary carbon atom in 2-hexylamine and

Scheme 3. Reaction network for the removal of nitrogen from alkylamines
with the amine group attached to a primary or secondary carbon atom.

nethiol decreasesith increasing HS pressure. 2-hexanethiol, these molecsleeact faster than pentylamine
_ and pentanethiol, respectively. As a consequence, maxima
4.2. 2-Hexylamine due to formation of intermediates shift to shortefior reac-

tants with the secondary carbon atoms. This explains why

The reaction rate of 2-hexyldne was faster than that of  only the maximum for 2-hexanethiol is uncledfig. 10
pentylamine over NiMo/AlO3 and CoMo/AbO3 because of  and why the maxima for the alkenes are at shortér the
the weaker C—N bond of the alkylamine with the pgtroup HDN of 2-hexylamine than in the HDN of pentylamine (cf.
attached to a secondary carbon a{d@j. The conversionof  Figs. 8—10with Figs. 3-5.
2-hexylamine increases slightly with increasingSHpres-
sure, whereas that of pentylamine decreases with increas4.3. 2-Methyl-2-butylamine
ing HaS pressure. The influence ob8 is at least twofold.
On the one hand, it has a positive influence as a reaction Pentylamine and 2-hexylamine showed weak conver-
partner in the nucleophilic substitution of the alkylamine sion below 300C, whereas the conversion of 2-methyl-
to an alkanethiol. On the other, it adsorbs on the catalyst 2-butylamine was already very high at 2. Hydro-
surface and hinders the reaction, as shown by the negativecarbons and a trace of thiol (not shown) formed in the
influence on the disproportionation of the alkylamines to di- HDN of 2-methyl-2-butylamine, in accordance with our
alkylamines and on the reaction of alkanethidlal{le 1. former results for NiMo/AbO3 [10]. Methylbutenes were
The much stronger effect of 4 on the Mo/AbO3 catalyst primary products, and the methylbutepe®thylbutane
(Fig. 2), which shows the highest selectivity for dipentyl- branching ratio in the HDN of 2-methyl-2-butylamine was
amine Fig. 5), suggests that the inhibition of the dispropor- about 5 times higher than that obtained in the HDS of 2-
tionation explains the negative influence gf$on the HDN methyl-2-butanethiol in the presence of hexylamine over
of pentylamine. For 2-hexgmine the increased acidity of  NiMo/Al 03, 20 times higher over CoMo/AD3, and 30
the catalyst surface due toxH adsorption and dissociation times higher over Mo/AlO3 at T = 1.6 g min/mol, 270°C,
[12-14,27]may also play a role. The ionic character of the and 10 kPa kS (Fig. 13. The branching ratio in the HDS
C—N bond in the secondary carbon atoms may be increasedf the thiol with the SH group attached to a tertiary carbon
by a higher proton concentration at the catalyst surface. atom Fig. 13 was similar to that of thiols with the SH group

As for pentylamine, the selectivity for the dialkylami- attached to a primaryH{g. 6) or secondaryFig. 11) carbon
ne (di-(2-hexyl)amine in this case) is much higher over atom. The branching ratio in the HDN of the amine group
Mo/Al,0O3 than it is over NiMo/AbO3 and CoMo/ApOs3 attached to a tertiary carbon atom was different, however.
(Figs. 8-10. With increasing weight time, the selectivity of Therefore, 2-methyl-2-butanethiol cannot be the intermedi-
di-(2-hexyl)amine decreased much more strongly over the ate in the HDN of 2-methyl-2-butylamine.

Ni(Co)-promoted catalysts than over Moj8s. It shows Furthermore, the very small amount of thiol formed
that disproportionation takes place easily over Mef2y, shows that the amine with the NHjroup attached to a ter-
but that the dialkylamine dproportionation product reacts tiary carbon atom does not react or hardly reacts by substitu-
more slowly over Mo/AOs than it does over NiMo/AIO3 tion with H,S to the correspondingthiol. In that case the con-

and CoMo/AbOs. The selectivity for hexane, the final prod-  centration of 2-methyl-2-butanethiol would be much higher.
uct in the HDN of 2-hexylamine, always increased with in- The conversion of 2-methyl-2-butanethiol in the presence of
creasing weight time over all three catalysts. On the other an amine is lower at 270C than that of hexanethiol and
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2-pentanethiol at 320C (Table ). Nevertheless, the thiol
selectivities in the HDN of pentylaming-igs. 3-5 and
2-hexylamine Figs. 8—10 were high and that of 2-methyl-
2-butylamine was very low. Thus, 2-methyl-2-butylamine
does not react by substitution withoH to a thiol or by
substitution with another amine molecule to a dialkylamine,
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M-Mo$S; systemd20]. Travert et al. found that the heat of
adsorption on metal sites, which were not fully coordinated
by sulfur atoms (CUS, Lewis sites), was stronger for Mo
than for Co and Ni and decreasetth increasing sulfur co-
ordination. The heat of adsorption on Brgnsted SH groups
was stronger for SH groups attached to Mo atoms, as is ex-

since this disproportionation product was not observed over pected because a stronger atesulfur bond will induce a
any of the catalysts. This may be due to steric hindrance higher protonic character of the SH group. The IR investi-

at thea-carbon atom. Because the main primary products
in the HDN of 2-methyl-2-butylamine are alkenes, we con-
clude that this HDN mechanismkes place by elimination.
The weak effect of HS and the tertiary carbon atom suggest
that the elimination is of the E1 type over all three catalysts,
as discussed in detail for NiMo/AD3 [10].
2-Methyl-2-butylamine eacted fastest over Mo/£D3
and slowest over NiMo/AlOs (Fig. 12). This HDN reac-
tion is probably catalyzed by acid sites, which may be Lewis
acid sites, consisting of a sulfur vacancy on a molybdenum,

gation of Petit et al. showed thabB adsorption leads to an
increase in the number of Brgnsted acid sites and a decrease
in the number of Lewis acid sites on sulfided Mo/8®k and
CoMo/Al,0O3 [12].

5. Conclusion

The results of the HDN of alkylamines over CoMo@i3
and Mo/AbO3 support our previous studies over NiMo/

cobalt, and nickel atom, or Brgnsted acid sites, consisting of Al,03 [9,10]. The alkylamine with the amine group attached

H atoms on the sulfur atoms (protons of Sigroups). The
activity order shows that sulfided Mo/AD3 is more acidic
than CoMo/AbO3 or NiMo/Al03. In an ionic model, this
might be ascribed to the higher charge of Maompared
with Co?t or Ni%t (Lewis sites) or to the weaker bonding
of H* to $~ that is bonded to Mb" than to C8* or Ni**+
(Brgnsted site).

The conversion of 2-methyl-2-butylamine increased when

to a primary or secondary carbon atom reacts by substitution
of the NH, group by SH or an amine to form an alkanethiol
or a dialkylamine, respectively, over all three catalysts. The
alkanethiol forms an alkene and an alkane. Only tertiary
alkylamines react directly to hydrocarbons by means of an
E1 mechanism over all thresatalysts. An E2 mechanism
seldom occurs in the HDN of alkylamines over our cata-
lysts. The fact that Mo/AlO3, the catalyst with the smallest

the HS pressure was increased from 10 to 100 kPa. This number of sulfur vacancies, has the highest HDN activity

cannot be due to eopetition of HS with the amine for the

and that HS has a positive influence on the HDN of the

adsorption sites on the catalyst surface. Since nucleophilicalkylamines with an N group attached to a tertiary car-

substitution hardly occurred for 2-methyl-2-butylamine, this
does not explain the positive influence of$either. On the
other hand, HS introduces protons to the catalyst surface
and thus increases the acidity of the catalyst. While it is im-
possible to turn a primary carbon atom into a carbenium ion,
the tertiary carbon atom of 2-methyl-2-butylamine can easily
form a carbenium ion after protonation by&land the split-
ting off of NHz. With increasing HS pressure, the conver-
sion of 2-methyl-2-butylamine thus increases over all three

catalysts. This means that Brgnsted acid sites, not Lewis

acid sites, are responsible for the elimination of ;\frbm
the amine with an Nhl group attached to a tertiary carbon
atom. It also explains why Mo/ADz3, the catalyst with the
lowest number of sulfur vacancies, has the highest activity.

Mo/Al 03 has the highest activity not only in the HDN of
2-methyl-2-butylamine, but also in the HDN of pentylamine
(Fig. 2). The latter reactivity is due to the disproportiona-
tion to dipentylamine and the substitution to pentanethiol.
The major product is dipentylamine, suggesting that the dis-
proportionation is also acid-catalyzed and that the order of
the three catalysts is the same for the HDN of 2-methyl-2-
butylamine and of pentylamine.

The conclusion that MoSis more acidic than Co—MaS
and Ni-Mo$ catalysts is in agreeemt with DFT calcula-
tions of the heat of adsorption of NHbn Lewis and Brgn-

bon atom suggests that alkylamines react on Brgnsted acid
sites. The HDS of alkanethiols, on the other hand, requires
vacancies because Mo/ has the lowest HDS activity
and HS has a strong negative effect on all three alkanethi-
ols, even with the SH group attached to a tertiary carbon
atom.
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