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Abstract

The heterogeneous catalyst consisting of [1,2-bis(salicylidene amino)-phenylene]-zirconium complex chemically bound on modified car-
bamate silica gel was synthesised and the reforming-loeéxane was studied in a rocking type batch reactor system. The isomerization
and cyclization ofn-hexane occurs in presence of this catalyst at low temperatures (12@)1@@th high conversion (72%) in an atmo-
sphere of nitrogen. The analysis of the reaction products suggests the occurrence of isomerization (forming 2-methylpentane (2-MP) and
3-methylpentane (3-MP)) and cyclization (forming methyl cyclopentane (MCP) and cyclohexane (CH)). There is no formation of dibranched
isomers and of aromatization reaction (forming benzene and toluene), dehydrogenation reactions (forming alkenes) and cracking reactions
(forming G,—Cs compounds).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2,2-dimethylbutane (2,2-DMB) and 2,3-dimethylbutane
(2,3-DMB)), dehydrocyclization (MCP and cyclohexane)
In recent years, catalytic reforming nfalkanes has been  and aromatization reactions (forming benzene and toluene).
gaining importance due to the restrictions imposed on the Traditional Pt/AbOs (working between 260 and 31&)
use of tetraethyl lead (TEL) as an additive for upgrading catalyst are prepared by physical absorption of salts of plat-
the octane number of gasoline. This reaction allows trans-inum on the alumina or zeolite support and by adding HF
forming n-alkanes (G-Cg) having low octane number, or HCI at the stage of catalyst formation are known to give
into isc-alkanes and dehydrocyclized products having con- higher hydrocarbon conversioj2]. The hydroconversion
siderably improved octane numbers. Commercially, these (i.e., reaction carried out in presence of)Hdf n-pentane
reactions are generally carried out in hydrogen environmentand n-hexane in presence of this catalyst leads to the
(15-70 atm) and the process is known as hydro-reforming. products formed by cracking, isomerization and dehydro-
The commonly used reforming catalysts are noble metal cyclization reactions and the yield ifo-alkanes increase
(Pt is the most common metal) supported on alumina and approaches close to equilibrium valdgk Platinum
which works in the temperature range of 350-5G0 on sulphated zirconia has been found to be active in alkane
[1]. The overall reaction fom-hexane for this catalyst isomerization in the temperature range 127-287and
has been shown to consist of four competing reactions, for n-hexane isomerization, the product formed consisted
viz. cracking (forming G-Cs compounds), isomerization of <Cg, dimethylbutanes and methylpentanes with high
(forming monobranched isomers 2-methylpentane (2-MP) selectivity for the isomerized products (80—100F). Bi-
and 3-methylpentane (3-MP) and dibranched isomers nary oxides of titanium and zirconium (having both acid
and base site) are also used as support and it was observed
mspondmg author. Tel91-512-2597195: that there. was a profound effect on the .specificity of vari-
fax: +91-512-2590104. ous reaction products formdd]. Bimetallic catalyst have
E-mail addressanilk@iitk.ac.in (A. Kumar). also been used in which the second metal (Re, Rh, Ir, Sn)
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is absorbed onto Pt/AD3 and this catalyst shows an im- The reaction mass was stirred at°4Dfor 6 h and the carba-
provement in the overall conversion fhexang?2,5]. The mate bound on the silica gel was confirmed by FTIR (aro-
Pt/Al,03 Sn/AlbO3 and Pt/Sn/AJO3 catalysts (Pd has also  matic —CH at 3025 cm!, —NH group at 1599 cmt, C=0
been used instead of Pt) have also been used in the reformat 1647 cnml). The extent of reaction (0.26 meq/g) was es-
ing of n-heptane and the addition of tin is known to enhance timated by determining the amine group concentration on
aromatization, inhibit hydrocracking and isomerization and silica gel using the standard butyl amine metijibd].
decrease coke formatid®,7]. The Pt/Sn/A}O3 has also
been modified by gold, iridium and palladium and tested 2.1.2. Preparation of zirconium compl§k5]
for n-octane reforming and the modified catalyst showed The complexing agent [1,2-bis(salicylidene amino)-
a slight increase in activit8]. The use of hydrogen form  phenylene] was prepared by the condensation reaction of
of zeolite, HMCM-22 catalyst (having no metal) and has o-phenylenediamine (11g, 0.1 gmol) with salicylaldehyde
been found to give more cracking products dunmigexane (24.5¢g, 0.2gmol) in absolute alcohol solvent (100 ml) for
reforming[9]. Among the solid super acids, sulphated zir- 3 h. After the completion of the reaction, a yellow precip-
conia (Lewis and Bronstead acid sites are present) has thdtate of the product was formed, which was filtered and
highest acid strength and isomerizebutane in presence of  dried. In the next step, this (3.0g, 9.5gmol) and zirconium
hydrogen taso-butane and-pentane taso-pentang10]. oxychloride (15 g, 0.046 mmol) was dissolved in acetonitrile
In this work, we have synthesised a zirconium metal (100 ml) solvent. The solution was then refluxed {80
complex with [1,2-bis(salicylidene amino)-phenylene] and for 2 h and after the completion of the reaction, an orange
bound it chemically to carbamate modified silica gel sup- colour precipitate of the zirconium complex was formed.
port. The catalyst thus prepared was found to work very The complex was washed several times with acetonitrile
well at mild reaction conditions (12C) in presence of  for purification and dried at 8@C. The IR spectrum of the
nitrogen giving an overall conversion of 72%. The prod- complex shows aromatic —CH group at 3053¢nand <
ucts formed were identified using gas chromatography—massC=N group at 1640 cm.
spectroscopy (GC-MS) analysis and was shown to consist
of 2-MP, 3-MP, MCP and cyclohexane suggesting that there 2.1.3. Preparation of modified carbamated silica
was no formation of dibranched materials in isomerization gel-supported zirconium complex catalyst
reaction and an absence of cracking, dehydration and aroma- The carbamate groups of the modified silica gel (209)
tization reactions. The catalyst demonstrates high specificity was reacted with dichloroethane (50 ml) by refluxing {60
and is more selective for isomerized products than cyclized it in presence of a Lewis acid, Znf£lcatalyst (5.0 mg,
products. 0.037 gmol) for 2h. The FTIR of the product showed the
alkyl group —CH at 2940 cnm? and the chloride group at
749 cnr! on the silica gel, confirming that the reaction has

2. Experimental section occurred. As a result of this reaction, the support material
(modified silica gel) now has —CI€H,CI groups possibly
2.1. Materials and methods attached to the phenyl and the secondary amine groups

of the carbamate and the chloride groups of these react
The n-hexane used in our study was obtained by frac- with the zirconium metal complex (formed in step (ii))
tionating the LR grade chemicals (Ranbaxy Chemicals, dissolved in acetonitrile. This was subsequently refluxed
India). The catalyst loaded with [1,2-bis(salicylidene (80°C) for additional 3 h to give the desired heterogeneous
amino)-phenylene]-zirconium complex has been synthe-[1,2-bis(salicylidene amino)-phenylene]-zirconium com-

sised[11] and the reaction steps are given below. plex chemically bound to the modified silica gel. The FTIR
of the catalyst shows aliphatic and aromatic —CH at 2935
2.1.1. Preparation of carbamated modified silica gel and 3025cm?, C=0O group at 1635cm!, —OH group at

Silica gel (20g) was washed with distilled water, then 3437 cnt! and C-N group at 1040 cmt and the absence
with acetone and dried at 6€ under vacuum. This was of the chloride group. If we represent hydroxyl group of
then refluxed with 50 ml of HCI (35%) in a flask for 4 h and the silica gel molecule as Si—OH, then the formation of the
the hydroxylated silica gdll2] was separated and washed catalyst can be written as shownhig. 1
with distilled water several times. Phenyl isocyanate (as con- To prove that the complex is chemically bonded to the
firmed by its IR and*C NMR) was prepared by the reaction modified silica gel, we have carried out similar reactions
of sodium azide (35 g, 0.538 g mol) with an equivalent num- with a lower homologue moleculg;butanol. In the first
ber of moles of benzoyl chloride (76 g, 0.54gmol) in dry step, phenyl isocynate is reacted withutanol and its FTIR
benzene medium (20 ml) aC with constant stirring. The ~ shows phenyl group —CH at 3035ct) aliphatic —Ch
reaction mass separates into two phases, the liquid phasegroup at 2940 cm!, —NH group at 1599 cm! and G=O
was filtered and was reacted with 20.0 g of silica gel. Phenyl group at 1647 cm. In the next step, it is reacted with
isocyanate reacts readily with hydroxyl and amine groups dichloroethane and its FTIR shows the presence of C1 group
([13], p. 686) and this is utilised in functionalizing silica gel. at 780 cnt1. The final step consists of binding the complex
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Fig. 1. Reaction scheme for the synthesis of [1,4-bis(salicylidene
amino)-phenylene]-zirconium complex chemically bound on modified sil-
ica gel support.

with the carbamatettbutanol compound and the FTIR of

the final product shows the reduction of the peak correspond-

ing to the C1 group, thus confirming the chemical binding
of the complex.

2.1.4. Catalyst characterization

The stability of the catalyst was measured by the thermo-
gravimetric analysis (TGA) using Stanton Redcroft instru-
ment at a heating rate of 2@/min under N atmosphere
and the catalyst was found to be stable upto ¥BG&nd
the complex breaking occurs at 382°&8 (Fig. 2). The
XRD analysis of the zirconium complex as well as the final
catalyst was carried out and it was found that both were

120

382.88°C

100~

80

Weight (%)

60+

40 ) 1 I | | L 1
200 300 400

Temperature (°C)

1
500 600

Fig. 2. Thermogravimetric analysis of the fresh zirconium complex catalyst
with heating rate 10C/min under N atmosphere.
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amorphous in nature and the complex was present on the
surface of the catalyst.

2.2. Reaction procedure

The reforming reactions were performed in a high-pressure
stainless steel batch reactor. An autoclave-rocking reactor
having capacity of 250 ml, gas delivery, and sampling line
was employed for the reaction. An on—off controller was
used for controlling the temperature with a chrome alloy
thermocouple for temperature sensing. The reactor was
initially charged with 100 min-hexane and 0.5g of cata-
lyst, then heated to the required temperature for the desired
residence time in nitrogen environment. The products ob-
tained after reaction were analysed by gas chromatography
(GC) using a capillary column fused silica capillary column
0.25mmx 50 m with flame ionisation detector and the gas
chromatography mass spectroscopy (GC-MS) was carried
out using a Shimadzu QP-2000 instrument. To find out if the
catalyst was free from metal leaching, a reaction was run,
the catalyst was filtered from the reaction mixture after 4 h
and the reaction mixture was left to react in identical con-
ditions in the absence of the catalyst for the same reaction
time. The overall conversion was monitored using the GC
before and after the catalyst was filtered out. As no more
conversions was observed after the removal of the catalyst,
we concluded that there was no leaching of the catalyst. As
a further confirmation, we determined the metal content of
the fresh catalyst as well as the one after 100 h of use, using
scanning electron microscopy (SEM) analysis. The metal
concentration was found to be 3.5% and was constant.

3. Results and discussion

The conversion and product distribution as a func-
tion of reaction time (2-12h) and reaction temperature
(120-190°C) were studied. The gas chromatograph of the
products of one of the runs (at 190 temperature and 8 h
reaction time) is given ifrig. 3and it shows a total of five
major peaks. The identification of these compounds has
been done by the GC-MS analysis and matching their mass
spectra with those given in the literature. Peak 1 has been
identified as 2-MP, peak 2 as 3-MP, peak 3 as hexane, peak
4 as MCP and peak 5 as cyclohexane. Adding pure compo-
nents to the product and taking its GC again further authen-
ticated these components. The results for the variation of
conversion of-hexane and selectivity of the products with
reaction time keeping the temperature constant at®@60
has been shown iRigs. 4 and Srespectively. It appears that
the reaction has almost attained equilibrium in less than 2h
as the conversion remains at a steady value % in the
time interval chosen for the study. The catalyst was found to
be more selective towards the formation of 2-MP, 3-MP and
MCP while cyclohexane was formed in considerably small
amount. Low selectivity of cyclohexane has been explained
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L O

Fig. 3. Gas chromatograph of the product mixture.

in Figs. 6 and 7 respectively. The conversion remains
at around 72% in the temperature range studied but the
amount of unidentified products increases at A@0ndi-
cating the possibility of cracking reactions occurring at and
beyond this temperature. It was also observed that there
is a little variation in the selectivity of the products in the
temperature range studied and a high conversion of 71.6%
was achieved at a low temperature of 220 In our earlier
study, we reported modified silica gel supporting cobalt cat-
alyst and we found that the selectivity of 2-MP and 3-MP
decreased while the selectivity of MCP and cyclohexane
increased with increase in the reaction temperature in the
temperature range studied (150-2Q) [16]. This result
is shown inFig. 6 using dotted lines. The silica embedded
t-butyldimethyl silyltriflouromethane sulfonate catalysts
have recently been reported and this catalyst (operating in
the temperature range 20-80) gave selectivity of 10.5%
to 2-MP, 6% to 3-MP, 42% to MCP and 41% to cylohex-
ane[17]. Cyclohexane (30.3%) and MCP (25.3%) were the
major products when reforming of hexane was done in pres-
ence of sulphated zirconia at 120 [18]. For this catalyst,
cracked products (7.3%) were also formed at this temper-
ature along with small amounts of monobranched (2-MP,
3-MP) and dibranched (2,2-DMB, 2,3-DMB) isomers.

In the commercial catalytic (Pt/AD3 or Pt/Rh/AbO3) re-

to occur because the adsorbed MCP requires high energyforming reaction the selectivity of the isomerization, cyclic
for transformation into cyclohexane. The study shows that and aromatic compounds are not high due to the formation
the selectivity of cyclohexane and MCP increases while of several cracking products and these reactions are carried
2-MP and 3-MP decreases with increase in reaction time. out at high temperatures (350-5@@) in presence of hy-

The variation of the conversion afi-hexane and se-

drogen gas. In case of our catalyst aromatization and crack-

lectivity of the products with temperature was studied in ing reactions do not occur as the reactions are carried out at

the temperature range 120-19D keeping the reaction

very low temperatures and only isomerized products (2-MP,

time constant (8 h) was studied and the results are shown3-MP) and cyclized products (MCP and cyclohexane) are
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Fig. 4. Effect of reaction time on the overall conversionneliexane.
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Fig. 5. Effect of reaction time on the selectivity of the products formed.

formed. Dibranched isomers were not formed as they are predominantly through simple bond shifts (through car-
generally formed at higher temperatures and the yield of the banion intermediate). In this regard, the formation of
isomerized products was greater than the yield of the cy- a,a,y-triadsorbed species (as in Anderson Avory Mech-
clized products at all temperatures and for all reaction time. anism) and adsorbed cyclopropane species (as in Muller
The high selectivity fom-hexane isomerization is a good and Gault mechanism) have been proposed for isomer-
characteristic of the reforming catalysts for production of ization. The metal-catalysed isomerization pfhexane
high octane value reformate containing less aromatic com-has been proposed to occur through &lsorbed cyclic
pound and the formation of isomerized products indicates mechanism. According to this, hexane first undergoes
the acidic nature of our catalyst. 1,5-dehydrocyclization and is then adsorbed on the metal
In metal-catalyzed isomerization low molecular weight site. Depending upon the ring cleavage, the branching may
hydrocarbons (gand G alkanes) undergoes isomerization occur at the second or third carbon of the chain. Other
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Fig. 6. Effect of reaction temperature on the overall conversion-béxane.
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Fig. 7. Effect of reaction temperature on the selectivity of the products formed by the Zr catalyst (solid line) compared with the Co catalyshéjlotted |

adsorbed species that have also been suggested in literature
are shown inFig. 8 [19] Isomerization progresses through
a bond shift as well as cyclic mechanism and with the in-
creasing molecular weight of the reactant, the contribution M \M
of the latter becomes more significant.
In the catalyst reported in this work, the potential site Cs adsorbed species 1,2,5 tri adsorbed species
of radical generation could be metal centered or ligand
centered[20]. Since the zirconium metal exhibits single
oxidation state, the isomerization reaction is likely to have
occurred at the terminal phenyl group of the ligand. The
analysis of the reaction products indicates that the iso-
merization reaction has occurred both by bond shift and
cyclic mechanism. A possible overall reaction observed

carbene alkyl species

in our experiment (consistent with literature) is shown in \M/ Na WA
Fig. 9. The acidity of the ligand site terminal phenyl group Dicarbyne surface
dicarbene species species

is enhanced by the complexation with zirconium and the
hexane carbonium ion is formed first which then undergoes Fig. 8. Probable surface intermediate in the isomerization mechanism.
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Fig. 9. Proposed mechanism for the reformingnefiexane.
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reactions through cyclization mechanism as well as bond In order to measure the acidity of the catalyst methods
shift mechanism. The branched isomers are produced byused are chemical titration, XPS, FTIR and thermal tech-
the bond shift mechanism while the cyclization mechanism niqueg21]. The temperature-programmed desorption (TPD)
gives rise to an adsorbed MCP species, which leads to theof ammonia is one of the methods belonging to the lat-
formation of MCP and cyclohexane. ter in which the acidity is measured through desorption of
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Fig. 11. FTIR of the complex before and after saturation with ammonia. The peaks marked with an arrow are the additional peaks due to ammonia
adsorption.
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ammonia with increasing temperature. In our experiment, involving the bond shift and cyclization of the adsorbed
0.1 g of the final catalyst was saturated with 1.5ml (intro- species.

duced in 15 pulses) ammonia into the flowing helium at

150°C. Fig. 10 gives the TPD and is seen to exhibit two

weak desorption peaks (at 117 and 2€2emperature) and  References
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