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Abstract--The activity and selectivity patterns for l-hexene isomer~'zation have been compared in the 
temperature range of 150-450~ fo) four different kinds of acidic zeolites (H-mordenite, HZSM-5, SAPO- 
11 and PdtSAPO-I 1) differing both ir acid properties and geometric structure. At lower reaction temperatures 
(150-175~ the predominant reaction pathway was double bond shift(DBS) and was not influenced by the 
type of catalyst. At higher temperatures significant shifts in selectivity were observed from DBS to cracking 
(C) or skeletal rearrangement (SR) depending on the type of catalyst. 

Temperature programmed desorption {TPD) patterns of chemisorbed NH3 were also determined. Three 
different peaks were found for the most of TPD patterns. The first peak might be associated with Lewis acid- 
site, and the other two peaks at higher temperatures might be associated with Br6nsted acid-sites. It was 
found that significant loss of strong Br6nsted acidity upon Pd loading on SAPO-I 1. A selectivity correlation at 
350~ showed strong dependence of DBS and cracking on total acidity. The reaction seems well suited for in- 
vestigation of the interrelation between pore st)ucture and surface acidity in terms of these selectivity factors. 

I N T R O D U C T I O N  

Olefin isomerization, specially a selective shift of 
double bonds in olefins, with moderately acidic cata- 
lysts has been the main route to the synthesis of ,8 and 
"Y isomers, which are used as starting materials in 

synthesis of alcohols, aldehydes, ketones attd acids 
[1,2]. Therefore, considerable amount ot researc.h i[!- 
terests have been placed on the reaction itself as well 
as on. the effective acidic and basic catalyst: the isv- 
merization of 1-butene, l-pentene, and Lhexene have 
been investigated on silicagel dosed with AI(NOa) 3 [3], 
alumina [4], silica-alumina and zeolites [5,6], and 
recently on HZSM-5 [7]. So far, the mairt emphasis of 
studies are placed on the double bond :shift (DBS) to 
trans/cis-2-enes, and trans/cis-3-enes at moderate 
temperature range {below 200-250~ [8,9]. 

Less attention has been given to skeletal rearrange- 
ment (SR) and cracking/polymerization (C + P) selec- 
tivities at higher reaction temperatures (200-450~ It 
is not well understood, and has not been reported at 
all on s i l ico-aluminophosphate molecular sieves 
(specially, SAPO-] 1) as a 1-hexene isomerization cata- 
lyst at higher temperatures, focusing on the inter- 

change among DBS, SR and (C ,-P) selectivities. 
The main objective of present study is to establish 

Ihe activity behaviors of Pd loaded and unloaded 
SAPO-11, and to compare such results with corre- 
sponding behaviors of HZSM-5 and H-mordenite. The 

families of phosphorous--containing zeolites commonly 

known as ALP() and SAPO were reported sew'.ral years 
ago [10]. These materials are microporous and can ex- 
hibit pore structures that range from those similar to 
Y-zeolite (interconnected cage), to morden.ite (sil~gle 
parallel pores), to ZSM-5 (two interconnected r~el- 
works), however the phosphor()us content siguificaul- 
ly modifies the acidity of the zeolile [11,12]. The ideal 
ALPO-n consists of tetrahedra of uxygen sn)rounding 
aluminum and phosphorous such that Allf '  1 [8], 
thus the framework is neutral. To create ion exchat~ge 
capacity a portion of the AI and/or  P is substiluted [9]; 

in the case of SAPO-n this Substitutiun is by Si eithc'r 
for phosphorous or an aluminophosphate pair L l(}i. 
Depending upon which substitution mechanism pre- 
vails, the structure of SAPO-n will vao,; for example for 
S ie  P - AI the resultant material has the structure <~f 
faujasite (SAPO-37), while SAPO-11 contains one-di- 
mensional chan.nels of elliptical cross-sectinn of char- 
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acteristic dimension - 0.6 nm. In principle, any uf the 
SAPO-n can be converted to the corresponding acid 
turin and utilized as solid acid catalysis [9-] 1]. From 
an overall point uf view, then, the SAPO-n series could 
have catalytic applications as a medium acidity mate- 
rial with possible advantages to be obtained from the 
pore structure and with an acidity that perhaps can be 
adjusted in level over a relatively wide range. Appli- 
cations of this sort have been reported for para-xy]ene 
production and for methanol conversion to oJefins 
[]2-16]. In the former case incorporation of P into 
ZSM-5 resulted in an increase in strength uf acid sties 
(probably Lewis sites) thai leads to increase in para 
seleclivily [1.7, 14]. 

The possible modification of acidic properties leads 
to the second major ob)ective here which is ~o ex- 
amine the types of surface acidity of SAPOd [ (using 
TPD o[ ammonia as a probe) in comparison with cor- 
responding properties of HZSM-5 and H-mordenite, 
and in view of the relative activities for 1-hexene 
isomerization. 

EXPERIMENTAL 

1. Catalysts 
A commercial SAPO-II was employed [17]; the 

emDrical composition of this is (Si oosAIoagPo~)O::, 
wilt l  SUM about 0,]2, and the struclure i~ equivaleJd 
to that of ALPO- l l  with elliptical, one-dime[~.si,.,m.d 
channels  uf ca. 0.6 x 0.4 nrn nominal diameter and 
volume of 0.18 cm3/g. The HZSM-5 empk)~ed [l 7] has 
a SiZAI molar ratio of 38, with Na/AI of 0045 (0.08 
wt% Na). H-mordenite en]ph)yed was Norton 90011. 

F'or preparation of the Pd/SAP()-I 1 the acid fc, rn] 
was generated in f lowing 02, 600~ lh and thei~ im- 
pregnated with aqueous [Pd(NH3)4(NO3) 2] fol lowing 
method 2 of [13]. After impregnation the material was 
dried at ]25~ overnight and calcined at 550~ 6 h, 
then stored in air. The loacting of Pd was 2 0  ~ 0. l 
,,,.I%. 
2. Activity measurements  

A conve[,,tio~,,al fixed bed flow reactor system v,,as 
emp uyed for reaction measurements.  In various ex- 
periments this was in operation at integral conversion, 
with a ~.orn]al catalyst charge of 0.25 g. 1-Hexene was 
introduced into a feed system vaporizer via a cup.trt)l- 
led rate syringe pump into either H 2 or He flow giving 
a saturated hexene-He mixture at 25~ Hexene/H, 
ratios were varied from 0-40 in later experin]enls. 
Typical feed flow rates were 40 cma/n]in at 20~ yield- 
ing ';pace velocities ca. 200 cm31g cat-rain. Eroducl 
was sampled directly downstream of the reaclanl into 
a Hewie~bPackard 5730A GC, wJlh sepa~athm ill a 

Table I. Reaction rates for l-hexene on various cata- 
lysts at 150, 250, 350 and 450~ 

Steady state rate of consumption* 
T(~ (m moltgcat-h) 

SAPO-I 1 HZSM-5 H-Mordenite 

150 8,33 7.70 9.34 
250 5.47 10.80 7.68 
350 7.40 14.52 -- 
450 10.72 14.81 5.10 

*Catalyst weight = 250 rag; space velocity = 175 cm3/gcat - 
rain; (Het l-hexene) = 20 

Supelco 0.19% picric acid on 80/100 mesh Carbopack- 
C column, 2 m, at 190~ in all reaction expefimems 
the pretreatment sequence was He purging, 0.5 h, O:~ 
at 400~ 1 h (20 cmalmin), He purging, 0.5 h, H 2 at 
300~ 3 h (30 cm3/min), and final He purging at reac- 
tion temperature, 0.5 h. 
3. Temperature programmed  desorpt ion 

The apparatus employed was typical flow system 
[18] automated temperature control (Omega Engineer- 
ing Model CN2001J) and data acquisition system. Nor- 
mally 0.20 g of catalyst was used with ultra high purity 
He as a carrier gas. Peak detection was via a Gow Mac 
Model 30S thermal conductivity cell with He reference. 
Before a run tl~e sample was purged with He, 550~ 
l,'l h (10 cm:~/rnin), tfte[~ cooled to room temperature 
and outgassed via mechanical pun]p for 2 h. Ammor:~a 
saturation was carried out at room temperature, fol- 
lowed by' a He flush for 0.5 h for the desorption of phy- 
sisorbed NH> TPD was then carried out at a linear 
heating rate of 10~ with carrier He flow at 30 
cm:]/min. 

RESULTS AND DISCUSSION 

I. Activity for l -hexene  isomerizat ion 
Table 1 is a sm]]n]arv uf steady state reaction rales 

fi~r 1-hexemt constm/pti~n over SA[-'O-I 1, HZSM-5 ar!d 
H-mot denile in the range o{ 150-4500C. 0I] a per-gratll 
basis it is sect! tllat ttZSM-5 is lhe most actiw~, par- 
tictllar]',, for ten][:,eratures >25()~C. However, as wil l  
be seen, the main products are cracked/polymerized 
olefius it~ this case. AI the lowest reaction tell]peraltne 
of 150~ all three catalysts demonstrale approximaleiy 
Iht  same activib', and there is an apparent linear 
decrease in acthily wilh temperature for H-murdenile, 
and an appareI~t minin:lum in activity for the SAP()-I ] 
in Ihe vicinily of 250~ The corresponding producl 
dislr ibulions are' shown ip. Fig. la, b,c fur SAP()-] ] ,  
HZSM-5 and H-murdep.ile, respective]3,'. At tow ten> 
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Monon~ethyl pentenes 
�9 Dimethyl butenes 
"~ Cracked CyC5 olefins 
v Pulymerized/cracked C7-C12 olefins 
(He,' l-Hexene) 20: CataLyst weight = 250 mg m all 
experimeHts. 

l)era:mes Ihc. major prodtlt'l is cis/tral,s-2-hexene 
regardless ~Jf the calalyst, with selectivilies as high as 
9.'.') %. t )[fly negligil)le aul,.itlnls uf 3-hexene were found 

T a b l e  2. [{cis + t r a n s } - 2 H  I (c is  + t r a n s ) - 3 H ]  at  s t e a d y  
s t a t e  

Catalyst 
[(c + t)-2H l(c + t)-3H] 

150~ 250~ 350~ 450~ 

SAPO-11 > l0 6 1.4 0.8 
HZSM-5 ), l0 2.4 --  - -  

H-Mordenite > 10 > 10 - -  ,:!..2 

Equilibrium -- 2.65 a --  -- 

U Frum relereuce [191. 

compared to 2-hexene (Selectivity is defined as wt % of 
its producl divided by total wt% of l-hexene reacted). 

Certailfly a maior feature of these activity/seleclivi- 
ty results is lhe apparent minimum in activity for 
SAPO-I 1. We attribute this to a balance between dou- 
ble bond shift and cracking on this material. Tire 
amount of DBS declines rapidly with temperature in 
the range below 300~ ap.d the amount of cracked 
products is slili small at 250~ as shown in Fig. la. In- 
crease in temperature behind ca. 300~ yields a large 
ip.crease iu cracking and, essentially, the disap- 
pearar,`ce of the DBS. It should also be noted flom Fig. 
Ia lhat the amount of skeletal rearrangemenl, wili r~ot 
large, has a ma• at 250~ The HZSM-5 also 
shc)ws selectivity fur skeletal rearrangemenl ir~ Ihe 
same temperature range Fig. lb  which suggests a 
possible role of pore dimension (M).6 nm) in this con- 
version, but one notes also that cracking i'; well 
established at this temperature, reflective of the 
stronger acidity of the HZSM-5, as might be expected. 
Major products [rom SAPO-1I and HZSM-5 at nigher 
temperatures above 350~ come from crackii:~ wilh 

substm:tial contributiop.s in tim C3-C s rap.ge. H-m,Jr- 
demte (-1.5 nm) even this range remail~s primari ly a 
DBS catalyst, with Ihe selectivity decreasing with in- 
creasing temperature (Fig. 5c) aJ~d orfly a small 
amoum of skeletal isomerizatiop, at the highest !em- 
perature ilwestigated. 450~ Additional delait c r~ DBS 
activity is provided by examining the (cis ~--~rans)-2- 
hexeue ratio to the correspondip.g figure for 3-bexene 
as shown ip. Table 2. On SAPO-II the (2-hexene/3- 
hexene) ralio de(.reases strongly with temperature, ap- 
proaching umty at 450~ It,. fact, the amount of 
3-bexene product remains constap.t at about 3-4 wt% 
of product and the decrease ip. tbe ratio is due to 
decrease iu the 2-hexene via cracking (not to '.~-hexeE~e 
from hy'dn.)gel,` shift). Both SAPO-1I and H-murdeuile 
are weti above the equilibrium value [19]. While 
HZSM-5 is cMse to it. 

With the exception being the trade-o[~ between 
duuble b(md shift and cracking on SAPO-11, dearly 
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Fig. 4. NH 3 TPD patterns on HZSM-5, SAPO-II, H- 
mordenile and 2% Pd/SAPO-I I. 

at high R for temperatures above 31)0:'C. There is, 
then, some hydrogen inbibitiop, of DBS at lower tem- 
peratures, and promotion of cracking at higher tem- 
peratures. One would conclude that in SAPO-1 1 under 
these conditions there is possible sume exchange of 
protons, increasing the acidity at higher temperature, 
producing the higher cracking activity. 
4. Ac id ic  p r o p e r t i e s  from TPD 

A number of sources have reported correlations of 
acid sites/acid strength for SAPO-n based on ammonia 
TPD spectra; however, there is considerable variation. 
Thompson and Wolf [8] found ZSM-5 and SAPO-34 to 
exhibit both low and high temperature desorptkm 
peaks, whereas SAPO-5 and -11 show only the low 
temperature peak et ca. 170~ On the other hand, 
Tapp et al. [22] found two overlapping peaks at 240 
and 340~ possibly indicative of both Lewis and 
Br6nsted sites on the SAPO-11. Further, they report 
only a single peak at 370~ for ZSM-5, while Thomp- 
son and Wolf found clearly separated peaks at 200 and 
400~ According to Halik and Lercher [19], TPD of 
ammonia from SAPO-11 gives maxima at 187-237,267 
m:d 307~ In comparison with IR spectra, the low 
temperature peak was attributed to desorption from 
Lewis acid sites, while it was postulated that medium 
ard high temperature peaks were the result of desorp- 
tion from moderate and strong BrGFtsted sites, respec- 
tively. 

The variety of these resu]ts would indicate thai 
another try al TPD from SAPO-I 1 is warranted, lr~ ad- 
dil ion, we report here the corresponding results [or the 
HZSM-5, H-mordenite and Pd/SAPO-I; used iu Itle 

Table 3. Relative areas of TPD peaks 

Peak Peak  Peak 
Catalyst #I(A) #2(B) #3(C) Total A~(B+C) ~ 

HZSM-5 1.73 0.56 0.42 2.71 1.77 
SAPO-I 1 1.50 0.10 0.18 1.78 5.36 
H-Murdenite ,3.71 0.52 0.44 1.67 0.74 
Pd/SAPO-11 0.53 0.46 0.03 1.02 1.08 

c~ Rati,::, of areas A/(B + C) cc (Lewis/Br6nsted) 

reaction studies. Fig. 4 shows tile basic TPD patterus 
obtained fur the four materials with a fie flush of ]50 
cm:3/g cat-nfin (20~ ap.d a beatit~g rate uf lO~ 

Although there are some variations arnong the indi- 
vidual materials, the max imum of the first desorption 
peak indeed is in Ihe vicinity uf 170~ in aco:Jrd with 
Tt~ompson and Wolf, which we ascribe to Lewis acid 
sites folk)wing ref. [19]. One also sees clearly' defii!ed 
peaks at 24(.) and 330~ in this study, as rep:;rled bv 
Tappet ah [22], but better resolved. Qualitati,,e trends 
may be estimated from relative intensities. Specifical- 
ly, fur the SAP()-] ] samples the unloaded material has 
relatively weak intensily for the second peak and 
strol~g intensity for the third, while Pd/SAP()-] ]  
shows mediun] intensity in the secund peak a~{I 
essentialJy n{~ third peak. This suggesls signifi::ant luss 
uf strung Br6nsted sites through the prucess uf Pd 
loading. Simila.rly, il would appear that Lewis acid. 
weak Br6nsted acid artd str{mg gr,.3nsted acid sites are 
relatively evenly distributed on the H-murdenite em- 
ployed, whi le the HZSM-5 has a str{~p.g compop.ent uf 
Lewis acidity. 

More quanlitative interpretation can be obtained 
on lhe basis of relalive peak areas as showlt ip. Table 3. 
If we inlerpret l i le lutal area as related to tolal acidity. 
HZSM-5 is easily Ihe must acidic, v,,ith others toliowiHg 
inl ine as showp.. While Ihere is not a substantial dif- 
ference in Le,a.is acidily between HZSM-5 and SAP{)- 
11 (Peak #1), the Br6nsted funclkm of the Iornler is 
much stronger. This accurds wi lh Thompsop. and Wdf  
[8]; the decrease iu Br~3nsled auidily is a fuqclk~n uf 
very difE~rent Si/AI ratios, but is also a refleelion of lhe 
nnJdifieatioL~ by l)husphorous in SAPO-11 [12, 14]. 

The ,;rderil~g of acidily is eonsistant wilh the selec- 
t ivi lv for formalion of cracked defix)s at lemperature.~ 
greater lhan 300~ on Ihe other baird DBS selectivit}, 
parlicularly at lower temperatures, is independelH {~f 
tolat acidity. A representative result for higher lem- 
perature selec:ivity (350~ is given in Fig. 5. Tlu' 
selectivity for structural rearrangemenl is obviously iu- 
sensitive to acidity, however there is a strong curreia- 
liup. with the shill from DBS to crackling. 
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peaks, whereas SAPO-5 and -11 show only the low 
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Tapp et al. [22] found two overlapping peaks at 240 
and 340~ possibly indicative of both Lewis and 
Br6nsted sites on the SAPO-11. Further, they report 
only a single peak at 370~ for ZSM-5, while Thomp- 
son and Wolf found clearly separated peaks at 200 and 
400~ According to Halik and Lercher [19], TPD of 
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m:d 307~ In comparison with IR spectra, the low 
temperature peak was attributed to desorption from 
Lewis acid sites, while it was postulated that medium 
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tion from moderate and strong BrGFtsted sites, respec- 
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dil ion, we report here the corresponding results [or the 
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thought that the lowest temperature peak is repre- 
sentative of the Lewis acid si{es of lhe ca~alysl, while 
the two peaks at higher temperatures represent weak 
and strong Br6nsted acid sites. On this basis it is con- 
cluded that Pd/SAPO-]I has a significantly smaller 
Br6nsted character than unloaded SAPO-I 1. 

There is a strong correlation between the shift from 
DBS to cracking and total acidity,. "]'he correlation of SR 
reactions is not so well defined. Such evidence points 
to a conversion of Lewis acid sites into Br6nsted sites 
at higher reaction temperatures, possibly through in- 
teraction with waler. 
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Close examination of the data of "Fable 3 :shows that 
the trend of the first TPD peak is similar to that of total 
acidity, whi]e the second and third peaks are not il! 
consi,;tent order. The correlation of DBS an,.1 cracking 
to this first (equivalent to Lewis acidity) peak only was 
found essentially linear. However, tl:e simpJesl way Iu 
form ,:arbc, lfium ions is via olefin abslraclio:! of a Ira, - 
ton from a Br6nsted site [23,241. Thus it may be, Ihal 
the Lewis sites d:  not contribute directly ,to [ll,t' forma- 
tion u[ hexyl carbolfiUnl ions. but rather participate in 
conve rsiup, to Br6nsted siles produced by water driveu 
off at the higher temperatures. Tffis. of ct,urse, in- 
creases with increasing lemperature. [I is for a reactitm 
as complex as mhexene cunversiou for smh a ,~;ide 
range of materials, bul al Ibis poinl lhere seens  no rea- 
son fur further c~,mplexity. 

CONCLUSIONS 

TEere is high ~,electivity (over {)9%) h, DBS ;~Jth,,lll 
regard to the type uf catalyst at [,w,: rcactio~ tempera- 
ture (15(!~ H~wever, reaclicm tenlperat,ire i~ h!- 
creased from 25()-450~ eacll r the maler al'~ devel- 
ops a unique selectivity. H-mordeJfite persists ;xilh 
high DBS selecti,.ity ever! al .150~ [{ZSM-5 sh,xas a 
significant change tuwards cracking/puI2r~terizati~,n: 
SAPO-1 ] is interutediate belween these two., C~,]!si<h'r- 
ing the wide range ~ff pore size/structure inv,)lved it is 
reasonable k, c:~,mlude thai there is a <run M influetKe 
of the geometrical factors of these catal_vsls a Ihe high- 
er reactlol~ temperatures. 

TP/) u} amni~,nia [)n.,duced three peaks f,r all the 
ca|aiy-;b, at roughly 170, 240 and 3:I(~~ It can by 
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