Available online at www.sciencedirect.com

C H JOURNAL OF
i SCIENCE@DIRECT° g MAC«)TIAELCY:LSJILSAR
SevaSlies A: CHEMICAL
ELSEVIER Journal of Molecular Catalysis A: Chemical 206 (2003) 363-370

www.elsevier.com/locate/molcata

The catalytic hydrogenation of adiponitrile to
hexamethylenediamine over a rhodium/alumina
catalyst in a three phase slurry reactor

S. Alini& A. Bottino?, G. Capannelfi*, R. Carboné&, A. Comite®, G. Vitulli €

@ Radici Chimica A, via Fauser 50, 28100 Novara, Italy
b Dipartimento di Chimica e Chimica Industriale, Universita di Genova, via Dodecaneso 31, 16146 Genova, Italy
¢ Dipartimento di Chimica e Chimica Industriale, Centro CNR Macromolecole Sereordinate ed Otticamente Attive,
Universita di Pisa, via Risorgimento 35, 58100 Pisa, Italy

Received 12 February 2003; received in revised form 25 March 2003; accepted 28 May 2003

Abstract

Adiponitrile was hydrogenated to hexamethylenediamine in a three phase stirred slurry reactor at 353 K and 3 MPa using
rhodium ony-alumina powder as a catalyst. Rhodium, with a very high metal dispersion, was deposited on the alumina
support using the metal vapour synthesis technique. The performances of this supported catalyst were compared to those
of one currently used in industrial processes (Raney Ni). The RBtatalyst showed interesting hexamethylenediamine
selectivity and adiponitrile conversion. Both the temperature and pressure positively influenced conversion and selectivity,
and under a certain pressure threshold the formation of hexamethylenediamine was negligible.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (ADN). Since the beginning of the 20th century, many
patents (not mentioned here), have been deposited
Hexamethylenediamine (HMD) is an industrial claiming to use either new catalysts or new processes.
intermediate used principally in the production of The ADN hydrogenation process is exothermic and it
aliphatic and semi-aromatic polyamides. Given the co- is carried out at high pressure and temperature. The
ntinuing expansion of the polyamide market, the need process pressure is related to the type of reactors used
for HMD is constantly growing. Global production (fixed-bed reactors or reactors working with the cat-
is estimated at around 1.2 Mt per year and an annual alyst in suspension). Fixed-bed processes generally
increase of 1-2% is foreseen up to 2010, according require high pressure, ranging from 20 to 60 MPa,
to the forecast market growth of polyamides 6,6. while for processes where the catalyst is suspended
The most common industrial route used to produce the applied pressure is lower (from 1 to 10 MPa).
HMD is the catalytic hydrogenation of adiponitrile The process temperature depends on the catalyst, the
reactant phase (gas or liquid) and the solvent used.
mpondmg author. Tels39-010-353-6197: Typical temperatures employed are between _363 and
fax: +39-010-353-6199. 423 K[1,2] and the reactors are not generally isother-
E-mail address: capannel@unige.it (G. Capannelli). mal. The processes involving the highest temperatures
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and pressures are affected by high energy consump-support in the partial hydrogenation of ADN was se-

tion and large volumes of ammonia needed to both lective to ACN and they attributed the low presence

direct the reaction selectivity towards the production of secondary amine to the basicity of the support.

of HMD and to minimise the formation of undesired Nevertheless, the nature of different supports needs
high molecular weight compounds. In the processes to be further investigated. The metal dispersion effect
using milder temperatures and pressures, the prob-on the catalytic activity has not yet been investigated

lems encountered are principally due to the nature of for the liquid phase hydrogenation of ADN.

the catalyst, which has to be very active since bland Recent studies have been carried out in the gas
operating conditions are applied. phase using supported catalysts with the double objec-

Promoted Co, iron oxide and Raney Ni are among
the principal catalysts proposed by the many differ-
ent patents written on this subject (according to their
different operating conditions).

The Raney Ni and Co catalysts are widely applied
in the hydrogenation of ADN, but have low mechani-
cal resistance, are pyrophoric and it is difficult to com-
pletely remove them from the process fluid.

Despite the industrial importance of ADN hydro-
genation, there are very few scientific publications
dealing with this topic and the main source of data

tive of reducing the operating pressure to atmospheric
pressurgll,14-20]and operating without a solvent.
However, the selectivity to HMD has so far been un-
satisfactory (maximum value: 65%) compared to that
of the liquid phase processes. The catalyst also very
rapidly deactivated.

This work gives preliminary results on the hydro-
genation of ADN to HMD with the aim of individuat-
ing a non-pyrophoric opportunely supported catalyst
that can improve process safety, be carried out in the
liquid phase process under mild operating conditions

and information on this process are patents. Over the and give performances that are comparable to Raney
last 10 years, studies concerning various aspects, fromNi-based catalysts. A supported catalyst could be
the reaction kinetics to the mass transfer phenom- capable of carrying out this process in a fixed-bed re-
ena involved in the ADN hydrogenation catalysed by actor by simplifying the reactor design. Of all the cat-

Raney Ni, have been investigated by the CNR®1fh

Poulenc laboratory “three phase catalytic reactors” us-

ing both a mechanically agitated slurry batch reactor
and a slurry bubble reactf3—7].

Supported catalysts for the hydrogenation of the
nitrile group are based on the use of Co, Ni, Fe and

alyst tested, the rhodium-based catalyst was prepared
using the metal vapour synthesis (MVS) technique.

2. Experimental

precious metals (Ru, Rh, Pt and Pd), but the ma- 2.1. Catalysts

jor product obtained in the hydrogenation of nitriles
strongly depends on the catalyst ug@d11] Volf

and Pasel8], reviewing the catalytic hydrogenation
of the nitrile group, indicated that Ni or Co were
the best choice of catalysts in producing primary
amines, while Rh was suggested if high selectivity

The Rh-based catalyst was prepared using the
MVS techniqug21,22] A solution of Rh and mesity-
lene was used to saturate the powders of a com-
mercial y-Al203 (Al203 type 49, Chimet, Italy). A
metal-mesitylene solution at 233K was placed into

to secondary amines was desired. Nevertheless, othercontact with the alumina powders and heated to room
factors have to be taken into account to explain the temperature where the solution was unstable. This

particular selectivity of a metal catalyst: solvent polar-
ity, the type of nitrile and the presence of an alkaline
or ammonia environment, etc. Some authid®] are
trying to hydrogenate ADN to HMD using nanopar-
ticles of rhodium embedded in polyvinylpyrrolidone
and from their preliminary results high selectivity
to aminocapronitrile (ACN) has been found, which
could be consecutively hydrogenated to HMD. Mares
et al. [13] found that Rh on a high area magnesia

technique did not require calcination.

The Ru/AbO3 catalyst was prepared by impregna-
tion of y-Al,03 (Cat. No. 19,996-6, Aldrich) from
an acid solution (pH 4) of Rugl(Cat. No. 20,852-3,
Aldrich). The catalyst was then dried, heated at 573 K
in a nitrogen atmosphere and finally reduced at 323K
by a 0.1 M sodium borohydride solution.

Other commercial catalysts were used in their origi-
nal state. Raney Nickel (Rarf2400, Grace Davison,
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USA) was employed as an example of an industrial
catalyst, since it is supplied specifically as a cata-
lyst for the industrial production of hexamethylene-
diamine. Pt/A}O3 was purchased from Aldrich (Cat.
No. 20,596-6) and Pd/C was supplied by Engelhard
(Escat 111).

2.2. Catalyst characterisation

The atomic absorption technique (Spectra 55B, Var-

ian) was then used to evaluate the metal concentration

that had been previously dissolved using “aqua regia”
(a 3:1 mixture of concentrated HCI and HNQcon-
centrated HCI, or sulphuric acid.

As shown in the results, only the Rh catalyst gave a

365
Table 1
Operating conditions generally used if not specified otherwise
Stirrer speed (rpm) 120-140
Reaction volume (ml) 46
ADN concentration (mol/l) 0.97-3.9
Solvent: ethanol (99.9% grade) (ml) 40
Temperature (K) 353

Hydrogen pressure (MPa) 3

Reaction time (h) 2-4.5

Catalyst loading () 1.4 (Raney Ni); 3.5
(supported catalysts)

catalyst was then activated at 323 K for 2 h by fluxing
Ho into the reactor. ADN was next introduced and the
reaction medium basified with sodium hydroxide. The

comparable performance to the Raney Ni catalyst and réactor was heated to the reaction temperature and
for this reason further characterisations were carried finally a constant hydrogen pressure was established

out with this one only.
To obtain information on the catalyst morphology,

in the reactor (this corresponds to the beginning of
the reaction). A very small sample of the mixture

the samples were observed through a scanning elec-Was taken at the beginning, the middle and the end
tron microscope (SEM, Leo Stereoscan 440), equipped Of the reaction. The reaction samples were analysed

with an EDX probe (Ge probe, Link Oxford, UK) and a

by using a HRGC (Autosystem, Perkin-Elmer) with

back-scattering probe (Backscattering Centaurus, UK) & capillary column (SPB-1, 50m, Alltech) and a

for chemical composition analysis. Before the SEM

FID. The internal standard method was used to give

observations, the samples were coated by evaporationd quantitative response.

with 20 nm of carbon to give electron conducibility.
The dimension of the Rh particles on the alumina
was evaluated through a Transmission Electron Mi-

croscope (TEM, Jeol Jem 2010, Japan) equipped with

an EDX probe (Si—Li probe, Link Oxford, UK) for
semi-quantitative analysis. The samples for TEM ob-

3. Results and discussion

All the catalyst supported on ADs were found
to have the same weight percentage of active metal.

servations were prepared on Lacey carbon grids from a Table 2is a summary of some comparisons of the

dispersion of the finely ground catalyst in isopropanol.

catalyst used. As can be seen, catalysts generally

The specific surface area was calculated using the used for hydrogenation reactions do not selectively

BET method[23] and the average pore size and pore
dimension distribution was evaluated using the BJH
method[24]. Both methods used the nitrogen adsorp-
tion/desorption isotherm at 77K (ASAP 2010, Mi-
cromeritics, USA).

2.3. Activity tests

The hydrogenation reactions were carried out
in a stainless steel stirred batch reactor (miniclave
drive-bmc dr, Bichi, Germany) with a vessel volume
of 100 cn?. The operating conditions used in the dif-
ferent tests are shown ifable 1 First, the solvent

hydrogenate ADN to hexamethylenediamine in the
temperature and pressure conditions of the Raney Ni
catalyst. Pt/A}JO3 reached a high conversion in the
same conditions as Raney Ni and the main product
formed (ACN) was due to the hydrogenation of one
of the two C=N groups of ADN. Other products with

a high molecular weight were also present. The Pd/C
catalyst gave unsatisfactory results both in conversion
and selectivity to HMD. Literature reports that Pt and
Pd behave similarly in the hydrogenation of aliphatic
nitriles of low molecular weight, producing mainly
tertiary amineg$8,9,20] On the Ru/A}Os catalyst the
selectivity to the intermediate compound ACN was

and the catalyst were loaded into the reactor and the very high (about 95%) but the conversion obtained
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Table 2

Catalysts used and their catalytic performance after a reaction time of 2h at 353K and 3MPa

Catalyst Metal loading (wt.%) Conversidio) HMD selectivity (%) Average specific activify(umols 1g=1)
Raney 2400 - 100 76 10.7

Rh/Al,O3 1 100 48 77.0

Pt/Al,03 1 86 0 20.0

Ru/Al;03 1 5 0 6.6

Pd/C 5 0.3 0 13.0

. initial ADN moles— final ADN moles
a2 ADN conversion%) = ifial ADN Toles x 100
HMD moles formed »
initial ADN moles— final ADN moles
ADN moles converted

time x mass of catalyst

b HMD selectivity (%) = 100

¢ Average specific activity=

was low. Among the various catalyst examined after porous structure with an average pore diameter of
2 h of reaction Rh/AlO3 had given the best perfor- 8.9nm. SEM pictures showed that the alumina gran-
mance in terms of both conversion and selectivity ules had a spherical shape and were similar in di-
when compared to Raney Ni. Moreover, its average ameter (30-5@.m). Very small white spots (with
specific activity was higher than that of the industrial a dimension of about im) on the catalyst gran-
catalyst Raney Ni. Ryland¢®] reports that Ru/AlO3 ules were visible using the back-scattering technique
was effective for the hydrogenation of ADN when (Fig. 1). These spots had a higher concentration of
a pressure of about 17.5MPa and a temperature ofrhodium. TEM analysisKig. 2) showed that the alu-
423K is applied. However, these are very different mina surface was completely coated by very small
conditions to those used by us. In the butyronitrile hy- dark dots, which through the EDX probe resulted
drogenation at 383K and 2.4 MPa, Ru supported on as being rhodium aggregates. These particles were
NaY was selective to primary amine (conversien distributed over the whole alumina surface and were
89%, selectivity= 67%, reaction time= 2 h) while almost all less than 1nm, thus showing very high
with the Rh/NaY catalyst the selectivity to primary metallic dispersion (nearly equal to 1, considering
and secondary amines (about 44 and 51%) was com-that the mean Rh—Rh bond in the bulk metal is equal
parable (conversior= 93.8%, reaction time= 2h) to 0.269nm). A high metal dispersion was present
[20]. For the hydrogenation of ADN, a Rh/MgO cat- since the deposition MVS technique employed skips
alyst (' = 373K, P = 5.1 MPa, solvent= THF) was the calcination step where sintering can occur.
very selective to ACN, but as conversion increased, Fig.3shows ADN depletion and the ACN and HMD
HMD was formed from ACN and no other products formation over the reaction time at 353K and 3 MPa,
were present in considerable amouf8]. It seems using the Raney Ni and the RhA&Ds catalysts. From
that even through Ru catalysts are effective in the these results, it seems that the reaction occurs through
formation of primary amines, they require higher tem- a consecutive reaction pathway, as show@éheme 1
peratures than those used by us. On the other handwhere the semi-hydrogenated product (ACN) passes
a Rh catalyst (as seen in the results above) could bethrough a maximum and then reduces to nearly zero
used to achieve higher ADN conversion and HMD when hydrogenation is completed, with the HMD as
selectivity when using opportune operating conditions the final major reaction product.
(in detail, temperature and reaction time). The results obtained by us with the Raney Ni were
Since the Rh/AlO5 catalyst showed interesting fea- very similar to those found by other authors, who
tures when compared to Raney Ni, its characteristics have also found that the kinetic data for this cata-
and catalytic behaviour were studied in greater depth. lyst can be interpreted with the Langmuir—Hinselwood
From the adsorption/desorption analysis, the alu- mechanism based on the simple consecutive reactions,
mina supporting rhodium was found to have a meso- ADN — ACN — HMD [3,5].
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Fig. 1. Back-scattering micrograph of a granule of the RHDAI catalyst.

While for the Raney Ni catalyst the total conver- the rhodium-based catalyst can also give HMD as its
sion of ADN is about the same as the total selectiv- main product.
ity of HMD, in the case of the Rh/ADs catalyst the Table 3summarises the results of the catalytic runs
total conversion of ADN gives nearly equal concen- carried out at different temperatures on both the Raney
trations of ACN and HMD. When the process (in the Ni and the Rh/A}O3 catalysts. A greater temperature
adopted operating conditions) is given sufficient time, gave a higher conversion of ADN and the selectivity
to HMD increased at the expense of ACN. For the
Rh/Al;O3 catalyst (after 4.5h of reaction at 3 MPa),
ADN had completely disappeared at all the tempera-
tures studied, while the HMD concentration grew as
the temperature increased until reaching a plateau. The
maximum temperature used in our experiments was
always less than those used in literature.

The effect of the pressure on the selectivity and
conversion of the two catalysts is reportediable 4
The higher the hydrogen pressure, the higher the con-
version of AND is. ACN selectivity increases until it
reaches a certain pressure. Beyond this pressure, the
selectivity to ACN then decreases with HMD becom-
ing the main product. The Rh/AD3 catalyst gave a
very good performance in terms of HMD selectivity
at 3MPa.

On the basis oScheme lvery reactive aldimines
could be formed as well as producing a variety of
undesired by-product8,11]. Chromatographic anal-
yses showed that the by-product hexamethyleneimine

Fig. 2. TEM micrograph of the RhAD; catalyst. The arrows ~ WasS always _present with the Rh_b«_’S catalyst. A
show two rhodium particles. limited quantity of hexamethyleneimine formed when
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Fig. 3. Composition vs. time for the Raney Ni and RWAI,Os3 catalysts at 353K and 3MPa: (@) ADN, (¢) ACN, (ll) HMD.
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Scheme 1.
Raney Ni was used in the same operating condi- tween the HMD amino group and the aldimine imino
tions as Rh/Al,03. Other by-products with a higher group.
molecular weight than HMD also formed. These Finally, in the best conditions for the two catalysts,
by-products derived from secondary sum reactions be- HMD productivity was about 6.8Kgnump/KOcatalyst
Table 3
The effect of temperature on conversion and selectivity for the Raney Ni and Rh/Al;O3 catalysts at 3MPa
Catalyst Reaction time (h) Temperature (K) ADN conversion (%) ACN selectivity (%) HMD selectivity (%)
Raney® 2400 2 323 85 62 13
2 338 95 38 54
2 353 100 14.4 76
2 373 100 0 100
Rh/AI,03 45 337 100 45 53
45 343 100 12 86
45 353 100 7 90

45 363 100 5 92
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Table 4

The effect of pressure on conversion and selectivity for the Raney Ni and Rh/Al,O3 catalysts at 353K

Catalyst Reaction time (h) Pressure (MPa) ADN cornversion (%) ACN selectivity (%) HMD selectivity (%)
Raney® 2400 2 0.3 35 343 0

2 12 77.3 85 14.3

2 3 100 14.4 76
Rh/AI,O3 45 1 39 134 0

45 2 53 22.7 13

45 3 100 7 90

for Raney Ni and 1.4kgnmp/KQcatalyst for RW/AIZOs.
However, it is also worth noting that, in terms of metal
mass, the amount of Rh used was 47 times lower than
that of Raney Ni.

4. Conclusions

A supported catalyst, Rh/Al,03, was found to be
effective for the ADN hydrogenation in very mild
operating conditions. Moreover, Rh/AI,03 is not py-
rophoric, since metallic Rhisinertin air, at room tem-
perature [25]. Therefore, using Rh/Al>O3 instead of
Raney Ni could improve safety of an ADN hydrogena-
tion process. The RhAI,O3 catalyst gave comparable
conversions and selectivity to those of Raney Ni in the
operating conditions studied, but a greater amount of
catalyst and more time are required.

Rh as a potential catalyst for the complete hy-
drogenation of ADN has aready been suggested by
Rylander [9] when used in the form of hydroxide or
with Pt promoted by LiOH. Considering this and the
results obtained, its good performance could be dueto
the use of an opportune reaction medium (in our case
an akaline environment, made by adding sodium hy-
droxide) and the relatively low temperature empl oyed.
The MVS technique alows for an almost atomic dis-
persion of the metal on the support, as highlighted
by TEM analysis. Nevertheless, deposition using the
MV S technique needs to be optimised to give a more
homogeneous distribution of these small rhodium
particles over the whole alumina support. The low
productivity of the Rh/Al,O3 catalyst could be im-
proved by increasing the metal amount on the support.
However, this could affect metal dispersion and no
indications to the ‘structure sensitivity’ of the ADN

hydrogenation in aliquid phase on supported catalysts
are known. Since Rh is currently valued at about US$
420/oz (correct at May 2003), it is better to make sure
it is well dispersed on the support, in order for it to
be an economically advantageous industrial solution.
Further investigations are currently underway to en-
hance the performance of the catalyst by increasing
rhodium loading without losing metallic dispersion.

Finaly, the type of by-products obtained for the
Raney Ni and Rh/AI,O3 catalysts are different and
when using the Rh/Al,O3 catalyst the purification pro-
cess of the reaction products should be simpler.
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