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Abstract

The hydrodenitrogenation (HDN) afhexylamine, dihexylamine, and trihexylamine was studied between 300 arf€C38tand 5 MPa
total pressure, 5 and 20 kPa amine pressure, and 10 and 150,8préssure over a sulfided Ni-MoeAl,03 catalyst. The conversion
increased with the plpressure and decreased with increasing partial pressure of the hexylamines. The conversion of hexylamine and di-
hexylamine decreased slightly with,B pressure, but that of trihexylamine increased substantially. The contributions of elimination and
nucleophilic substitution to the HDN were determined by the initial product selectivities at short weight time. The initial alkene selectivities
were low and accounted for only a minor part of thalkylamine conversion. Since the hexghexane branching ratio in the HDN of the
alkylamines was almost equal to that in the hydrodesulfurization of pentanethiol in the presence of an alkylamine, it was concluded that the
majority of hexene in the HDN of the hexylamines originates from hexanethiol. Nucleophilic substitution of the hexylaminesSvith H
give an alkanethiol is the predominant HDN reaction of all thréeexylamines.
0 2003 Elsevier Inc. All rights reserved.

Keywords: Hydrodenitrogenation; Elimination; Nucleophilic substitution; Disproportionation; Hexylamine; Dihexylamine; Trihexylamine; Hydrogis sulfi
Ni—Mo/y-Al>03

1. Introduction compound, which provides a better leaving group than the
amine group. C—N bond scission can then occur via elimina-
Reactions such as hydrodenitrogenation (HDN) and hy- tion of a 8-hydrogen atom with the formation of an alkene
drodesulfurization (HDS) take place in the hydrotreating of or via nucleophilic substitution of the amine group at the
oil fractions, one of the most important catalytic processes a-carbon atom by a sulfhydryl group to form an alkanethiol.
in the petroleum industry. A considerable number of studies  Several studies [6,13-18] have dealt with the HDN of
have led to a better understanding of the mechanisms in-aliphatic amines over different catalysts. Portefaix et al.
volved in these reactions. It is generally accepted [1-9] that showed in HDN studies at 2 MPa over sulfided NiMa/@
the first step in the HDN of nitrogen-containing aromatic that an increase in the numberghydrogen atoms in penty-
molecules is the hydrogenation of the heterocyclic ring. lamines and piperidines increased the conversion of these
Only after the breaking of the aromaticity can C-N bond molecules [6,13]. This was taken as proof that aliphatic C-N
cleavage in the resulting saturated molecules take place. Sevhond cleavage takes place by Hofmann elimination. How-
eral mechanisms of the C—N bond scission and nitrogen re-ever, they did not measure the reaction products and ascribed
moval have been proposed [1,10-12]. Nelson and Levy [1] the total conversion of the amines to the rate of HDN. We
were the first to suggest Hofmann-type elimination and nu- showed that a substantial part of the conversion went to de-
cleophilic substitution as mechanisms for C—N bond scission hydrogenated molecules rather than HDN products [14]. If
of aliphatic nitrogen-containing molecules. The initial step only the HDN products were taken into account, then the
in C-N bond scission is the addition of a proton to a nitro- ,iroduction of a methyl group onto the-carbon atom of
gen lone pair with the formation of a quarternary ammonium piperidine and, thus an increase in the numbe-biydrogen
atoms, actually decreased the rate of nitrogen removal. Fur-
~* Corresponding author. thermore, ring opening of 2-methylpiperidine by C—N bond
E-mail address: prins@tech.chem.ethz.ch (R. Prins). cleavage occurred preferentially on the £ side and not

0021-9517/$ — see front mattél 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.09.010


http://www.elsevier.com/locate/jcat

442

on the CH(CH)-N side. This and the observation of thiol
intermediates in the HDN of 2-methylpiperidine [14] and
methylcyclohexylamine [19] suggest that nucleophilic sub-
stitution is even important in the HDN of aliphatic amines
that containg-hydrogen atoms.

Vivier et al. [7] were the first to prove that C—N bond

cleavage by nucleophilic substitution can take place in the

HDN of amines. They observed that benzylamine ang-
diphenylmethylamine, which do not hagehydrogen atoms

and thus cannot react by elimination, react fast to toluene

and diphenylmethane, respectively. Benzylamine ang-
diphenylmethylamine react most probably by nucleophilic
substitution of the amine group by an SH group followed
by rapid hydrogenolysis of the intermediate thiol. The C-N
bond cleavage in these molecules may be of thé Snd
not 2 type, because of the stabilizing influence of the

phenyl groups on the intermediate carbenium ion that results
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results of the HDN of the linear-alkylamines hexylamine,
dihexylamine, and trihexylamine, while in subsequent work
we will publish our results of the HDN of alkylamines with
the amine group attached to secondary and tertiary carbon
atoms.

2. Experimental

The NiMol/y-Al 03 catalyst used in this work contained
8 wt% Mo and 3 wt% Ni and was prepared by a two-step
pore-volume impregnation gf-Al,0O3 (Condea; pore vol-
ume 0.5 cr/g, specific surface area 23¢°fg). The cata-
lysts were crushed and sieved to a 230-mesh.063 mm)
particle size. For further details about the catalyst prepara-
tion see Ref. [14].

A sample of 0.05 g catalyst was mixed with 8 g of SiC to

from removal of the amine group. Cattenot et al. showed achieve plug-flow conditions in the continuous-flow fixed-

that both elimination and nucleophilic substitution play a

role in the C—N bond scission of pentylamines on unsup-

bed reactor (material: Inconel 718). The catalyst was sul-
fided in situ with a mixture of 10% 8 in Hy at 370°C

ported transition-metal sulfides at atmospheric pressure [15].and 1 MPa for 4 h. After sulfidation, the pressure was in-
The ratio of the two mechanisms depended on the type of creased to 3 or 5 MPa, and the liquid reactant was fed to the

metal sulfide catalyst and the type of amine. Over koS
n-pentylamine reacted by nucleophilic substitution wittfgH
to pentanethiol as well as with anothepentylamine mole-

reactor by means of a high-pressure syringe pump (ISCO
500D). Blank experiments, with and without SiC, were car-
ried out at 300 and 35TC. Cyclohexane, decane, and octane

cule to dipentylamine. Pentenes were observed as secondarwere used as solvents and heptane as an internal standard for
products and supposed to be formed by elimination from GC analysis. The hydrogen pressure was varied from 2.8 to
dipentylamine. These findings suggest that the molecular4.8 MPa. Three types of molecules were used as reactants
structure is one of the most important factors in HDN and to study the HDS, HDN, and hydrogenation reactions simul-
that different molecules may undergo nitrogen removal by taneously. We used pentanethiol and hexanethiol as thiols,
different mechanisms. hexylamine and cyclohexylamine as amines, and 1-hexene

Concurrent with theg-hydrogen elimination and nucle- and cyclohexene as alkenes. The choice of the alkanethiol,
ophilic substitution reactions, a disproportionation reaction alkylamine, and alkene in a simultaneous HDS, HDN, and
can occur between two alkylamine molecules, and this com- hydrogenation experiment was primarily made so as to ob-
plicates the study of the HDN reaction mechanism. This tain separate peaks in the GC analysis. All the chemicals
disproportionation results in the formation of a dialkylamine were purchased as commercial standards from Aldrich and
and ammonia in case of an alkylamine and in the forma- Fluka. The partial pressure of the alkanethiols and alkenes
tion of a trialkylamine and alkylamine in case of a dialky- was kept at 5 kPa, while the partial pressure of the amines
lamine; it takes place even on alumina at low hydrogen was 5, 10, or 20 kPa. They9 pressure was varied between
pressure [20,21]. Substantial amounts of the disproportion-10 and 150 kPa and the experiments were carried out at 300,
ation productsV-pentylpiperidine, dicyclohexylamine, and 320, and 340C. When changing the partial pressure of the
dipentylamine were observed in the HDN of piperidine [22], reactant, the solvent flow was adapted to keep the partial
cyclohexylamine [23], and pentylamine [15,24], respec- pressure of hydrogen constant. The weight time was defined
tively. as the ratio between the catalyst weight4{) and the to-

We decided to carry out a detailed investigation of the tal molar flow fed to the reactomfeeg). As the influence
HDN of alkylamines over sulfided NiMo/AD3. The aim of weight time on the product distribution was studied, the
of our work was to determine which of the different mech- weight time was changed by varying the flow rates of the
anisms (elimination, substitution, and disproportionation) liquid and the gaseous reactants with respect to the amine,
plays the major role in the HDN of aliphatic amines. To while their ratio was kept constant.
elucidate the mechanism it is necessary to determine the The product selectivityy) was defined as the number of
primary HDN products and to compare the influence of dif- molecules converted to a certain produgs)(divided by the
ferent reaction conditions on product distribution. Accord- number of converted reactant moleculeg); both multi-
ingly, we carried out experiments at low weight times and plied by their number of carbon atomsp&and Gir re-
under different reaction conditions to check the formation of spectively:S = (np * Cnp)/(nr * Cnr). With this definition,
primary products and, thus, to prove the mechanism of the the mass balance of the carbon atoms is preserved. For in-
HDN of aliphatic amines. In this work we will present our stance, in the reaction §813)3N + H2S — (CgH13)2NH +
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L. ) 1005 kPa HA, 10 kPa H,S

CeH13SH, the selectivity of DHA is 66.7% and the selec- _/‘"—_'—_—-
tivity of hexanethiol is 33.3%. The original feed was usually & 15 kPa HA, 50 kPa H,S
reentered after the set of HDN experiments to check whether » 807
the activity of the catalyst had remained constant. Then the % 0 kPa HA. 50 kPa H.S
whole reactor setup was cleaned for another series of exper- “E’ 60 ' :
iments. )

The reaction products were analyzed by on-line gas chro- 5 404
matography with a flame ionization detector and a pulsed- £ 20 kPa HA, 50 kPa .S
flame photometric detector. Mass spectrometry was used g 20
to identify the reaction products. For further details see &
Ref. [14]. & .

0 2 4 6 8 10
Weight time, g.min/mol

3. Results

Fig. 2. Conversion of 5 kPa pentanethiol at 3@and 3 MPa in the pres-

3.1. HDSof pentanethiol and hydrogenation of hexene ence of 5, 10, and 20 kPa hexylamine (HA), and 10 and 50 ki%a H

50
To compare the relative rates of the HDS of alkanethiols,
the HDN of alkylamines, and the hydrogenation of alkenes,
we performed the simultaneous conversion of octanethiol,
hexylamine, and 1-pentene at 3@ and 3 MPa in the pres-
ence of 10 kPa bB. It is clear from the results presented
in Fig. 1 that an alkanethiol reacts very much faster than
an alkylamine and an alkene. Fig. 2 shows the HDS con-
version of pentanethiol at 36C and 3 MPa in the pres-
ence of different pressures of hexylamine angSHit was
equally fast as that of octanethiol (Fig. 1). The pentanethiol
conversion decreased strongly with increasinressure
from 10 to 50 kPa and less strongly with increasing hexyl- 0 o 1 2 a3 4 5
amine pressure from 5 to 20 kPa. The nonzero selectivities Weight time, g.min/mol
at short weight time (Fig. 3) demonstrate that 1-pentene and
pentane are primary products, while the low initial selec- Fi9: 3. Product selectivities to pentane, 1-pentdnans-2-pentene, and
. L . cis-2-pentene in the HDS of 5 kPa pentanethiol at 300and 3 MPa in
tivity of 2-pentene indicates that 2-pentene is a Secondarythe presence of 20 kPa hexylamine, 5 kPa cyclohexene, and 104&a H
product. The pentene selectivity decreased with increasing
hexylamine pressure as well as with increasinghpartial
pressure, while the opposite dependence was observed fo
the complementary pentane. As a consequence, the mola
pentenegpentane ratio (pentenes stands for the sum of all

40

30

207 trans-2-C,~

Selectivity, %

he pentenes) decreased with increasing partial pressure of
Lexylamine and bS (Fig. 4).

The conversion of 1-hexene to hexane was high in the
absence of alkylamine; at 30C in the presence of 10 kPa

100- ) H,S it was already 40% at = 0.8 gminmol?® (Fig. 5).
octanethiol In the presence of 5 kPa cyclohexylamine and 10 kP&,H
80- however, it was only 8% at = 0.8 g min mol*. At 300°C
\° (Fig. 1), the alkene conversion at 340 in the presence of
‘:_: 60- an alkylamine (Fig. 5) was much lower than the conversion
2 of pentanethiol (98%). The conversion of 1-hexene to hexane
E, 40- decreased substantially with increasing hexylamine ay&l H
£ . partial pressure, while in the presence of alkylamine the in-
© Ll -pentene fluence of HS was only moderate. This indicates that the
M alkylamine is more strongly adsorbed thagSH
0- : . . ; .
0

2 4 6 8 10 3.2. HDN of hexylamine
Weight time, g.min/mol
Fig. 1. Conversions of octanethiol and hexylamine, and yield of pentane The conversion of 5 kPa hexylamme at 3@and 5 MPa
in the simultaneous HDS of 5 kPa octanethiol, HDN of 5 kPa hexylamine 1N the presence of 50 kPa of;B was 6% at low weight
(HA), and hydrogenation of 5 kPa 1-pentene at 3603 MPa, and 10 kPa  time (0.9 gminmot?!) and reached 37% at high weight
HzS. time (8.7 gminmot?). It almost doubled when the reac-
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Fig. 4. Pentenepentane ratio and hexenégxane ratio in the simultaneous HDS of 5 kPa pentanethiol and HDN of 5 or 20 kPa hexylaminé& @t8a0
3 MPa, and 10 or 50 kPa4$.H, 5 kPa HA and 10 kPa +5; ®, 20 kPa HA and 10 kPa $85; A, 20 kPa HA and 50 kPa 8.
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i ] ] Fig. 6. Influence of the partial pressure of hexylamine (HA) on its conver-
Fig. 5. Conversion of 5 kPa 1-hexene at 300 and33@nd 3 MPa in the sion as a function of weight time at 300 and 320 3 and 5 MPa, and

presence or absence of 5 or 20 kPa cyclohexylamine (CHA), 5 kPa pen- 5q kpa HS. W, 5 kPa HA at 320C and 5 MPa:#, 5 kPa HA at 300C
tanethiol (PT), and 10 kPa4%$. % 300°C; A, 5 kPa PT, 20 kPa CHA, and and 5 MPa:A, 5 kPa HA at 300C and 3 MPa®, 20 kPa HA at 300C
340°C; l, 5 kPa PT, 5 kPa CHA, and 30C; 4, 5 kPa PT, 20 kPa CHA, and 3 MPa.

and 300°C.

tion temperature was increased from 300 to 32Fig. 6). time). The selectivities of 2-hexene and 3-hexene were zero.
Fig. 7 shows the corresponding product distributions at This shows that initially no isomerization of 1-hexene takes
300°C (Fig. 7A) and 320C (Fig. 7B). The main product  place. Atr = 14.2 gmin mol1, the hexanethiol selectivity
of the HDN of hexylamine was hexane, which behaved as decreased to 6% and the hexane selectivity increased to 62%.
a primary product because the selectivity extrapolates to alsomerization had become important and the sum of the
nonzero value at = 0. The selectivity of the hexenes (the selectivities of 1-hexene, 2-hexene, and 3-hexene reached
sum of 1-, 2-, and 3-hexene) decreased with decreasing con30%. The hexanethiol selectivity was much higher at 3 than
tact time at 300C, suggesting that hexene may be a sec- at 5 MPa (cf. Figs. 7A and 9). Some dihexylimine was
ondary product or a secondary as well as a primary product.observed as well. It was also observed in a blank experi-
At 340°C, hexene behaved as a primary product. The se-ment carried out without the catalyst in the empty Inconel
lectivity of 1-hexanethiol increased with decreasing weight 718 reactor. In the product mixture of the HDN of hexy-
time, showing that it is a primary product. lamine, the yield of dihexylimine reached only 0.4%xat

As 1-hexene is too easily hydrogenated at 5 MPa to- 1.4 gmin mol1, while during the HDN of dihexylamine and
tal pressure, it does not give us much information about trinexylamine it amounted to 1.2% at= 1.0 g min mol1.
the HDN mechanism. Therefore, the total pressure was de-These small amounts of dihexylimine were ignored.
creased from 5 to 3 MPa to obtain less severe hydrogena- At 3 MPa and 300C, the hexane selectivity extrapo-
tion conditions. This change resulted in a decrease in thelated to a nonzero value at= 0 and the hexene selec-
hexylamine conversion that was about proportional to the tivity to a zero or very low value (Fig. 9), indicating that
change in H pressure (Figs. 6 and 8). Fig. 9 shows that, hexane behaves like a primary and hexene like a secondary
at 50 kPa HS and short contact time (1.4 g min mé), the product. This ratio decreased with increasing hexylamine
main product was hexanethiol (45% selectivity), followed and HS partial pressure. The hexerieexane ratio, ob-
by hexane (39% selectivity) and hexenes (12%). At 3 MPa, tained from the HDN of hexylamine, was smaller than the
dihexylamine was observed as well (4% at short contact pentenegpentane ratio, obtained from the HDS of pen-
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Fig. 8. Influence of HS on the conversion of 5 kPa hexylamine at
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H»S; (A) 300°C, 3 MPa, and 100 kPa%$.

tanethiol (Fig. 4), at small weight time, but approached the
pentenegpentane ratio at high weight time.

The conversion of hexylamine decreased by about a fac-
tor of 3 att = 5.8 gmin mol-! when increasing the hexyl-
amine partial pressure from 5 to 20 kPa while keeping the
other parameters constant at 3 MPa, 300and 50 kPa b5
(Fig. 6). The selectivities of hexanethiol, hexane, and hex-
ene did not change much with the change of the hexylamine
partial pressure; only the initial selectivity of dihexylamine
increased from 4 to 7%. At 30, the hexylamine conver-
sion decreased slightly when the$lpressure was increased
from 10 to 50 and 100 kPa (Fig. 8). At 32Q and 5 MPa,

a stronger decrease was obtained. With increasif§) phr-

tial pressure, the selectivity of the hexenes decreased, the
hexane selectivity was about constant, the hexanethiol se-
lectivity increased strongly, and the dihexylamine selectivity

80+

0 4 8 12 16
Weight time, g.min/mol

257
20+
151
101

°] k‘_—r

0 ; ; : .

0 4 8 12 16
Weight time, g.min/mol

Dihexylamine, %

Fig. 9. Product selectivities in the HDN of 5 kPa hexylamine at3D03 MPa, and 10 kPa 4% (@), 50 kPa 1S (), and 100 kPa biS (4).
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Fig. 10. Conversion and product selectivities in the HDN of 5, 10, and 20 kPa hexylamine (HA) &€ 24@ 3 MPa, in the presence of 5 kPa pentanethiol,
and 10 and 50 kPa4$.l, 5 kPa HA and 10 kPa $5; @, 20 kPa HA and 10 kPa $5; A, 20 kPa HA and 50 kPa 5.

decreased strongly (Fig. 9). The weight time dependencieshexanethiol selectivity increased sharply. The selectivity of
of the products show that dihexylamine and hexanethiol are hexane did not change much with &l pressure.
primary products, that 1-hexene behaves like a secondary The alkenegalkane ratio in the HDN of hexylamine and
product, and that hexane might be formed as a primary asHDS of pentanethiol increased when increasing the tem-
well as a secondary product. perature from 300 to 34 (cf. Figs. 4 and 11). The

To obtain a greater amount of product, and thus increasehexeneghexane ratio was equal to the penteipentane ra-
the accuracy of the selectivity measurements at short weighttio resulting from the HDS of pentanethiol at two different
time, the reaction temperature was increased to°840  H»S and hexylamine partial pressures (Fig. 11). Both ratios
Fig. 10 shows the conversion of hexylamine at 3€0and decreased with increasing weight time, due to the hydro-
3 MPa in the presence of 10 or 50 kPaSHand 5 kPa  genation of the alkene to the alkane. The decrease was less
pentanethiol. Because of the fast HDS reaction, this meanssteep at higher hexylamine as well as3Hpartial pressure
that the actual BS pressure amounted to 15 or 55 kPa. because of the slower hydrogenation of the alkene under
The hexylamine conversion decreased strongly when its par-those conditions.
tial pressure was increased from 5 to 20 kPa and the di-
hexylamine selectivity increased (Fig. 10). Their nonzero 3.3. HDN of dihexylamine
initial selectivities show that dihexylamine and hexanethiol
are primary products, while hexane and hexene behave like The conversion of dihexylamine (Fig. 12) was much
primary products. With increasing 23 pressure, the di- faster than that of hexylamine (Fig. 6). At 320, almost
hexylamine and hexene selectivities decreased, while thecomplete conversion was reached already at short contact
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Fig. 11. Pentengpentane M) and hexenediexane @) ratios in the simultaneous HDS of 5 kPa pentanethiol and HDN of 10 and 20 kPa hexylamine (HA) at
340°C and 3 MPa, and 10 and 50 kPa$i

time. The conversion of dihexylamine hardly changed when 1009320 ?S»'“L‘ 300 °C. 3 MPa
the total pressure was increased from 3 to 5 MPa (not

shown). Fig. 13 shows the product selectivities in the HDN 801
of 5 kPa dihexylamine at 30, 3 MPa, and 50 kPa 5.

It is apparent from the selectivities at low weight time that - 601
hexylamine, hexanethiol, and trihexylamine behave like pri-
mary products and that hexene probably behaves like a
secondary product. The hexane selectivity decreased with
decreasing weight time, but it is not clear whether it ex- 20 4
trapolates to zero. Therefore we cannot say whether hexane
is a secondary or a primary as well as secondary product. 0 . . .
The selectivities did not change significantly when the total 0 2 4 6 8
pressure was increased from 3 to 5 MPa. The main differ- Weight time, g.min/mol

ence was observed at low Welght time, where the he)_(anetmo'Fig. 12. Conversion of 5 or 20 kPa dihexylamine (DHA) at 300 or 320
selectivity was lower and the hexane selectivity higher at 3o 5Mpa, and 50 kPat$. A, 5 kPa DHA at 320C and 5 MPaMl, 5 kPa

5 MPa. The selectivity patterns at short weight time were DHA at 300°C and 3 MPa¥, 20 kPa DHA at 300C and 3 MPa.

the same at both pressures, as were the conclusions about

primary and secondary products.

When the dihexylamine partial pressure was increasedselectivity decreased sharply, the hexane and hexenes selec-
from 5 to 20 kPa, while the other reaction conditions re- tivities decreased, and the hexylamine selectivity remained
mained constant at 30C, 3 MPa, and 50 kPa4$, the con- the same (Fig. 13). The much higher rate of trihexylamine
version decreased substantially (Fig. 12). At the same time,formation shows that disproportionation is favored by a low
the THA selectivity increased strongly, the thiol selectivity partial pressure of y5. At the high pressure of 20 kPa
remained the same, but the hexylamine selectivity decreasedlihexylamine and low pressure of 10 kPa3the trihexyl-
at shorter weighttime (cf. Figs. 13 and 14A). Trihexylamine, amine selectivity even reached 61% at short contact time,
hexanethiol, and hexylamine are primary products. while the hexylamine selectivity was 26% and the sum of

While the conversion of dihexylamine decreased only the thiol, hexene, and hexane selectivities was about 15%
slightly when increasing the 4% pressure from 10 to (Fig. 14B). Under these conditions, dihexylamine reacts
50 kPa (not shown), it influenced the product distribution predominantly by disproportionation. Extrapolation to zero
substantially. With increasing partial pressure ofSthe weight time gave a hexylamine selectivity of 25%; thus,
hexanethiol selectivity increased strongly, the trihexylamine hexylamine is a primary product.

%

40 4 20 kPa DHA, 300 °C, 3 MPa
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Fig. 13. Product selectivities in the HDN of 5 kPa dihexylamine at3003 MPa, and 10 kPa 45 (®), 50 kPa HS (M), and 100 kPa biS (4).

3.4. HDN of trihexylamine sure from 5 to 3 MPa increased the selectivities of the pri-
mary products hexanethiol and dihexylamine and decreased
The HDN conversion of trihexylamine at 30Q and those of the secondary products hexylamine and hexane (cf.
5 MPa was very high; already at short weight time Figs. 15 and 17). Fig. 17 shows the product distributions
(0.9 gminmot?) it reached 82% (not shown). The main in the HDN of 5 kPa trihexylamine at 30€, 3 MPa, and
products at = 0.9 g minmot! were dihexylamine (43%), 50 kPa HS. At short contact time, the main products were
hexane (26%), and hexylamine (16%), while the 1-hexane- dihexylamine (63%) and 1-hexanethiol (20%), both being
thiol selectivity was 7% (Fig. 15). At 32T, the conversion  primary products. The initial selectivity of 1-hexene was less
of trihexylamine was even 92% at= 0.9 gminmol1, than 3%. Under these conditions, hexane and 1-hexene are
and at this temperature dihexylamine (28%), hexane (35%), clearly secondary products. At high weight time, the dihex-
and hexylamine (23%) were the main products. The time ylamine selectivity decreased substantially to less than 5%.
dependency of the products shows that dihexylamine andThe hexanethiol selectivity also decreased; only the hexyl-
1-hexanethiol are primary products, and that hexane, hexyl-amine and hexane selectivities increased to 32 and 44%,
amine, 2-hexene, and 3-hexene are secondary productsiespectively. The product selectivities at 5 and 10 kPa tri-
while 1-hexene behaves like a primary product (not shown). hexylamine were the same at short contact time but changed
The conversion of 5 kPa trihexylamine at = less fast with weight time at 10 kPa than at 5 kPa trihexy-
0.9 gminmol?! and in the presence of 50 kPa$l de- lamine (Fig. 17).
creased to 70% when the total pressure was decreased from Whereas the conversion of hexylamine decreased slightly
5 to 3 MPa (Fig. 16). Increasing the partial pressure of and that of dihexylamine decreased even less when $8e H
trihexylamine from 5 to 10 kPa at 3 MPa decreased the pressure was increased from 10 to 50 kPa, the conversion of
conversion even further to 50% (Fig. 16). Lowering the pres- trihexylamine increased (Fig. 16). At short contact time, the
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selectivities of dihexylamine and hexylamine were the same
at both BS pressures, but the hexanethiol selectivity was

much higher and the selectivities of hexane and 1-hexene
lower at 50 kPa KIS pressure (Fig. 17).

4, Discussion

To determine which mechanism is responsible for the
HDN reaction of am-alkylamine one can measure the prod-
uct selectivities as a function of weight time)(and deter-
mine whether these extrapolate to a nonzero or zero value at
7 = 0. If a product such as 1-hexene has a zero selectivity
at zero weight time, then it cannot be a primary product and
elimination cannot play a role. If its selectivity is nonzero
at r = 0, then 1-hexene might be a primary product, and
elimination might be important. A zero selectivity at zero
weight time does not automatically mean that a product is a
secondary product, however, nor does a nonzero initial se-
lectivity automatically mean that a product is primary. For
instance, hexylamine may react slowly by substitution to
hexanethiol, which then reacts fast to hexane and 1-hexene.
The selectivities of hexane and 1-hexene may then extrapo-
late to a nonzero initial selectivity and these molecules may
then appear to be primary products, although they are sec-
ondary. At the same time, the fast consecutive reaction of
the real primary product hexanethiol will decrease its initial
selectivity and the contribution of the substitution mecha-
nism will be underestimated. With such potential pitfalls in
mind, we will analyze the initial selectivities observed in the
HDN of the hexylamines and try to determine the responsi-
ble mechanism(s). Since elimination is generally considered
to be the main HDN mechanism [1,6,13,18], we will pay
particular attention to the initial selectivity of hexene. Be-
cause isomerization of 1-hexene to 2- and 3-hexene is fast,
we will use the initial selectivity of the sum of all hexenes,
rather than that of 1-hexene, as a measure of the contribution
of elimination.
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4.1. Hexylamine 7 = 0 indicates that the hexene selectivity is in any case
smaller than 5% at 50 and 100 kPa${and smaller than
Three reactions are possible in the HDNeliexylamine: ~ 20% at 10 kPa biS (Fig. 9).
elimination to 1-hexene, substitution to hexanethiol, and dis-
proportionation to dihexylamine: CeH13SH— CeHiz + H2S. (4)

Under our conditions, the equilibrium of the decompo-

CeH13NH2 — CsHa2 + NHs, 1) sition of hexanethiol [reaction (4)] lies to the right [25].
CgH13NH2 + HoS — CgH13SH+ NH3, (2) This means that the hexene formed in the HDN of hexyl-
2CsH13NH2 — (CeH13)2NH + NHa. 3) amine will hardly react with HS. Also a disappearance

of hexene by hydrogenation plays a minor role, as the hy-

At 300°C, the hexanethiol selectivity increased and the drogenation of 1-pentene showed. It was strongly inhibited
disproportionation selectivity to dihexylamine decreased by hexylamine and the yield of pentane was only 5% at
with increasing HS pressure (Fig. 9), because the higher t = 0.8 gminmolL. This means that the observed hexene
H>S pressure favors the substitution of the Ngtoup of selectivities in the HDN of hexylamine are truly representa-
hexylamine by HS over the substitution by another hexyl- tive for the discussed HDN mechanisms.
amine molecule. The hexene selectivity was lower at high  The values of 5% for the hexene selectivity at 50 and
H,S pressure and decreased strongly with decreasing weightt00 kPa HS and of 20% at 10 kPa 4% at short weight
time for all HoS pressures. Unfortunately, measurements be-time demonstrate that elimination is not the major mech-
low 7 = 0.8 g min mol-! were not possible because the gas anism in the HDN of hexylamine. These values are even
flow rate could not be increased further and using less thanupper limits to the contribution of elimination to the HDN
50 mg catalyst led to channeling and to a decreased converof hexylamine [Eq. (1)]. The reason is that 1-hexene can-
sion and thus lower accuracy of the measurement. Thereforenot only be formed by direct elimination of hexylamine
the values to which the hexene selectivities extrapolate at[Eq. (1)], but also by substitution of hexylamine followed
7 = 0 could not be determined with high precision. Never- by elimination of the resulting thiol to 1-hexene [Egs. (2)
theless, the steep decrease of the hexene selectivity towardnd (4)]. The pentengpentane ratio from the HDS of pen-
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tanethiol and the hexengsexane ratio from the HDN of  1-hexanethiol:
hexylamine, measured simultaneously in the same reaction
mixture, are about the same (Fig. 4). This similarity of the (CeH13)aN — CgH12 + (CeH13)2NH, )
alkeng'alkane branching ratio shows that substitution is the (CgH;3)3N + HpS — CgH13SH+ (CsH13)2NH. (10)
predominant route for nitrogen removal from hexylamine
and that the contribution of elimination is even less than At 320°C and 5 MPa we observed only a trace amount
5% at 50—100 kPa #8 and 20% at 10 kPa4$. This also of trihexylamine, which means that, under these conditions,
explains why, in the HDN of hexylamine, the selectivity of ~€ither disproportionation hardly took place or that trinexyl-
hexene is higher at low 6 pressure. Namely, the HDS of amine reacted away faster than it was formed. The prod-
pentanethiol demonstrated that the pentanethiol conversiorict selectivity suggests that 1-hexene is a primary product,
increased strongly with decreasing$ipressure (Fig. 2). which would mean that 1-hexene is formed by elimination
At 340°C, hexene and hexane behaved as primary prod-of dihexylamine. At 300C and 5 MPa (not shown) and
ucts (Fig. 10), but the hexengdsexane ratio was very similar 3 MPa, however, 1-hexene behaves more like a secondary
to the pentengpentane ratio measured in the simultaneous product. The maximum hexene selectivities at 0 are 3%
HDS of pentanethiol (Fig. 11). Both ratios were not only at 50 and 100 kPa #$ and 8% at 10 kPa #$ (Fig. 13).
very similar but also reacted in the same way on changes inBecause of the stoichiometry of Eq. (6) this means that the
the H,S and hexylamine partial pressures. This shows that maximum relative contributions of elimination to the HDN
also at 340C the main reaction of hexylamine is substitu- of dihexylamine are 6 and 16%, respectively. As in the case
tion by HS to form hexanethiol. At the higher temperature of hexylamine, these percentages overestimate the contribu-
of 340°C, the subsequent decomposition of hexanethiol be- tion of elimination substantially, because the hexene/hexane
comes so fast that hexene and hexane appear to be primaryatio in the HDN of dihexylamine was not much different

products. from that of the HDS of hexanethiol. This means that reac-
Hexane is a product in the HDN of all three hexylamines. tion (7) followed by reaction (4) is the main pathway for the
It is supposed to be formed from hexanethiol, formation of hexene.

Trihexylamine behaved as a primary product, meaning
CoH1aSH+Hz — CoHaa+ HoS. ) that dihexylamine quickly forms trihexylamine by dispro-
The mechanism of this reaction is unclear. It might be portionation. At 320C less trihexylamine was observed as
a real hydrogenolysis reaction as on a metal surface orat 300°C, probably because trihexylamine quickly reacts to
as reported in the homogeneous reaction of aliphatic andhexanethiol and dihexylamine by substitution. This would
aromatic thiols with the CpM02C0,S3(CO), cluster (Cp also explain why the conversion of dihexylamine and tri-
stands for pentamethylcyclopentadienyl) [26]. Another pos- hexylamine never reached 100%, neither at 32(or at
S|b|l|ty WOUId be that the alkene formed by elimination from h|gh We|ght t|me Th|s can be exp|ained by reforma‘[ion
the alkanethiol [Eq. (4)] is hydrogenated before desorbing of these molecules by a disproportionation reaction of two
from the catalyst surface. Both mechanisms explain the ob- molecules of hexylamine to dihexylamine, or two molecules
served lower hexen@exane ratio at higherfpressure (to-  of dihexylamine to trihexylamine, or of one molecule of
tal pressure), lower temperature, and highgstdnd hexyl-  gihexylamine and one molecule of hexylamine to trihexyl-
amine pressure. The increase of the hexane selectivity withgmine.
increasingr_ _(Figs. 9 and 10) is due to increased hexanethiol The trihexylamine selectivity in the HDN of dihexyl-
decomposition [Eq. (5)] as well as hydrogenation of hex- amine increased with increasing partial pressure of dihexyl-
ene. These two factqrs oppose each .other in the productionymine while the hexanethiol selectivity stayed almost the
of hexene, and explain the maximum in the hexg¢hesane  same and the hexylamine selectivity became much lower
ratio at 300°C (Fig. 4). (cf. Figs. 13 and 14). At first glance this seems strange; if
the thiol selectivity stays the same, one would expect that
the hexylamine selectivity is also the same [Eq. (7)]. We
can only explain the increased trihexylamine selectivity and
decreased hexylamine selectivity by assuming that the hex-
ylamine obtained from the decomposition of dihexylamine
reacts with dihexylamine to form trihexylamine. Although
the trihexylamine selectivity increased and trihexylamine
(CsH13)2NH — CgH12 + CgH13NH2, (6) has a much higher reactivity, fewer active centers are avail-
(CeH13)2NH + H2S — CgH13SH 4 CgH13NHs, @) able for trihexylamine to decompose at high partial pressure

of dihexylamine. This also explains why the conversion
2(CgH13)2NH — (CgH13)3N + CgH13NH>. (8) of dihexylamine decreased at higher partial pressure of di-

Furthermore, because of the much higher reactivity of hexylamine. We therefore suggest that at 3003 MPa, and
trihexylamine than of hexylamine and dihexylamine, tri- 50 kPa HS dihexylamine reacts by substitution by$ito
hexylamine can react back to dihexylamine and 1-hexene orhexylamine and 1-hexanethiol and by disproportionation to

4.2. Dihexylamine

Like hexylamine, dihexylamine can react in three ways:
by elimination to hexylamine and 1-hexene, by substitution
to hexylamine and 1-hexanethiol, and by disproportionation
to hexylamine and trihexylamine:
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Scheme 1. HDN network of dihexylamine. Scheme 2. HDN network of trihexylamine.

trihexylamine and hexylamine (Scheme 1). 1-Hexene and trihexylamine was not much different from that of the HDS
hexane are subsequently formed from 1-hexanethiol. An of hexanethiol. This means that reaction (10) followed by re-
analysis of the mass balance supports the conclusion thaiaction (4) is the main pathway for the formation of hexene.
mainly substitution and disproportionation and hardly any The reason that the hexene selectivity was higher at the lower
elimination occurred in the HDN of dihexylamine. H2S pressure of 10 kPa is due to the higher reactivity of alka-
Cattenot et al. studied the HDN afpentylamine over  nethiol to alkene under these conditions. Assuming that the
unsupported Mogat 275°C and atmospheric pressure [15]. reactivity of hexanethiol is similar to that of pentanethiol, we
They observed dipentylamine and pentanethiol as primary expect less hexanethiol and more 1-hexene in the HDN of
products and pentenes as secondary products. From the initrihexylamine at lower KIS pressure. This means that elimi-
tially larger amount of dipentylamine, they concluded that nation of 1-hexene from trihexylamine to form dihexylamine
the majority of the pentenes formed from dipentylamine plays a minor role at all b5 pressures. The qualitative con-
and only a fraction from pentanethiol. Under our conditions clusion about the dominant role of nucleophilic substitution
(300-320°C, 3 MPa, NiMo/AbO3), however, dihexylamine  was substantiated by the mass balance of the amounts of the
mainly reacted by substitution with another amine molecule products from the HDN of trihexylamine (Scheme 2).
and with BS, and hexanethiol was the main source of hex-  Substitution explains the higher conversion of trihexyl-

ene. amine at higher biS pressure and the higher selectivity
to hexanethiol and lower selectivity to hexane and hexene.
4.3. Trihexylamine At a higher KBS pressure there will be more SH groups

at the surface and trihexylamine will react faster with SH

Trihexylamine can only react by elimination to dihexyl- to dihexylamine and hexanethiol. At the same time, the
amine and 1-hexene and by nucleophilic substitution B H  hexanethiol decomposition will be more inhibited because
to dihexylamine and 1-hexanethiol [Egs. (9) and (10)]. As there are fewer vacancies on which hexanethiol can adsorb;
shown in Section 3.2, dihexylamine will react further to this causes an increase in the hexanethiol selectivity and a
hexylamine, hexanethiol, hexane, and 1-hexene. At higherdecrease in the hexane plus hexene selectivity. The increased
temperatures, the scission of the C-N bond of dihexylamine number of SH groups at the catalyst surface not only in-
becomes faster, and thus the selectivity of dihexylamine in creases the formation of dihexylamine from trihexylamine,
the HDN of the trihexylamine is much lower at 320 than at but also the further (substitution) reaction of dihexylamine
300°C and substantially more hexylamine and hexane areto hexylamine and hexanethiol. As a consequence, % H
formed at 320C. At lower total pressure, the C-N cleav- pressure does not have a significant influence on the dihexyl-
age rate of trihexylamine is lower and the selectivity of amine selectivity at short weight time.
dihexylamine increases. High selectivities to dihexylamine
and hexanethiol and a low selectivity to hexenes were ob- 4.4. General discussion
tained at short weight time (Fig. 17). The dihexylamine
selectivity extrapolates to 67% at= 0 (Fig. 17), as is The conversion of the hexylamines increased with in-
expected for both elimination and nucleophilic substitution creasing basicity of the amine in the gas phase in the order
[Egs. (9) and (10)]. Note that the selectivity is defined so as hexylamine< dihexylamine< trihexylamine. The conver-
to preserve the carbon mass balance, which is the hexyl bal-sion of all three hexylamines increased with increasing total
ance in this case. The hexene selectivity extrapolates to 2%pressure (higher fpressure). Since the primary reactions
att =0 at 50 kPa HS and to 8% at 10 kPa4% (Fig. 17). of the hexylamines (be it elimination, nucleophilic substi-
With a maximum selectivity of 33.3% for hexene [Eq. (9)], tution, or disproportionation) are chemically independent of
this means that the relative contribution of elimination to hydrogen, the positive influence of hydrogen must be due to
the HDN of trihexylamine is 6 and 24%, respectively. As a secondary effect. Most probably it is caused by the number
in the case ofi-hexylamine and dihexylamine, these per- of vacancies on the catalyst surface, which is generated by
centages overestimate the contribution of elimination sub- the H,S/H> ratio and, at constant4$ pressure, increases
stantially, because the hexene/hexane ratio in the HDN of with the H, pressure. On the other hand, when increasing
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the HpS pressure at constant total pressure, the conversiorgroup and this might be the main role of the catalyst surface.
of the hexylamines did not show a strong decrease. While it The nucleophile that attacks thecarbon atom can either
decreased slightly for hexylamine and dihexylamine, it even be an alkylamine, or an SHor %~ group at the catalyst
increased with the p& pressure for trihexylamine. This may surface. Laine suggested that a metal-assisted nucleophilic
be due to two competing factors. On the one hang§ He- substitution might occur via a metal alkyl or alkylidene in-
creases the number of vacancies on the catalyst surface andermediate [10]. Another mechanism could be a sequence of
thus, the reaction rate. On the other hand, more sulfur ondehydrogenation, addition, elimination, and hydrogenation
the catalyst surface increases the nucleophilic substitutionreactions, which is an established method for replacing a hy-
by H2S, which was demonstrated to be the main HDN reac- droxyl or amine group. For instance, the conversion of an
tion. These two factors are almost equal for hexylamine and amine into an alcohol takes place via
dihexylamine, but the second factor is more important in the H-0
case of trihexylamine. This might be due to a strong adsorp- R—-CH-NH; R CH:NH 2~ R-CHOH-NH
tion of trihexylamine and even the replacement gSHrom —NHs R— CH:O 2 R=CH—OH.
the catalyst surface.

An additional explanation for the increased activity of tri- Similarly, an alkylamine can be transformed into an alka-
hexylamine and slightly decreased activities of hexylamine nethiol. In that case, one obtains a reaction sequence that
and dihexylamine at increasing8 pressure could be that has the same overall stoichiometry as the nucleophilic sub-
only the latter two molecules can undergo disproportion- stitution reaction of an alkylamine anc:8, giving an alka-
ation. At low H;S pressure, disproportionation determines nethiol and NH. All four reactions in the sequence are
the conversion of hexylamine and dihexylamine but not that known to take place on metals. For instance, copper is the
of trihexylamine. At increasing ¥8 pressure, nucleophilic  metal of choice in the reaction sequence from alcohol to
substitution increases in importance for all three molecules, amine [29]. If such reactions take place on copper, they may
while the contribution of disproportionation to the conver- also take place on metal sulfides. The dehydrogenation of
sion decreases. This would explain why the conversion of amines to nitriles has been reported by Cattenot et al. in
trihexylamine continuously increased with increasingSH  the HDN of pentylamine at low pressure (0.1 MPa) [15]. In
pressure, while the contributions of disproportionation and the present work we never observed nitriles, but did observe
nucleophilic substitution are influenced in opposite ways by imines in low concentration. This may be due to the higher
H-S. H> pressure used in our work than in that of Portefaix et al.

Our results clearly demonstrate that nucleophilic sub- Further work must clarify which mechanism is responsible
stitution is the dominant HDN mechanism for unbranched for the HDN of alkylamines. For the moment, we can only
alkylamines, dialkylamines, and trialkylamines. For the first conclude that, in the HDN of linear alkylamines, elimination
two molecules the substitution can occur by an amine as well plays a minor role and that a reaction with the stoichiometry
as by HS, while for the trialkylamine only substitution by  of nucleophilic substitution can explain all observations.
H>S is possible. Portefaix et al. showed that m@xid atoms
led to a higher HDN conversion of piperidines [6,13]. We
showed, however, that the higher conversion of 2-methyl- 5. Conclusions
piperidine was not due to HDN but to dehydrogenation to
2-methylpyridine [14]. In fact, 2-methylpiperidine preferen- Our results show that the removal of the nitrogen atom
tially underwent ring opening to 2-aminohexane by C—N from alkylamines occurs mainly by a nucleophilic substitu-
bond cleavage of the-carbon atom that did not carry the tion of the alkylamine to an alkanethiol, which subsequently
methyl group. Thus, the extra thre&H atoms on this reacts to an alkene or alkane andSHd This makes sense
methyl group did notincrease the HDN conversion. To prove from the point of view of organic chemistry. The aliphatic
that this has nothing to do with the type of H atoms (on pri- C—N bond is strong and the amine group is thus a bad leav-
mary or secondary carbon atoms), we performed an HDN ing group. Also, an SH group is too weak a base to remove
experiment with 2-ethylpiperidine. Also for this molecule, the hydrogen atom from thg-carbon atom. As a conse-
with two extrag-H atoms on a secondary carbon atom, ring quence, Hofmann elimination of an alkylamine to an alkene
opening occurred mainly on the less sterically hindered side and ammonia is an unlikely reaction. Nucleophilic substitu-
of the piperidine ring. We take this as evidence that, also for tion, on the other hand, may very well occur with anSH
piperidine-like molecules, HDN occurs by nucleophilic sub- group, because it is a strong nucleophile [15,27]. Even the
stitution rather than by elimination, as is also the case for NHR group can act as a nucleophile. At the same time,
dihexylamine, which is a secondary amine like piperidine. thea-carbon atom in a-alkylamine is easily accessible for

A remaining question is how the nucleophilic substitution the nucleophile. Thus, nucleophilic substitution of theNH
of alkylamines takes place at the catalyst surface. Hydroxyl group of an amine by an SH group, leading to an alkanethiol,
and amine groups are very poor leaving groups in nucle- as well as by an NHR group (leading to disproportionation)
ophilic substitution [27,28]. Protonation of the amine group occurred readily. The much higher reaction rates of dihexyl-
or complexing with a Lewis acid group gives a better leaving amine and trihexylamine than the hexylamine might, on the
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