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Abstract

The gas phase dehydration of hexan-1-ol, hexan-2-ol and cyclohexanol (47B K 573 K) has been studied over Nay,
HY and Ni/NaY zeolites and the action of each has been compared with a commercially available 13% w/w Naficort&iO
posite. The Ni exchanged zeolite and Nafion catalysts exhibited a high selectivity in terms of alkene formation. Condensation
to generate the respective ether represented a secondary process that was not promoted to the same extent. Reaction over the
Nafion sample was characterised by an initial increase in conversion with time that can be linked to a gradual swelling of the
polymeric matrix by water produced in the dehydration step. Reduction of the Ni/NaY zeolites in flowing hydrogen generated
surface Brgnsted acidity that has been characterised by IRcN&Mmisorption and iodometric titration. Dehydration activity
in the case of NaY and Ni/NaY was directly proportional to acid site concentration and there was little dependence on acid
site strength. The effect of reaction time, temperature and gas space velocity on activity/selectivity is presented and discussed.
Catalysis over the zeolites was accompanied by appreciable deactivation due to coke formation that was also dependent on
surface acid site concentration. A high carbon (up to 50% w/w) content was recorded for the spent zeolites but the presence of
nickel metal served to limit the deposition of highly amorphous carbonaceous species. The applicability of a reductive regen-
eration of the used zeolites is considered. Carbon monoxide chemisorption/desorption and TEM/SEM analysis have revealed
weak interaction(s) between the Ni crystallites and the aluminosilicate support. An appreciable growth of the supported nickel
particles during catalysis was detected and is quantified. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction ronment is susceptible to further reaction. In order to
circumvent this eventuality, the alcohol is generally
The catalytic dehydration of alcohols to the re- reacted as a halide or in a sulphonated form [2—4]. A
spective ethers and/or alkenes is assuming increasingless aggressive and more direct “alcohol to alkene”
importance as a synthetic methodology. The direct route would certainly fill a commercial need. Ethers,
dehydration of an alcohol to an alkene is problematic as the alternative products are also highly desirable
in that highly acidic reaction conditions are required commodities as oxygenate fuel additives [5,6]. The
[1] and the alkene that is generated in such an envi- dehydration of alcohols, both in the gas and liquid
phase, has been promoted using a variety of catalysts
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reaction can proceed in the absence of a catalyst asAs a model system, we have studied the influence of

demonstrated by Chénedé et al. [1] but a catalytic
route that offers high selectivity to the desired prod-
uct(s) is a far more cost effective approach.

The dehydration of alcohols and the reverse (hydra-

Ni loading on the catalytic action of Ni/NaY in the gas
phase dehydration of¢traight, branched and cyclic
alcohols. The action of a fully protonated HY zeolite
and a commercially available Nafion/Si@omposite

tion) reaction have been used to assess catalytic acid-have also been assessed for comparative purposes.
ity in both homogeneous and heterogeneous systemsThe effect of varying such process variables as reac-

[5,9,20-22]. A loss of activity has been ascribed to
a poisoning by both the product (water) [23] and al-
cohol reactant [24]. Ballantine et al. [25] studied the
liquid phase dehydration of alcohols (at 473 K) over
montmorillonite catalysts and concluded that primary
alcohols underwent preferential intermolecular dehy-
dration to cede dialkyl ethers in high yields while sec-
ondary alcohols favoured the formation of the alkene
via a facile intramolecular dehydration pathway. The
conversion of both methanol and ethanol [26,27] over
alumina yielded the dialkyl ether (and water) as the
major product(s) where an increase in reaction tem-

tion temperature and contact time is considered, cata-
lyst deactivation and regeneration are addressed while
a comprehensive programme of catalyst characterisa-
tion, before and after reaction, has been conducted in
an attempt to link the observed activities/selectivities
to the nature of the surface acid and metal sites.

2. Experimental
2.1. Catalyst preparation and activation

The zeolite catalysts were prepared by ion ex-

perature induced alkene formation. The consensus ofchange of a Linde LZ-52Y aluminosilicate that has

opinion is that, over solid catalysts, lower reaction

the unit cell composition given in Table 1. In order to

temperatures favour the formation of the ether while obtain, as far as possible, the homoionic sodium form
the alkene is preferred at higher temperatures [5,22]. the zeolite as received was contacted five times with
Solid acid catalysts that have found use in dehy- 1moldnT3 NaNQ; solutions. The Ni/NaY samples

dration and related processes include sulphonated ionwere prepared by exchanging 20 g of the parent NaY
exchange polymeric resins [2—4,28], sulphonated zir- with 200 cn¥ of 0.1 mol dnT3 Ni(NO3), at 373+ 2K
conia [29] and zirconium phosphate [30]. Nafion is a where the suspension was kept under constant agita-
perfluorinated sulphonic acid resin, characterised as ation (600 rpm). The system was allowed to equilibrate
highly acidic medium but with the limitation of having  for 48 h at which point the zeolite was separated by fil-

a low surface area [4,5,31,32]. In order to utilise the
inherent high acidity of Nafion, the polymer can be
dispersed on an amorphous silica matrix. Heidekum
et al. [33,34] have recorded high activities and selec-
tivities in the (demanding) acylation of aromatics over

tration, washed with hot deionised waterq30 cn?),
oven-dried at 363 K for 24 h and stored over saturated
NH4Cl at room temperature. The Ni and Na contents
were determined (to withint2%) by atomic ab-
sorption spectrophotometry (VarianSpectra AA-10).

a 13% w/w Nafion/SiQ (SAC-13) composite. The Higher Ni loadings were achieved by repeated ex-
application of zeolitic materials, such as H-ZSM-5 change and the unit cell compositions of the three Ni
[17,35,36] and X and Y faujasites [18,20,21] in both exchanged zeolite samples employed in this study are
the protonated and indigenous alkali forms has also given in Table 1. It can be seen that Ni exchange was
been reported. Alcohol dehydration over transition accompanied by a minor degree of decationation as a
metal exchanged zeolites has, by comparison, receivedresult of hydronium ion exchange. The exchange pro-
scant attention in the literature. The balance between cedure is described in much greater detail elsewhere
acidic and basic functions in alkali exchanged zeolites [39-41]. The hydrated zeolite catalyst precursors,
is known to have a significant impact in organic re- sieved in the 200-150m range were activated by
arrangement reactions [34,37,38]. We examine, here, heating at 10 Kmin® in 100cn?min~1 dry 20%

the interplay between zeolitic metal and acid sites v/v Hy/He to 723 K, maintaining this temperature for
in controlling catalytic dehydration and consider the 16 h. The ammonium form was prepared by repeat-
possible contribution that the steric restrictions im- edly refluxing 20 g of the parent NaY with 200 ém
posed by the uniform microporous structure can play. 0.5 moldntT3 NH4NOs solutions as above; the acti-
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Table 1
Unit cell composition of the parent NaY zeolite, the protonic form and the three Ni exchanged samples

Sample Unit cell composition Ni w/w (%) (hydrated) Ni w/w (%) (dehydrated)
NaY Nasgt (AlO2)sg™ (SiOz)134:XH20 - -

HY Hsg™ (AlO2)sg™ (SiOz)134-XH20 - -

Ni/NaY-A Niso?t Hos™ Naszst (AlO2)s58~ (Si0O2)134-XxH20 1.9 2.5

Ni/NaY-B Ni10_42+ H1_2+ N335_0+ (A|02)58_ (Si02)134~XH20 3.4 4.7

Ni/NaY-C Niz412" Hio" Napgs™ (AlO2)ss™ (SiOz)134XH20 6.4 8.9

vated protonic form is given in Table 1. The activated in conjunction with the JCL6000 (for Windows) data
catalysts were cooled to reaction temperature in the collection and manipulation package. The injection of
Hz/He mixture and the system thoroughly flushed in CO was repeated until the downstream peak area was
dry He (100cmmin~! for 1h) before the alcohol  constant, indicating a surface saturation with CO. The
reactant was introduced. A 13% w/w Nafion/S$i0 sample was thoroughly flushed with 100&min—1
(SAC-13) composite, supplied by Dupont Fluoro- dry He for 1 hto remove any physisorbed CO. The cat-
products was activated by heating at 5K minin alyst then underwent a temperature ramp (25 Kthjn
100 cn? min~1 dry He to 413K which was held for  in 75 cn? min—1 dry He to 1073 K with the exiting gas
4 h before reverting to the reaction temperature. stream passing through the on-line TCD, allowing a
continual monitoring of the CO TPD profile. The cata-
lyst bed temperature was independently measured and
calibrated using an on-line data logging system (Pico
The water content of the hydrated catalyst precur- Technology, model TC-08). Upon completion of the
sors was measured by thermogravimetric/differential CO TPD sequence, a series of calibration test peaks
scanning calorimetry (TG/DSC); the samples were were taken at ambient temperature to quantify the CO
ramped (5 K mirm!) to 873K in dry Nb. The degree of uptake/release; reproducibility was better thaB%.
Ni2* reduction was determined by iodometric titration High-resolution transmission electron microscopy
as described in detail elsewhere [39] and the surface (HRTEM) analysis was carried out using a Philips
Brgnsted acidity was assessed by infra-red analysisCM20 TEM microscope operated at an accelerating
[40]. Surface acidity was also probed by pEdsorp- voltage of 200kV. The specimens were prepared by
tion at 373 K, employing the TG/DSC technique. Fol- ultrasonic dispersion in butan-2-ol, evaporating a drop

2.2. Catalyst characterisation

lowing an in situ activation at 723 K the sample was
cooled to 373K and the TG and DSC signals were
stabilised before introducing 100 ml pulses of NH
into a Nb stream; the injection of Nglcontinued at

of the resultant suspension onto a holey carbon support
grid. The particle size distribution profiles presented
in this study are based on a measurement of over 500
individual particles. Analysis by scanning electron

regular intervals until no change in sample weight was microscopy (SEM) was conducted using a Hitachi
observed. The weight increase associated with the ad-S700 field emission SEM, operated at an accelerating
sorption of NH; was used to calculate the concentra- voltage of 25kV, where the sample was deposited on
tion of surface acid sites while the measured enthalpy a standard aluminium SEM holder and coated with
of ammonia adsorption (DSC analysis) gave a close gold.

approximation of the average strength of the accessible

acid sites. Room temperature CO chemisorption was 2.3. Catalytic reactor system

employed to characterise the supported nickel metal

sites where the catalyst was cooled, following the re-  All catalytic reactions were carried out under at-
duction step, to 298 K in He and a fixed volume (il mospheric pressure, in situ immediately following the
of CO was pulsed into the He carrier gas where the activation step, in a fixed bed reactor over the tem-
concentration of CO exiting the reactor was measured perature range 473K T < 573 K. The catalyst was
using an on-line thermal conductivity detector (TCD) supported on a glass frit and a layer of glass beads
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above the catalyst bed served as a preheating zoneagain independently monitored (Pico data logging sys-
ensuring that the reactants reached the reaction tem-tem) and compared to that of the programmed reactor
perature before contacting the catalyst. The reactor temperature; temperature deviations due to the carbon
temperature was monitored continuously by a thermo- gasification reaction of up to 40 K were recorded. All
couple inserted in a thermowell within the catalyst bed; the gases (He (99.99%), 20% v/voMHe (99.99%)
catalyst temperature was constant to withif K. A and 5% v/v Q/He (99.9%)) were supplied by BOC
Model 100 (kd Scientific) microprocessor controlled and were dried by passage through activated molec-
infusion pump was used to deliver the alcohol reactant ular sieves. Hexan-1-ol (>99%), hexan-2-ol (99%),
feed via a glass/PTFE gas tight syringe and PTFE line hex-2-ene (>98%) and cyclohexanol (99%) were ob-
at a fixed, calibrated, rate. The alcohol vapour was car- tained from Aldrich Chemicals and used without any
ried through the catalyst bed in a stream of dry He, the further purification. An activated carbon (Darco G-60)
flow rate of which was monitored using a Humonics and a graphite sample (synthetic powder), supplied
(Model 520) digital flowmeter. The catalytic measure- by Aldrich Chemicals were demineralised in dilute
ments were made &//Q = 0.038gcnT3h, where mineral acid to remove any metallic impurities before
W represents the weight of anhydrous catalyst@d use as model carbon materials in the TPO studies.

is the inlet liquid volumetric feed rate; the overall gas

hourly space velocity (GHSV) was varied in the range

7 x 10P-14x 103h~1, A set of standard reaction con-

ditions were chosen to assess the activity/selectivity 3. Results and discussion

of each catalyst and the reactivity of thg &lcohols,

i.e. T = 523K; W/Q = 0.038gcnT3h; WHSV = 3.1. Characterisation of the freshly activated

11x 10 h. The product stream was analysed by on-line catalysts

capillary chromatography using an Al Cambridge

GC94 chromatograph equipped with a split/splittess  The DSC profiles generated for the parent NaY, the
injector and a flame ionisation detector, employing a three nickel exchanged samples and the SAC-13 com-
DB-1 50 mx 0.20 mm i.d., 0.33vm capillary column posite are shown in Fig. 1; the pertinent thermogravi-
(J&W Scientific); data acquisition and analysis were metric features are given in Table 2. The water content
performed using the JCL 6000 package. The gaseousof NiNaY increased with increasing Ni loading due to
stream was sampled at regular intervals by means of the preferred Nit octahedral co-ordination to sixJ@

a heated gas-sampling valve and all interconnecting molecules in the hydrated unit cell. The elimination
tubing was maintained at elevated temperatures to en-of water from Ni rich zeolites occurred in two distinct
sure that no condensation of either reactants or prod- steps and the two peaks observed for Ni/NaY-B and
ucts occurred prior to analysis. Selectivit$4) in Ni/NaY-C can be attributed to a loss of water from
terms of produck is defined asn,/myq x 100, where the zeolite framework (low temperature peak) and to
m, is the number of moles of in the effluent stream  that associated with the Rii cations (high tempera-
andmyg; represents the total number of moles of prod- ture peak). The higher temperature dehydration peak
uct. The dehydration reaction was monitored until the was only observed at higher Ni loadings and the peak
zeolite displayed detrimental signs of deactivation at intensity increased with increasing exchange. While
which point the zeolite was subjected to a reductive an increase in Ni content was accompanied by a dis-
regeneration step. This step involved ramping the de- cernible shift in thel\,ax for the low temperature peak,
activated sample at 10 K mik to 723K in a 20% v/v all significant water loss had occurred by 523 K. A
H»/He mixture and maintaining this temperature for small weight loss was observed at 788K in the case
16 h. The nature of any carbonaceous deposit was ex-of Ni/NaY-B and Ni/NaY-C that can be attributed,
amined by temperature programmed oxidation (TPO). based on the work of Lai and Rees [42], to a ther-
A 100 mg sample of a demineralised, deactivated cat- mally induced dehydroxylation. The SAC-13 is char-
alyst was ramped (10 K mirt) to 1248 K in a 5% v/v acterised by a much lower thermal stability and, in
O2/He mixture. The products evolved were analysed marked contrast to the zeolitic materials, an increase
by on-line TCD and the catalyst bed temperature was in temperature 600 K was accompanied by an appre-
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Fig. 1. The DSC profiles of the hydrated NaY, Ni/NaY and SAC-13 composite.

ciable additional weight loss due to a deformation of
the supported polymer as noted by Harmer et al. [31];

three dimensional networks of cavities: the accessible
supercages of i.d. 1.3 nm which are linked by sharing

the associated weight loss roughly approximates the rings of 12 tetrahedral (free diameter0.7—0.8 nm);
Nafion polymeric content. In these studies, the use of the less accessible sodalite units which are linked

SAC-13 to promote alcohol dehydration at 523 K, even

through adjoining rings of 6 tetrahedral which form

for prolonged periods did not have any adverse effects the hexagonal prisms (free diameter0.20-0.25 nm).

on the thermal stability of the polymeric resin. Sim-
ilar results were reported by Samms et al. [43] who
found that sulphonic acid groups were only removed
at temperatures >553 K.

The Linde Y zeolite used in this study is charac-
terised by two independent, though interconnecting,

Table 2
Thermogravimetric analysis of the zeolite and Nafion catalyst
precursors

Sample Weight loss (%) at Tmax (K)
selected temperatures
523K 873K
NaY 23.8 251 380
Ni/NaY-A 24.6 25.4 374
Ni/NaY-B 245 26.0 375, 440, 788
Ni/NaY-C 24.7 27.1 386, 440, 788
SAC-13 5.1 211 326

The hydrogen reduction of the nickel-exchanged ze-
olites generates protons according to the equilibrium
[39,40]

NiZt —Z+H,=Ni°—zZ+2H" - Z

where Z represents the zeolite phase. Two surface
hydroxyl groups (Brgnsted acid sites) are generated
for each reduced divalent Ni. The degree ofNi
reduction was determined by an iodometric titration
methodology that has received a full treatment else-
where [39] and the results are recorded in Table 3. The
percentage reduction of the Ni component decreased
with increasing loading, i.e. reduction was retarded
with increasing proton concentration forcing the above
redox equilibrium to the left. Under the stated reduc-
tion conditions, Nit was reduced to Niand there
was no evidence of a partial reduction to'NB9]. The
structural hydroxyl groups generated during reduction
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Table 3 acid site concentration and a marked enhancement of

Degree of Nf* reduction based on iodometric titrations and acid site strength. A further increase in the level of

mfra—rgd analysis and the unItC.e”(UC)dISFI’IbUtIOI‘I of the Brgnsted nickel exchange resulted in a decrease in the aver-

acid sites that are generated in the zeolite large cages (LC) and . . . .

small cages (SC) age site strength but a corresponding increase in the
acid site concentration. Indeed, the acid site concen-

tration calculated from NEluptake matches roughly

Sample N+ reduction (%)

lodometric Infra-red  LC HF/UC SC H/UC the values inferred from the titremetric and spectro-
titration _ analysis scopic analysis. Acid site strength in Ni exchanged Y
Ni/NaY-A 83 78 7.8 <0.1 zeolites has been shown to depend on metal loading
Ni/NaY-B 65 68 11.6 25 :
40,48] where the well-shiel mall roton
NI/NaY-C 57 o 16 e [40,48] where the well-shielded small cage protons

exhibit lower acid strengths [48]. The greater propor-
tion of inaccessible Brgnsted acidity in Ni/NaY-B and
Ni/NaY-C results in lower average acid site strengths.
generated two infra-red bands [40]: a high frequency The activated anhydrous SAC-13 composite is charac-
band vibrating in the range 3650-3630chtharac-  terised by a lower concentration of acid sites than even
teristic of OH groups that project into the large cavi- the parent NaY zeolite while the acid strength is less
ties and are readily accessible to incoming reactant than that associated with the Ni/NaY samples. How-
molecules; a low frequency band vibrating in the range ever, in an aqueous environment the Nafion compo-
3550-3530cm?! associated with protons located at nent is known to undergo swelling [4,31], enhancing
oxygen in the hexagonal prisms that are not easily ac- acid site accessibility. The average acid strength and
cessible. From a consideration of the data presentedconcentration in SAC-13 were both observed to in-
in Table 3, it is evident that the protons are sited pre- crease when determined in an aqueous medium. This
dominantly in the more open supercages. At higher effect is of considerable significance in dehydration
metal loadings the additional protons that are gener- applications as any water generated as a by-product
ated locate in less accessible sites. THe Neduction will interact with the Nafion leading to a swelling of
(%) values inferred from the IR band intensities are in the matrix and increase the number and strength of
good agreement with those determined by titremetric available acid sites.

analysis (see Table 3). The acidic nature of these cat- Carbon monoxide chemisorption was employed as
alysts was also probed by monitoring the energy and a means of characterising the supported metal sites.
weight changes associated with Blildhemisorption  Under the stated treatment conditions, there is ample
to yield an estimate of the average acid site strength evidence in the literature [50] that CO adsorbs asso-
and concentration [44-47]; the results are presentedciatively on Ni, predominantly in a 1:1 stoichiome-
in Table 4. The parent NaY zeolite possesses a smalltry. No CO adsorption was recorded on the activated
number of acid sites that are weakly acidic. The ex- NaY sample and uptake on Ni/NaY can be positively
change of 10 N& ions per unit cell in Ni/NaY-A with attributed to the presence of Ni metal. The amounts
5 Ni?* ions resulted in a significant increase in the of CO adsorbed on the Ni/NaY samples are given in

Table 4
Characterisation of the acid site strength and concentration by diiEemisorption (at 373 K) on the activated zeolite and SAC-13 catalysts
Sample Average site strength Acid site concentration
(kI mot NHs) (mmol gt catalyst)
NaY 14 1.0
Ni/NaY-A 117 2.1
Ni/NaY-B 99 3.7
Ni/NaY-C 76 45
SAC-13 (activated) 67 0.2
SAC-13 (activated and pre-swollen) 78 0.5

aStrength and acid site concentration determined in aqueous phase using a simple amine.
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Table 5 [55]. Hu and Ruckenstein [56] attributed CO desorp-
Uptake of CO at 298K and inferred nickel metal dispersion for tion from a Ni/MgO catalyst occurring & < 473K
the three activated Ni/NaY catalysts to species that are molecularly adsorbed on smooth

Sample CO adsorbed (mmol/g Ni) Dispersion (%)  crystal planes while a recombination of dissociatively
Ni/NaY-A 13.3 9 adsorbed C and O species on stepped Ni surfaces gen-
Ni/NaY-B 7.0 4 erated a peak at 730K. Arena et al. [49] reported a
Ni/NaY-C 5.7 3 CO desorption shoulder at 856 K and linked this to the

reaction between unreduced NiO and dissociated CO.
The CO TPD profiles are presented in Fig. 2 where
Table 5 and can be seen to decrease (Rgrwith an desorption, in each case, occurred in two steps, i.e. a
increase in metal loading, a feature indicative of the low (<723 K) and a high temperature (>873K) des-
formation of larger metal crystallites. Indeed, the in- orption. There was no appreciable CO desorption from
ferred degree of nickel dispersion is low and decreased any of the zeolite catalysts below 573 K indicative of
at higher Ni content. Temperature programmed des- strongly bound CO which is diagnostic of a relatively
orption (TPD) of CO has been used to some effect weak Ni/zeolite interaction. As the total CO uptake
in characterising supported metal catalysts [49-53]. on Ni/NaY-A was low the resultant desorption pro-
The desorption of CO from supported Ni has been re- file has been magnified to facilitate a direct compari-
ported to generate a small shoulder in the desorption son with the other profiles. At higher Ni loadings the
profiles (not observed in this study) at 303K which low temperature desorption peak increased in inten-
was ascribed to CO on the bridging sites while any sity and is resolved into two components in the case of
higher temperature desorption peaks can be related toNi/NaY-C. It is clear that a greater proportion of the
the removal of CO that interacts with one Ni site only CO held on Ni/NaY-A desorbed at the higher temper-
[52]. The nature of the metal/support interaction(s) can ature suggesting a stronger interaction with CO than
significantly affect the chemisorptive properties of Ni is apparent for Ni/NaY-B or Ni/NaY-C. Itis generally
[54] where, for instance, supporting Ni on Tidas agreed that the CO desorption temperature is sensitive
been shown to decrease the strength of CO adsorptionto changes in the electronic structure of the supported
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Fig. 2. The CO TPD profiles for the activated Ni/NaY catalysts.
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Fig. 3. Particle size distribution profiles of freshly reduced Ni/NaY-A (cross-hatched dats3 nm), Ni/NaY-B (open bars/ = 37 nm)
and Ni/NaY-C (solid bars¢ = 38 nm).

metal [50]. The greater contribution of the high tem- to the external surface. On relatively thin areas of
perature peak to the TPD profile for Ni/NaY-A can be samples prepared for TEM, metal particles deposited
attributed to an electron enrichment of the Ni particles at pore mouths and within the zeolite cage structure
due to the higher concentration of electron donating could be distinguished. There is, however, a smaller
Na ions in the aluminosilicate framework. internal metal component that can contribute directly
The Ni particle size distribution was determined to the catalytic process. Typical TEM images of the
by transmission electron microscopy (TEM) and the freshly activated Ni/NaY-A and Ni/NaY-B are pro-
resultant histograms are presented in Fig. 3. Each vided in Fig. 4a and b, respectively; selected area elec-
zeolite is characterised by a wide distribution of par- tron diffraction confirmed that the Ni particles were
ticle sizes that is more marked in the case of the crystalline. The Ni crystallites are congregated along
two higher loaded samples. Moreover, an increase in the edges of the zeolite structure and have a rounded
nickel content was accompanied by an increase in the morphology, indicative of weak metal/support inter-
surface weighted mean particle sizd;(the values action as inferred from the CO TPD patterns. Scan-
are included in the caption to Fig. 3. The majority of ning electron microscopy analysis (SEM) highlight
the metal particles are far too large to be accommo- the pertinent topographical features of the zeolite
dated within the crystalline lattice and are anchored catalysts and a representative micrograph is shown in
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© (d)

Fig. 4. (a) The TEM micrograph illustrating the morphology of the Ni crystallites on the surface of a freshly reduced Ni/NaY-A, (b)
the TEM micrograph illustrating the morphology of the Ni crystallites on the surface of a freshly reduced Ni/NaY-B, (c) the TEM
micrograph illustrating the morphology of the Ni crystallites on the surface of Ni/NaY-B after use in the dehydration of hexan-1-ol at
523K; W/Q = 0.038gcnr3h; GHSV=11x 10®h™1, (d) the TEM micrograph illustrating the morphology of the Ni crystallites on the
surface of Ni/NaY-B after use in the dehydration of cyclohexanol at 52KQ = 0.038gcnm3h; GHSV =11 x 103h~ 1.

Fig. 5a. The geometric structural features associatedto 37nm in the case of Ni/NaY-B. This deviation
with zeolite Y are readily apparent while the nature of in size can be attributed, in part, to the method of
nickel metal dispersion on the surface is also evident. sample preparation where a coating of the specimen
The particle size distributions derived from SEM im- with a thin layer of gold to avoid sample charging
ages were consistently higher than those generatedmay serve to partially obscure some of the surface
from the TEM treatment, e.gl = 52nm as opposed metal.
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500 nm

Fig. 5. (a) The SEM micrograph depicting the topographical features of freshly activated Ni/NaY-B, (b) the SEM micrograph depicting
the topographical features of Ni/NaY-B after use in the dehydration of hexan-1-ol at 523 K.

3.2. Catalytic dehydration genation of isopropanol over alkali metal exchanged
X and Y zeolites. The degree of conversion was ob-
The conversion of hexan-1-ol over all the activated served to decline with time-on-stream as shown in
catalysts generated hex-1-ene, hex-2-ene, hex-3-eneFig. 6; hexan-1-ol conversions, at two selected times
1,1-dihexyl ether, hexanal and hexane as products. The(0.5 and 4 h), over freshly activated and regenerated
formation of alkenes involves a protonation of the al- samples are listed in Table 6 for comparative purposes.
cohol by the surface Brgnsted acid sites, a slow dis- Del Castillo and Grange [60] observed a decline in
sociation into a carbonium ion and a fast expulsion butan-1-ol conversion over a Ti montmorillonite clay
of the hydronium ion to form the alkene. It is typical due to coking. Deactivation of zeolites is typically
in dehydration reactions for one isomeric form of the due [61,62] to the retention of products from side re-
alkene to predominate and, from a consideration of actions in the narrow internal pore structure, which
reaction equilibrium constants [57], hex-2-ene is the occlude the active sites from the incoming reactant.
thermochemically preferred isomer. The generation of In the case of acid catalysis, the rapid accumulation
hexyl ether is the result of a condensation reaction in- of coke has been associated with unsaturated hydro-
volving, from the standpoint of conventional organic carbons that readily undergo bimolecular reactions to
chemistry [58], nucleophilic substitution with the pro- generate detrimental carbonaceous residues [62]. As
tonated alcohol as substrate and the second hexan-1-oklkenes represent primary products in this particular
molecule as the nucleophile. The catalysts used in this system the formation of carbonaceous deposits on the
study generated the symmetrical 1,1-dihexyl ether as, zeolite and the subsequent deactivation is not surpris-
by far, the major ether product but trace amoufits<( ing. Deactivation or inhibition of dehydration reac-
0.1%) of the unsymmetrical 1,2-ether were also de- tions has also been attributed by Thornton and Gates
tected. The conversion of hexan-1-ol over the parent [24] and Ballantine et al. [25], to a hydration of the

NaY resulted in a low fractional conversior) (pri- surface Brgnsted acidity by the water that is produced.
marily to hexanal but 1,1-dihexyl ethef (< 15%) The HY sample, in comparison with the parent NaY,
was also detected in the product stream where realised a considerably higher fractional conversion

1h. Jacobs et al. [21,59] similarly noted a dehydro- but underwent appreciable deactivation over the first
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Fig. 6. Fractional conversiorx of hexan-1-ol with time on stream over HY>), NaY (#), Ni/NaY-A (@), Ni/NaY-B (H), Ni/NaY-C
(A) and SAC-13 [0): T =523K; W/Q = 0.038gcnT3h; GHSV= 11 x 10°h~1. Inset: relationship between dehydration rate and acid
site strength and concentration, symbols as above.

80 min on-stream; dehydration was primarily to hex- sites involved in promoting the alcohol condensation
enes with a low selectivity<5%) in terms of ether  step. The predominant product over Ni/NaY-B was
formation. again the thermodynamically favoured hex-2-ene with
The Ni/NaY samples all exhibited appreciably an initial selectivity in excess of 50% that fell slightly
higher activities than the parent NaY and again a with time as the formation of the ether increased (see
marked decline in conversion with time-on-stream Fig. 7b). In contrast to Ni/NaY-A, the formation of
was observed (see Fig. 6). The preferred product over hex-3-ene was preferred over hex-1-ene while the pro-
Ni/NaY-A was hex-2-ene with a selectivity (ca. 40%) duction of 1,1-dihexyl ether was not initially favoured.
that was largely time invariant, as illustrated in Fig. Under the same reaction conditions, hex-2-ene, when
7a. Initially, the formation of 1,1-dihexyl ether was used as the feedstock, underwent isomerisation pri-
equivalent to both hex-1-ene and hex-3-ene but ether marily (S > 69%) to hex-3-ene with hex-1-ene as a
production dropped with time-on-stream to such an secondary product. Given the mismatch of product se-
extent that only trace quantities were isolated in the lectivities from the hexan-1-ol feed where hex-2-ene
product after 5h. This decline in ether formation co- was a major product, it is unlikely that the ultimate
incides with the overall loss of activity (see Fig. 6 and alkene product selectivity arose from a subsequent
Table 6), diagnostic of a selective deactivation of the isomerisation but rather as a direct product of alcohol
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Table 6

Fractional conversionxj of hexan-1-ol over the freshly activated and regenerated zeolite and Nafion catalysts at (i) 0.5h and (ii) 4h:
T =523K; W/Q =0.038gcm3h1; GHSV=11x 10°h~?!

X

HY NaY Ni/NaY-A Ni/NaY-B Ni/NaY-C SAC-13

0) (it) 0] (i) 0] (ii) 0] (it) 0] (ii) 0) (it)
Reaction 1 0.22 0.14 0.03 0.01 0.17 0.11 0.28 0.14 0.26 0.09 0.58 0.42
Regeneration 1 0.20 0.08 0.01 0.01 0.12 0.09 0.17 0.09 0.15 0.04
Regeneration 2 0.13 0.03 0.13 0.03
Regeneration 3 0.11 0.03

dehydration. This result is in keeping with the work of again characterised by a loss of activity (Fig. 6) and

Lombardo et al. [63] who concluded that dehydration the product distribution was very similar to that deliv-

was promoted to a far greater degree over zeolites ered by Ni/NaY-B. The drop in activity as a function

than isomerisation. Dehydration over Ni/NaY-C was of time-on-stream can be quantified by extrapolation
to the initial value using the empirical relationship

5 (a) X = Xinitial €XP(—a1)
w0 b where the coefficientx is a measure of the de-
gree of catalyst deactivation. The order of decreas-
30 ing initial fractional conversion Xyitia), under the
stated standard process conditions, follows the se-
20 qguence: HY(0.42) > Ni/NaY-C (0.37) > Ni/NaY-B
(0.33) > Ni/NaY-A (0.20) > NaY (0.03). The ze-
10 olite (Ni/NaY-A) that possessed the strongest acid
sites, albeit fewer in number, realised a lower activity
X 0 than the catalyst (Ni/NaY-C) possessing the lowest
:‘; 0 50 100 150 200 250 300 350 400 acid strength but highest. concgntration Qf site; (see
5 Table 4). Indeed, there is a direct relationship be-
s (b) tween dehydration rate and acid site concentration as
2 revealed in the inset to Fig. 6 while an increase in
5 M acid strength was not necessarily accompanied by a
higher rate. This suggests that strong acid sites are
40 not a prerequisite to catalyse this reaction, an asser-
30 tion that finds support in the work of Jacobs [12].
Stronger acid sites may in fact be detrimental in that
20 SRl AL catalyst deactivation is typically more extreme over
10 highly acidic samples [62]. This is also the case in this
0 study where the deactivation coefficieat,increased

! 1 PR B 1 1 1 1 PR

in the order: NaY (9x 10~*min™!) < Ni/NaY-A
0 50 100 150 200 250 300 350 400 (33X 10—4 min—l) < Ni/NaY-B (SOX 10—4 min—l) <
Time (min) Ni/NaY-C (58 x 10~*min~1). The conversion of
i - . . . hexan-1-ol over Nafion was characterised by an initial
Fig. 7. Product selectivity as a function of time for the conversion . ducti iod wh . tivity i d. foll d
of hexan-1-ol over (a) Ni/NaY-A and (b) Ni/NaY-B: hex-1-ene Induction perio W er(_aln actvi y_mcrease ! oflowe
(®), hex-2-ene [(J), hex-3-ene {\) and 1,1-dihexyl ether(): by a gradual decline in conversion (see Fig. 6); the
W/Q = 0.038gcn3h; T = 523K; GHSV=11x 10°h~2. Nafion/SiQ composite delivered significantly higher
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Table 7
Product selectivity in terms of hexene($hdxend formation over the freshly activated and regenerated zeolite and freshly activated Nafion
catalysts at (i) 0.5h and (ii) 4Hf = 523K; W/Q = 0.038gcn3h; GHSV=11x 103h™1

Shexenes)a

HY Nay® Ni/NaY-A Ni/NaY-B Ni/NaY-C SAC-13

@ (i) 0 (ii) @ (i) @ (ii) @ (ii) 0] (ii)
Reaction 1 91 >99 0 0 65 90 86 82 82 80 91 95
Regeneration 1 90 >99 0 0 56 88 83 80 90 92
Regeneration 2 76 78 85 94
Regeneration 3 72 76

aHex-1-ene+ hex-2-ene+ hex-3-ene.
b Hexanal and 1,1-dihexyl ether are the only products.

fractional conversions (see also Table 6). The pres- dehydration activity over activated clays with surface
ence of water vapour as a product can serve to solvateBrgnsted acidity where the clays with the highest level
the polymeric Nafion particles that then swell making of acidity realised the lowest selectivity in terms of
previously inaccessible sites available to the alcohol alkene formation. In this study, each Ni/NaY, the fully
reactant. As this swelling effect is time dependent, protonated HY and SAC-13 catalyst all preferentially
this may explain why the SAC-13 sample does not promoted the formation of alkenes and this selectivity
exhibit the dramatic loss of activity associated with was maintained after the reductive regeneration.
the zeolites in that the detrimental effect of any coke = The dehydration of cyclohexanol over NiNaY-B un-
deposition is counterbalanced to some degree by ader the same standard conditions yielded cyclohexene
freeing of active sites through swelling. The Nafion as the predominant produc§ (>~ 90%) with cyclo-
resin has been observed to be an inefficient catalysthexane only detected over the first 1.5h on-stream.
for reactions where the conditions do not favour a Catalysis over the zeolite samples was again charac-
swelling of the polymeric framework [34,64]. This terised by a time dependent deactivation; ¢healue
phenomenon is highlighted in Table 4 where the acid (see Table 8) for Ni/NaY-B was more 10 times greater
site concentration in the activated and preswollen than that recorded for the dehydration of hexan-1-ol.
SAC-13 composite was more than double that of the The regenerated catalyst again delivered a lower initial
activated but dehydrated sample. activity than that recorded for the fresh sample. Cruz
The reductive regeneration employed in this study Costa et al. [30] also reported that, at similar reaction
was only effective in partially restoring activity (see temperatures, cyclohexene was the dominant product
Table 6). With each successive regeneration/reaction over a zirconium phosphate catalyst. Since cyclohex-
cycle, the overall conversion was observed to decline anol possesses an equatorial C—-OH bond, a perpen-
albeit to a noticeably lesser degree after the first cycle dicular approach to the catalyst surface is favoured
of regeneration/reuse. Catalyst regeneration studiesover a flat orientation as the less sterically hindered
were limited to the zeolitic materials due the ther- route to the Brgnsted acid sites. Cleavage of the C-O
mal instability of the Nafion composite at elevated bond yields a carbocation intermediate that undergoes
temperatures. A progressive catalyst deactivation was further rearrangement yielding cyclohexene. Dicyclo-
typically accompanied by an increase in hexene(s) se- hexyl ether formation has been reported by Chatterjee
lectivity (see Table 7), i.e. as a general observation the et al. [67] (bentonite clay) and Olah et al. [5] (Nafion);
sites responsible for alcohol condensation were more at no time was any ether product isolated in the exit
prone to deactivation. It is generally agreed [21,65,66] stream from the zeolite and SAC-13 catalysts. The
that dehydration selectivity is dependent on the nature conversion of the secondarys @lcohol, hexan-2-ol,
of the surface acidity. Kooli and Jones [65] and Del yielded an initial dehydration rate that was signifi-
Castillo and Grange [60] correlated primary alcohol cantly higher than that recorded for hexan-1-ol (see
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Table 8

Initial fractional conversion Xita1) Of three G alcohols over freshly activated and regenerated Ni/NaYfB= 523K; W/Q =
0.038gcm3h; GHSV=11x 10°h~1

Hexan-1-ol Hexan-2-ol Cyclohexanol

Xinitial 10® o (min~1) Xinitial 10® o (min~1) Xinitial 10® o (min~1)
Freshly activated 0.33 5 0.46 16 0.71 53
Regenerated 0.19 11 0.28 10 0.34 13

Table 8). In synthetic organic chemistry, it is well es- The effect of varying reaction temperature on the
tablished [58] that alcohol dehydration follows a reac- time dependent hexan-1-ol conversion is shown in
tivity sequence, tertiary- secondary> primary, that Fig. 8. The extracted initial dehydration rate incre-
represents the decreasing rate of carbonium ion forma-ased with increasing temperature fror@ 8 10-4 mol

tion. The symmetrical 2,2-dihexyl ether was the only min~tg=1 (473K) to 18 x 10 3molmin1g-?!
appreciable ether product and hex-2-ene was again the(573 K). This increase in activity was also accompa-
favoured alkene isomer. The dehydration of the sec- nied by a greater degree of deactivation as the value
ondary alcohol was characterised by a greater degreeof « was raised from 473K (% 10~4min1) to

of deactivation and a higher alkene/ether ratio than that 573K (11x 10~3min~1), i.e. concomitant with the
recorded for hexan-1-ol. The alcohol to ether route is increase in initial dehydration rate at elevated temper-
known [25,68] to be effective only with primary alco- atures was the increase in coke deposition leading to
hols and elimination to form alkenes is the principal deactivation. The effect of temperature on the initial
reaction that occurs with secondary and tertiary alco- alkene/ether product ratio is illustrated in the inset to
hols. Fig. 8 where the progressive shift to selective alkene
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Fig. 8. Time dependant fractional conversiom) (of hexan-1-ol over Ni/NaY-B at 473K H), 523K (A) and 573K @):
W/Q = 0.038gcnt3h; GHSV =11 x 10°h~1. Inset: effect of temperature on the initial alkene/ether product ratio, symbols as above.
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Fig. 9. Time dependant fractional conversioi ¢f hexan-1-ol over Ni/NaY-B at GHSW 56x 10° h~1 (@), 83x10°h~1 (A), 14x 103 h~1
(0) and 11x 13 h~1 (®): T =523K; W/Q = 0.038gcn3h.

formation with increasing reaction temperature is treatment to ensure that gasification of carbon was not
clearly evident. This phenomenon finds support in catalysed by any residual Ni. Under identical reaction
earlier studies using liquid [68] and solid [5,22] in- conditions the carbon content of NiNaY decreased in
organic acids where elimination to yield the alkene the order: Ni/NaY-C (40% viw) > Ni/NaY-B (28%
was observed to predominate at high temperatures.w/w) > NiNaY-A (12% w/w) > NaY (3% w/w).
Altering the GHSV and, consequently, the contact This sequence follows that of decreasing acid site
time also had an impact on activity where an increase concentration (see Tables 3 and 4), indicating that
in GHSV was accompanied by a drop in conversion coke formation, in common with dehydration activity
as shown in Fig. 9; the associatggiia values fell is dependent on the number rather than strength of
from 0.63 to 0.26. The drop in initial activity was available acid sites. There is a direct link between
more pronounced at GHS¥ 11 x 10°h~! and at carbon content in the used zeolites and the magni-
lower velocities dehydration activity was essentially tude of the deactivation coefficients quoted above
constant. Such an increase in conversion at greaterwhich supports the contention that deactivation is the
contact times in the case of a microporous catalyst result of a carbonaceous lay down that occludes the
can be attributed, at least in part, to pore diffusional active sites. The main dehydration reaction and coke
constraints. Alterations to the GHSV did not result in formation can be viewed as parallel processes. The
any appreciable change to the selectivity patterns anddegree of coke deposition was dependent on the reac-

alkene formation was consistently dominant. tant/reaction conditions and carbon contents of up to
50% w/w were recorded for the deactivated zeolites.
3.3. Characterisation of the used catalysts Selected TPO profiles are provided in Fig. 10, tak-

ing Ni/NaY-B as a representative catalyst. The TPO
The nature of carbon deposition in the deacti- profiles of amorphous and graphitic carbon were also
vated zeolites was probed by means of temperaturegenerated as benchmarks against which the catalyti-
programmed oxidation (TPO) where the original Ni cally generated carbon can be compared; the charac-
metal content was removed by a demineralisation teristic Tmax Values are included in Table 9. It is well



318 C. Park, M.A. Keane/Journal of Molecular Catalysis A: Chemical 166 (2001) 303-322

15000

14000

12000
11500
11000
10500
10000

Intensity (a.u.)

9500
9000
8500

Intensity (a.u.)
1\

S5 LB 2 e e |

8000
7500
7000

6500[’_|HII=L11||| L P TS NN TN SN TR S N S S S S N T
650 700 750 800 850 900 950 1000

Temperature (K)

Fig. 10. The TPO profiles generated from a sample of Ni/NaY-B after 8h on stream (I), following regeneration (ll), one cycle of
regeneration and reuse (lll) and three cycles of regeneration/reuse (IV): hexan-1-ol feedstecl§23K; W/Q = 0.038gcm3h;
GHSV = 11 x 103 h™1. Inset: the TPO profiles generated from deactivated Ni/NaY-C (V) and HY (VI).

Table 9
Summary of the TPO data generated from deactivated/regenerated Ni/NaY and model carbon materials
Catalyst/reactant Tmax (K) Carbon content (%)
Ni/NaY-B/hexan-1-ol Deactivated no regeneration 831 37
Regenerated 822 12
1 Regeneration/reuse 827 28
3 Regenerations/reuses 821 25
GHSV=56x 10°h~? 884 30
GHSV=11x 10°h™! 831 37
GHSV=14x 10°h~? 882 48
Ni/NaY-B/cyclohexanol Regenerated 823 19
Ni/NaY-C/hexan-1-ol Regenerated 830 40
HY/hexan-1-ol Deactivated 596, 795 15
Amorphous carbon 821

Graphite 1141
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established that an increasing order in carbon struc- Table 10

ture, i.e. a move from an amorphous to a graphitic Surface weighted mean nickel particle sizésdf freshly activated
nature is accompanied by an increase in the temper- ?;/dQ“ieg Ol\;gac\:ﬁ%ahmgzsé\‘;efdlsltﬁggeﬁ?'l'c";T =933K
ature at which gasification is initiated [69]. The TPO i i

profile (1) generated from Ni/NaY-B that had been on Sample d (nm)

stream for 8 h (at which point dehydration activity had Freshly reduced Used
dropped by a factor of 4) is characterised by a broad I ==~ 8 12
peak that bears two shoulders. The lower temperature \inay-B 37 46
shoulder (ca. 773K) is indicative of a highly amor- Ni/NaY-C 38 49

phous structure while the higher temperature shoulder
(ca. 908 K) suggests the presence of a more ordered
carbon. A regeneration of Ni/NaY-B yielded a profile
(I where the oxidation maximum was shifted to a
lower temperature and the shoulders observed prior identified in the Fig. caption. Zeolite supported Ni
to regeneration are no longer present. Regenerationis known to be highly mobile and can readily sin-
served to remove deleterious coke deposits, particu-ter to form larger metal particles on the external
larly the “more ordered” form(s). Upon reuse of this surface [72,73]. Moreover, an increase in reaction
regenerated catalyst the resultant TPO profile (lll) temperature also served to increase further the aver-
was dominated by a broad peak with no distinguish- age particle size (see Table 11). As the Ni crystallites
able shoulders. The TPO profile (IV) associated with in the freshly activated samples do not display any
a Ni/NaY-B sample that had been through three cy- of the classical signs of strong metal/support in-
cles of regeneration/reuse is likewise extremely broad teraction, an increase in reaction temperature must
with no secondary peak(s) or shoulder(s). The residual raise the mobility of these crystallites leading to
carbon that remained after the regeneration did block the observed particle growth. Representative TEM
active sites available on the freshly activated sample images of Ni/NaY-B after use in the dehydration
with a resultant decrease in both dehydration activity of hexan-1-ol and cyclohexanol are shown in Fig.
and the formation of a more ordered carbon deposit. In 4c and d, respectively. In addition to the increase
keeping with the results presented, here, Larsen et al.in the Ni particle size, the crystallite morphology
[70], when studying the dehydration of low-molecular was also subject to change in that the particles
weight alcohols, observed that Y zeolites were more adopted a more defined geometrical shape. This re-
likely to form greater amounts of “harder” coke than construction was observed for all reactions involving
was the case with tungstated zirconia. The coke de- both primary and secondarygCalcohol reactants
posited on HY gave a TPO profile dominated by two regardless of the process conditions. A represen-
distinct Tax values (see Table 9) that were both lower tative SEM of a used zeolite catalyst is shown in
than the values generated for deactivated Ni/NaY. In- Fig. 5b wherein the growth of Ni crystallites during
deed, a direct comparison of the TPO profiles for HY catalysis is again in evidence. The clustering of Ni
and Ni/NaY-C in the inset to Fig. 10 clearly shows particles around the pore mouth openings suggests
that the presence of Ni limits the lay down of highly a migration of Ni from intracrystalline locations.
amorphous carbon. It has been shown elsewhereA restructuring of Ni surfaces during chemisoption
[71] that the presence of Ni metal can prolong zeo- of organic molecules is well documented [74,75].
lite lifetime by hydrogenating/dehydrogenating coke The migration of Ni particles on a zeolite substrate
precursors and so inhibit carbon deposition. was observed by Gallezot et al. [76] to be depen-

The average Ni particle size increased in every dent on the nature of the adsorbed molecules and
instance after the dehydration reaction: the observedon the degree of hydration of the zeolite framework.
change in particle size is recorded in Table 10. The It is possible that the water generated in this reac-
progressive shift in size distribution to larger val- tion resulted in a rehydration of the zeolite lattice,
ues with extended catalyst use is well illustrated by which induced a degree of mobility of the metal
the histograms in Fig. 11; the mean Ni diameter is crystallites.



320

N
o

SN T R B—
R
aved
X R

-
oo

.|
[
16 1
% (<)
c 14 2 K
=R k L]
© il
b X
E] kM 13
c srallsalis I
—— 2 £ K K]
sl Wl
@ 10 il [
= M R [ K
3] B K SS g5d
[t ] 4 ol <]
— b S 1
< k] KRR M
= 8 KL KPT <
© WL N 5% P0%8
KOEE K e BCHT T BICH
o RPT LTI B! B
RSP BT el il B
o 6 DUT . g S04 % ey
X a5 st e
XL ESSEE ISP T
(X33 B oot
| a e e B
4 RSEE KL et K
RSP TR IS P
[5ond P KX
oy e PP
S < e
oy e uy
2 RPT L) PO
e N R
T A
HEC TR TR T
[P P ) 8%
0 e g s S s
o8 led RSP B
k2 e
) & B
0 £
T Yo S
Y N w
S = D e B Ty
=) - L VT F 9
7o) 4 o — ! ) w
o . O o = — I
- o =T
N L o = ) ©
N ® B o 5
(a0] w0
<t <F

Particle Size (nm)

C. Park, M.A. Keane/Journal of Molecular Catalysis A: Chemical 166 (2001) 303-322

-
B

R RIS
A AN S LR AL LA

o

PRRK,

50.01-55
70.01-75
75.01-80
80.01-85
85.01-90
90.01-95
95.01-100

Fig. 11. Particle size distribution profiles of freshly reduced Ni/NaY-B (cross hatched dbats37 nm), Ni/NaY-B after 8 h on stream
(solid bars,d = 46 nm) and NiNaY-B after three cycles of regeneration/reuse (opendat$H1 nm); feedstock= hexan-1-ol;7 = 523 K;

W/Q =0.038gcnm3h; GHSV=11x 13h L.

Table 11

Variation in the surface weighted mean nickel particle sieof
Ni/NaY-B with increasing reaction temperature in the dehydration
of hexan-1-0;W/Q = 0.038gcnT3h; GHSV=11x 13h™?!

Reaction temperature (K) d (hm)
Freshly reduced 37
473 40
523 46
573 49

4. Conclusions

Reduction of N§t cations supported on NaY gen-

(with hex-2-ene as the predominant isomer); conden-
stion to form 1,1-dihexyl ether is a secondary reaction.
Dehydration activity is a function of the number of
available surface Brgnsted acid sites rather than acid
strength. An increase in the Ni content raised the frac-
tional conversion due to the accompanying increase in
acid site concentration and the highest loaded Ni/NaY
delivered comparable conversions to a fully proto-
nated HY. The Ni/NaY and Nafion based catalysts
all promoted the preferential production of hexenes
from hexan-1-ol and the alkene/ether ratio in the
product stream was raised at elevated temperatures.
The dehydration of hexan-2-ol yielded 2,2-dihexyl
ether and hex-2-ene as the predominant products

erates surface Brgnsted acidity that serves to promotewhile cyclohexanol was converted largely to cyclo-

the dehydration of hexan-1-ol principally to hexene(s)

hexene with trace amounts of cyclohexane: reactivity
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increased in the sequence hexan-lXdiexan-2-ol<
cyclohexanol. Deactivation by coke deposition was
common to all the zeolite catalysts where deactivation
is a function of acid site concentration and the pres-
ence of Ni limits the deposition of highly amorphous
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98.

carbon. In contrast to the zeolites, the Nafion sample [22] H. Feuer, J. Hooz, The Chemistry of the Ether Linkage,

exhibited an initial increase in conversion with time
that is attributed to a solvation of the polymeric matrix
by the water vapour product which served to swell the

resin rendering previously inaccessible sites available
to the alcohol reactant. Regeneration of the spent zeo-

lite in a reductive environment was found to partially
restore catalytic activity by removing an appreciable

component of the entrapped amorphous coke. The Ni

particle size distribution for each zeolite was shifted
to higher values after catalysis. The Ni/NaY samples

Wiley, New York, 1967, pp. 445-498.

[23] B.C. Gates, W. Rodriguez, J. Catal. 31 (1973) 27.

[24] R. Thornton, B.C. Gates, J. Catal. 34 (1974) 275.

[25] J.A. Ballantine, M. Davies, |. Patel, J.H. Purnell, M.
Rayanakorn, K.J. Williams, J.M. Thomas, J. Mol. Catal. 26
(1984) 37.

[26] R.G. Greenler, J. Chem. Phys. 37 (1962) 2094.

[27] R.O. Kagel, J. Chem. Phys. 71 (1967) 844.

[28] L. Lietti, Q. Sun, R.G. Herman, K. Klier, Catal. Today 27
(1996) 151.

[29] G. Larsen, L.M. Petkovic, Appl. Catal. A: Gen. 148 (1996)
155.

are characterised by relatively weak metal/support [30] M.C. Cruz Costa, L.F. Hodson, A.W. Johnstone, J.Y. Liu, D.

interaction(s) and Ni crystallites mobility can be in-
duced by a direct interaction with the alcohol reactant
or a framework rehydration during catalysis.
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