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Isobutane/2-butene alkylation on dealuminated H EMT and H FAU 
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The alkylation of isobutane with 2-butene on dealuminated hexagonal H EMT and dealuminated cubic faujasite H FAU with 
Si/A1 ratios of 5-6 was studied at 80~ and compared with results obtained for the as-synthesized and calcined parent material with 
Si/A1 ratios of 3.5. In both cases, the dealuminated samples favour an improved profile with respect to the alkylate yield and selec- 
tivity after 3 h reaction time, with dealuminated H EMT as the superior system. The alkylate composition consisted of 76% and 
about 70% Cs paraffins for dealuminated H EMT and dealuminated H FAU, respectively. Within the C8 fractions the three tri- 
methylpentanes (TMP) 2,3,3-, 2,3,4- and 2,2,4-TMP were the dominating product compounds in all tests, whereas a higher content 
of dimethylhexanes (DMH) was observed for the H FAUs, both dealuminated and parent material. However, among the four tri- 
methylpentanes (2,2,3-, 2,2,4-, 2,3,3- and 2,3,4-TMP) usually the 2,3,3-TMP and 2,3,4-TMP were the main compounds formed, at 
least for the dealuminated samples. Oligomerization was suppressed by using the dealuminated samples, however, increasing 
amounts of Cs olefins after about one half of the monitored reaction time was observed for the H FAUs. By contrast, the H EMTs 
exhibited much less formation of C8 olefins (and on a constant level) even after 300 min reaction time. The deactivated samples 
showed mainly formation of paraffinic coke. 
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1. I n t r o d u c t i o n  

I sobu tane /bu tene  alkylat ion is a well known refinery 
technology for  obtaining high octane number  gasoline 
besides the F C C  process. The present technology applies 
either hydrofluoric  acid or concentrated sulfuric acid in 
a liquid phase reaction, leading to a number  of  problems 
such as separat ion procedures, environmental  con- 
straints, corrosion etc. Therefore,  the search for alterna- 
tive, heterogeneous catalysts, substituting the present 
H F  or H2SO4 based homogeneous  systems, is still going 
on, with zeolites among  the mos t  promising catalysts 
[1,2]. In  a previous paper  we reported the H E M T  (Si/ 
A1 = 3.5) showing an alkylate product  distribution pat-  
tern (C8 paraffins) comparab le  to those obtained by H F  
or H2SO4 catalyzed reactions [3]. However,  all the het- 
erogeneous acid catalysts reported so far (including the 
zeolites) deactivate rapidly, mainly due to the loss of  
hydride transfer  capaci ty leading to the format ion  of  oli- 
gomerisate  instead of  alkylate. 

In the case of  zeolites, cubic faujasites (X and Y zeo- 
lites) have so far  been the mos t  investigated systems. 
C o m m o n  for mos t  of  these large-pore zeolites is the fact, 
that  they can adsorb  TMPs,  which are the most  desired 
gasoline compounds  in the alkylate formed. 

In the present  study we investigate the potential  of  
the dealuminated hexagonal  faujasite (H EMT)  and 
dealuminated cubic faujasite (H FAU)  as catalysts in the 
alkylation of  isobutane with 2-butene, with emphasis on 
the C8 composit ion,  the tr imethylpentanes (TMP) distri- 
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bution (due to the high octane numbers  needed for high 
quality gasoline), dimethylhexanes (DMH) ,  and C8 ole- 
fins formation.  

2. E x p e r i m e n t a l  

Syntheses of  parent  H E M T  and H F A U  (Si/A1 ratios 
of  3.5) were performed according to the (slightly modi-  
fied) procedures described by Delpra to  et al. [4], using 
18-crown-6 ether and 15-crown-5 ether as templates,  
respectively. 

E M T  was synthesized in a 250 ml Teflon bottle con- 
taining 90.6 g Ludox LS and 65.6 g of  a sodium alumi- 
nate solution, which was stirred with an ultrastirrer for 
1 min. 12.4 g 18-crown-6 ether crystals were added and 
the final gel was again stirred for 1 min. The mola r  ratio 
of  the gel composi t ion was calculated to 0.3 A1203 : 3.0 
SiO2 �9 0.8 NaaO :0.3 18-crown-6:43.0  HEO. The bottle 
content was then aged at r oom tempera ture  for 18 h. 
before placement at 110~ for four weeks. Pure crystals 
of  E M T  were then obtained after filtration, washing and 
drying. 

F A U  was synthesized in a 125 ml Teflon bott le con- 
taining 55.1 g Ludox LS and 38.1 g of  a sodium alumi- 
nate solution by shaking vigorously for 1 min. 6.1 g 15- 
crown-5 ether were added and the final gel was again 
shaken for 1 min. The molar  ratio of  the gel composi t ion 
was calculated to 0.3 A1203 : 2.9 SiOE : 0.7 NaEO : 0.3 
15-crown-5 : 40.0 HaO. The bott le content  was then 
aged at room temperature  for 18 h before placement  at 
100~ for two weeks. Pure crystals of  F A U  were then 
obtained after filtration, washing and drying. 

�9 J.C. Baltzer AG,  Science Publishers 
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The H-forms of the faujasites were obtained by ion- 
exchange of the parent material with 2 M NH4NO3 solu- 
tions at 70~ (three times for 3 h each) and calcination at 
540~ for 5 h in air (flow rate of 100 ml/min). 

Dealumination was carried out by treatment of the 
parent material with (NHa)2SiF6 following the recipe of 
L6ger et al. [5]: 15 g ammonium nitrate ion-exchanged 
parent material (EMT or FAU) was dispersed in 1350 ml 
0.8 M ammonium acetate with magnetic stirring. The 
dispersion was heated to 75~ 78 ml 0.45 M (NHa)2SiF6 
solution was added dropwise over a period of 1.5 h. The 
mixture was then stirred for another 1.5 h at 75~ The 
dealuminated sample was filtered, washed five times 
with hot water and dried at 100~ overnight. 

XRD diffractograms were recorded with Cu Ks-rays 
within the angle ratio 20 = 5-90 ~ on an X-ray diffract- 
ometer Philips PW 1730 equipped with a Siemens type F 
monochromator. 

The MAS N M R  spectra were recorded on a Varian 
VXR 300 S WB N M R  spectrometer equipped with 7 mm 
zirconia rotors (except for the dealuminated H FAU). 
Conditions for the 29Si MAS N M R  spectra: resonance 
frequency: 59.6 MHz, sweep width: 14000 Hz, pulse 
width: 8 #s, repetition time: 5 s, number of scans: min. 
1000, MAS spinning speed: 4.5-5 kHz. Conditions for 
the 27A1 MAS N M R  spectra: resonance frequency: 78.2 
MHz, sweep width: 50000 Hz, pulse width: 0.5 #s, repeti- 
tion time: 2 s, number of scans: min. 1000, MAS spinning 
speed: 5-5.5 kHz. Conditions for the 13C CP/MAS 
N M R  spectra: resonance frequency: 75.4 MHz, sweep 
width: 50000 Hz, pulse width: 8/zs, repetition time: 10 s, 
contact time: 3 ms, number of scans: min. 2000, MAS 
spinning speed: 4.5-5 kHz. The MAS N M R  spectra of 
the dealuminated H FAU were recorded on a Bruker 
MSL 400 N M R  spectrometer under the following condi- 
tions: 29 Si MAS NMR: resonance frequency: 79.5 MHz, 
sweep width: 18000 Hz, pulse width: 2 #s, repetition 
time: 20 s, number of scans 2400, MAS spinning speed: 4 
kHz. Conditions for the 27A1 MAS N M R  spectrum: 
resonance frequency: 104.3 MHz, sweep width: 30000 
Hz, pulse width: 0.8 #s, repetition time 1 s, number of 
scans: 2814, MAS spinning speed: 9.8 kHz. 

TPD measurements were carried out on an AMI-1 
instrument from Altamira Instruments Inc. which was 
controlled by a Hyundai PC-AT. TPD of ammonia was 
performed according to the following procedure (200 mg 
catalyst, particle size 35-70 mesh): Pretreatment with 30 
ml/min He flow up to 600~ (samples calcined at 
540~ Saturation of the catalyst surface with 30 ml/ 
min 10% ammonia in a He flow at 200~ TPD with 30 
rnl/min He flow using the following temperature profile: 
200~ in 30 min, increasing the temperature from 200 to 
600~ with 20~ and then standby for 15 min at 
600~ Cooling to 100~ and calibration of the TCD by 
sending seven pulses of 5 ml ammonia. 

IR spectra were recorded on a Perkin Elmer model 
2000 FT-IR spectrometer equipped with a MCT detec- 

tor and using a transmission in situ reactor cell (ISRI). 
The samples were pressed into self-supporting disks 
(d = 1.8 mm, mass 7-10 mg/cm 2) and investigated in the 
temperature range of 25-550~ The spectra were 
recorded during heating/activation in vacuo and under 
subsequent pyridine adsorption. Pyridine was allowed 
into the cell at temperatures below 100~ The sample 
was then heated at 150~ for about 30 rain in vacuo in 
order to remove physisorbed pyridine, and subsequently 
the IR spectra were registrated after heating to increas- 
ing temperatures. All spectra were recorded at a sample 
temperatur of 150~ Sample weights were corrected 
according to their weight loss measured by TGA. 

SEM micrographs were obtained using a Jeol JSM- 
840 microscope equipped with a back-scattered electron 
detector. 

One-point BET determinations were performed with 
a Quantachrome Monosorb and pore volume measure- 
ments were carried out applying a Carlo Erba 
Sorptomatic 1800. 

Is obutane/2-butene reactor testing was performed in 
a liquid-phase 300 ml stirred semibatch autoclave, 
equipped with a cooled pulsation-free displacement 
pump for charging the reactants. 5.3 g of the calcined 
catalyst (540~ h in air, the moisture content was 
checked by TGA) was placed in the reactor and dried 
further (200~ h) before adding the isobutane. The 
mixture was then heated to 80~ under nitrogen pres- 
sure. 2-butene was charged slowly until the molar ratio 
of isobutane/2-butene reached 10:1.  The alkylation 
reaction was carried out with a WHSV of 1.2 h -1 (for 2- 
butene) and a stirring speed of 360 rpm. Differential 
one-phase liquid samples were taken regularly and ana- 
lyzed by GC (capillary column from Hewlett Packard 
HP PNA 50 m• mm, i.d. 0.5/zm, methylsilicone 
gum fused silica). Samples were thoroughly sucked to fill 
the transparent tubes, and injected direcly into the GC 
for light component analysis. Excess liquid was collected 
in ice-cooled traps for off-line GC analysis (same col- 
umn) of heavier products and separation of olefins. The 
amount of 2,3-dimethylbutane was used to standardize 
the product distribution from both GC-runs. 

3. Resu l t s  a n d  d i scuss ion  

The pure crystals of parent H EMT were checked by 
XRD (pure phase of EMT, 100% crystallinity, defined 
as percent of the intensity of the 4.35/k reflection of a 
reference batch EMT or FAU, respectively), microprobe 
(bulk Si/A1 ratio = 3.5), 29Si MAS N M R  (framework 
Si/A1 ratio = 3.5), 27A1 MAS N M R  (small amount of 
octahedrally coordinated aluminium besides mainly tet- 
rahedrally coordinated aluminium), BET (surface area 
of 682 m2/g), SEM (hexagonal crystals of a mean size of 
about 3 #In) and porosity measurements (pore volume of 
0.30 ml/g). The pure crystals of parent H FAU were 
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checked by XRD (pure phase of FAU, 95% crystalli- 
nity), microprobe (bulk Si/A1 ratio = 3.8), 29Si MAS 
N M R  (framework Si/A1 ratio = 3.6), 27A1 MAS N M R  
(only tetrahedrally coordinated aluminium), BET 
(surface area of 743 m2/g), SEM (cubic crystals of a 
mean size of about 3 #m) and porosity measurements 
(pore volume of 0.34 ml / g). 

The pure crystals of dealuminated H EMT were 
checked by XRD (pure phase of EMT, 76% crystalli- 
nity), microprobe (bulk Si/A1 ratio = 6.1), 29Si MAS 
N M R  (framework Si/A1 ratio -- 6.1), 27A1 MAS NMR  
(very small amount of octahedrally coordinated alumi- 
nium besides mainly tetrahedrally coordinated alumi- 
nium), BET (surface area of 675 m 2 / g), SEM (hexagonal 
crystals of a mean size of about 3 Izm) and porosity meas- 
urements (pore volume of 0.27 ml/g). The pure crystals 
of dealuminated H FAU were checked by XRD (pure 
phase of FAU, 79% crystallinity), microprobe (bulk Si/ 
A1 ratio = 5.0), 29Si MAS N M R  (framework Si/A1 
ratio -- 7.6), 27A1 MAS N M R  (certain amount of octa- 
hedrally coordinated aluminium besides mainly tetra- 
hedrally coordinated aluminium) which explains the 
difference between the bulk and framework Si/A1 
ratios), BET (surface area of 712 m2/g), SEM (cubic 
crystals of a mean size of about 3 #m) and porosity meas- 
urements (pore volume of 0.33 ml/g). 

Table 1 summarizes the activity after running the iso- 
butane/2-butene alkylation over a period of 180 min 
reaction time for H EMT and H FAU, both parent and 
dealuminated samples. The conversion of 2-butene was 

determined, concluding with an almost complete con- 
version of 2-butene applying the two H EMTs 
(especially for the dealuminated sample), whereas the 
conversions for the cubic faujasites H FAUs arrived at 
certain lower levels (see table 1 and fig. 1). One should 
emphasize, that our comparisons in table 1 are based on 
different conversion levels for H EMT and H FAU. The 
Cs paraffins are, however, the dominating fractions, 
with a content of more than 76% of the product distribu- 
tion for the H EMTs and about 64-69% for the H FAUs. 
The alkylate yields (defined as g Cs-Cs paraffins per g 
dry catalyst) were calculated to 3.8 and 4.8 for the H 
EMTs and to 1.4 and 2.1 for the H FAUs, respectively. 
The selectivities, defined as g C5-C8 paraffins per g 2- 
butene converted were determined to 1.8 and 2.0 for the 
H EMTs and to 1.0 and 1.3 for the H FAUs, respec- 
tively. 

The total 2-butene turnover numbers (TON, moles 
of 2-butene converted per mole acid sites) for the cat- 
alysts are plotted in fig. 1, together with the values for 
the maximum possible turnover numbers calculated 
from the theoretical number of acid sites (based on fra- 
mework chemical analysis and taking into account the 
remaining Na content). During the feeding time for 2- 
butene (120 rain) the actual TON are slightly less than 
the theoretical values. The EMT catalysts convert 
almost all added 2-butene during the first 120 rain of 
reaction, with significant larger TON for the dealumi- 
nated EMT than for the parent material. After 120 min, 
the 2-butene turnover was observed to be nearly con- 

Table 1 
Isobutane/2-butene alkylation activity obtained at 80~ on the parent (H EMT, H FAU, Si/A1 = about 3.5) and dealuminated faujasites (H 
EMT, H FAU, Si/A1 = 5-6) after 3 h reaction time in a slurry reactor 

Catalyst 

parent H EMT deal. H EMT parent H FAU deal. H FAU 

2-butene conversion (%) 88 
alkylate yield a 3.8 
selectivity b 1.8 

product distribution (norm %) 
C5-C7 paraffins 9.6 
C8 paraffms 81.9 
C8 olefins 0.5 
C9+ paraffins, olefins 7.9 

isooctane distribution (norm %) 
2,3-DMH 4.9 
2,4-DMH 1.4 
3,4-DMH 2.3 
2,2,3-TMP/2,5-DMH 14.7 
2,2,4-TMP 24.4 
2,3,3-TMP 29.5 
2,3,4-TMP 22.1 

isooctenes in C8 
products (norm%) 

98 
4.8 
2.0 

66 67 
1.4 2.1 
1.0 1.3 

7.6 23.0 18.1 
76.4 64.4 69.3 
none 3.1 2.9 
15.8 9.3 9.8 

6.1 4.8 6.2 
2.4 4.0 4.2 
2.1 3.6 2.7 
7.9 7.1 6.4 

18.3 26.9 24.4 
34.1 29.1 29.8 
28.5 24.2 26.3 

0.6 none 4.6 4.0 

a Alkylate yield: g C5-C8 paraffins / g dry catalyst. 
b Selectivity: g C5-C8 paraffins / g 2-butene converted. 
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Fig. 1. Conversion of 2-butene measured as total 2-butene turnover number (TON) with time of reaction for the parent H FAU ([]), dealuminated 
H FAU (A), parent H EMT ([])  and dealnminated H EMT ( � 9  The maximum possible turnover numbers calculated from the theoretical number 

of acid sites are included for the parent H FAU (--), dealuminated H FAU ( ..... ), parent H EMT (-  - - )  and dealuminated H EMT (...). 

stant for both H EMT systems. The FAU systems did 
not convert all added 2-butene during the first 120 min of 
reaction and were not able to convert the rest of 2-butene 
in the reaction mixture during the next 180 min due to 
deactivation of the active acid sites by oligomerization. 
The apparent decrease in TON after 120 rain for the 
FAU catalysts is probably due to an artificial small 
measured amount of 2-butene in the reaction mixture 
after the 2-butene feeding was terminated. 

The normalized distributions of the C8 paraffins frac- 
tions after 180 min reaction time are shown in table 1, 
too. The H EMTs exhibited less amounts of DMHs com- 
pared to the H FAUs. Among the four investigated cat- 
alysts, the distribution of the four TMPs is at about the 
same level, however, a few significant deviations are 
registrated. Within the four TMPs, the isomers 2,3,3- 
TMP and 2,3,4-TMP were the dominating ones (at least 
for the dealuminated samples), which is in contradiction 
to the equilibrium distribution of the TMP isomers at 
80~ and to results obtained by application of macro- 
porous systems, like resins or aluminosilicate [2,6,7]. 
Even for Y zeolite, a similar behaviour was observed [8]. 
At that temperature, the 2,2,4-TMP should be the super- 
ior isomer, whereas this compound is only formed to less 
extent (compared to both 2,3,3- and 2,3,4-TMP) apply- 
ing our dealuminated faujasites. 2,2,3-TMP has been 
reported as the less formed isomer [7,8], which is in line 
with our findings. However, according to the thermody- 
namic equilibrium concentration at this temperature, 

this isomer should be produced to a larger extent [2]. 
Obviously, the primarily formed secondary 2,2,3-TMP + 
cation undergoes a rapid isomerization due to successive 
hydride and methyl shifts [8]. The discrepancies related 
to the preferred formation of 2,3,3- and 2,3,4-TMP and 
to the less formed 2,2,3-TMP by use of dealurninated 
hexagonal and cubic faujasites demonstrates obviously 
a kinetically favoured production of 2,3,3- and 2,3,4- 
TMP. This could be explained by admitting that the 
hydride transfer to a tertiary carbenium ion is infinitely 
faster than to a secondary carbenium ion. In agreement 
with this, the TMPs which are the most favoured, are 
those of which only tertiary carbenium ions exist (2,3,4- 
TMP) or can be formed through methyl shift (2,3,3- 
TMP) [8]. In addition, a shape-selective effect of those 
molecular sieves might control the formation of these 
TMPs, compared to steric less restricted solid catalysts 
or homogeneous systems following a TMP product pat- 
tern corresponding to the thermodynamic equilibrium 
concentrations. 

The composition of the four TMPs during the runs 
changed only slightly (up to 300 min reaction time). An 
increase for 2,2,3-TMP and slight decreases for 2,3,3- 
and 2,3,4-TMP were observed for the parent H EMT, 
whereas for the parent H FAU a small decrease was 
observed for 2,3,3-TMP. For the dealuminated H FAU 
a certain decrease was registered for 2,2,4-TMP (see 
fig. 2). 

The higher degree of C8 paraffin formation in the 
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Fig. 2 Normalized distribution of the formed DMHs (sum, except 2,5-DMH), TMPs and Ca olefins (in %) with time of reaction in the isobu- 
tane/2-bntene alkylation over (a) parent H EMT, (b) parent H FAU, (c) dealuminated H EMT and (d) dealuminated H FAU (temperature: 80~ 
WHSV (for 2-butene): 1.2 h -1 , stirring speed: 360 rpm). (x) 2,2,4-TMP; (O) 2,2,3-TMP (includes 2,5-DMH); (A) 2,3,4-TMP; (<>) 2,3,3-TMP; 

(m) Cs=; (D) DMH. 

alkylate of the two H EMTs can be traced back to the 
slightly lager size of the second type of supercage in the 
structure of the hexagonal faujasite, compared to the 
uniform size of supercages in the cubic FAU system and 
to the higher conversion of 2-butene. Furthermore, with 
respect to the Cs-C8 alkylate yields and selectivifies, 
again the two H EMTs are the superior catalysts, which 
favour, in addition, slightly less formation of undesired 
DMH. 

The formation of DMHs (except for 2,5-DMH due 
to coeluating peaks in the gas-chromatogramme) during 
the course of the reaction (60-300 min) is up to 11 

norm% of the C8 distribution for both H EMT samples 
on a constant level, whereas up to 14 norm% was 
observed for the H FAU samples. Only DMHs having at 
least one tertiary carbon atom are formed. Concerning 
the formation of C8 olefins, the superior role of the two 
H EMT samples is clearly demonstrated with very low 
amount of C8 olefins compared to the two H FAUs (see 
table 1 and fig. 2). 

The H FAU systems showed a tendency to oligomer- 
ize followed by the formation of cracking products in the 
C5-C 7 paraffin range, whereas this phenomenon was 
observed to a much smaller extent for the H EMT cat- 
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Fig. 2. (Continued,) 

alysts. Concerning the formation of C9+ paraffins and 
olefins, the level was about the same for all catalysts, 
except for the dealuminated H EMT, which revealed a 
large amount of those products. 

The nature, number and strength of the acid sites in 
the investigated catalysts are important with respect to 
the result interpretation. Our acidity measurements 
(TPD of ammonia and IR spectroscopy) arrived at the 
following results: The amount of acid sites measured by 
TPD of ammonia was about 2.1 mmol NH3/g catalyst 
for the parent H EMT system, which is in line with find- 
ings by Lohse et al. [9], and about 1.7 mmol NH3/g cat- 
alyst for the parent H FAU system. It has been reported 
in the literature that the stability of the hydroxyl groups 
is strongly influenced by the pretreatment temperature 
and varies for the different structures [10]. Our observa- 
tion of a smaller amount of hydroxyl groups in the par- 

ent H FAU than in the parent H EMT (both samples 
calcined at 540~ is in agreement with the lower 
observed stability of the hydroxyl groups of H Y than 
those of the parent H EMT (pretreated at the same tem- 
perature) [10]. The maximum peak temperatures were 
measured to be 310-320~ and 400-430~ for the parent 
materials of both catalyst groups. A pronounced 
increase in acid strength of the remaining sites was 
observed for both dealuminated samples compared to 
the parent systems, by measuring a shift of the high tem- 
perature peak from 410 to 450~ Thus, the TPD meas- 
urements of the dealuminated samples confirm an 
increase in the strength of the remaining acid sites. This 
increase may contribute to the observed improvement of 
the alkylate yield and selectivity of both the dealumi- 
nated H EMT and H FAU samples as compared with the 
H forms of the parent materials. 
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IR spectra of the parent H FAU showed strong bands 
at 3632 cm -1 (high frequency hydroxyl, HFOH) and 
3545 cm -1 (low frequency hydroxyl, LFOH) for OH 
groups in the supercages and sodalite cages, respectively. 
A weak band at 3734 cm -1 is possibly due to silanol 
groups in hydroxyl nests. Dealumination of the H FAU 
sample led to new bands in the spectrum at 3663, 3598 
and 3558 cm -1, while the HFOH and LFOH bands 
shifted slightly to 3630 and 3538 cm -1, respectively. 
Frequencies near 3598 and 3558 cm -1 have been 
assigned to OH groups in the supercages and sodalite 
cages, respectively. They shifted obviously from the ori- 
ginal HFOH and LFOH wavenumbers as a result of an 
interaction with A1 cationic species localized in the soda- 
lite cages [11]. The 3663 cm -1 band were assigned to a 
different type of extra-framework species [11]. 

The IR spectra of the parent H EMT and dealumi- 
nated H EMT are quite similar. The HFOH bands are 
located at 3627 cm -1 for both samples, while the LFOH 
bands have frequencies at 3545 cm -1 in the parent H 
EMT and at 3550 cm -1 in the dealuminated H EMT. No 
extra bands, or modifications in the band profiles can be 
observed as a result of the dealumination, pointing to A1 
removal without generation of extra-framework alumi- 
nium species. Weak bands at 3734 cm -1 are present in 
the spectra of the H EMT samples, too. 

In the parent H FAU, pyridine interacts almost com- 
pletely with the HFOH and with most of the LFOH at 
150~ At elevated temperatures the LFOH are liberated 
first (below 450~ while some of the HFOH are still 
interacting with pyridine at 550~ In the more complex 
hydroxyl "massif" of dealuminated H FAU, almost 
complete interaction seems to occur for all OH groups 
except those at 3598 cm -1 for which only a small fraction 
interacts. Increasing the temperature leads to the libera- 
tion of OH groups in approximately equal proportion, 
most noticeable in the 400-550~ temperature range. As 
already mentioned, an exception is the small number of 
OH with a frequency at 3598 cm -1, for which interaction 
with pyridine appear to remain almost unaltered even at 
550~ 

For the two H EMT samples, complete interaction 
of pyridine can be observed for both the HF and LF 
hydroxyl groups at 150~ Further increase of the tem- 
perature reveals an almost identical desorption pattern 
of pyridine: the LFOH are gradually liberated, while a 
fairly large number of the HFOH interacts with pyridine 
even at 550~ 

Spectra of pyridine adsorbed on the samples at tem- 
peratures from 150 to 550~ were recorded in the range 
between 1400 and 1700 cm -a, too. Integrated absor- 
bances for the Br~nsted bands at about 1540 cm -~ and 
the Lewis bands at about 1450 cm -x were converted to 
concentrations of Brcnsted and Lewis acid sites (mmol/ 
g catalyst) using molar extinction coefficients from the 
literature [12] and plotted as a function of the tempera- 
ture for all the investigated samples in fig. 3. These 
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Fig. 3. Concentrations of Bronsted (solid lines) and Lewis acid sites 
(dashed lines) in mmol/g catalyst vs. temperature based on IR spectra 
of adsorbed pyridine for parent H EMT (am), dealuminated H EMT 

(O), parent H FAU (El) and dealuminated H FAU ( �9 ). 

curves should reflect both the total concentrations of 
acid sites accessible to pyridine, and the distribution of 
these acid sites with respect to acid site strengths. The 
concentration of Brcnsted acid sites is always signifi- 
cantly higher than the concentration of Lewis acid sites. 
However, for all samples the concentrations of Brcnsted 
acid sites derived at 150~ are considerably lower than 
the theoretical values given by the Si/A1 ratios measured 
for the samples. Recently, maximum amounts of pyri- 
dine adsorbed in both H FAU and H EMT samples were 
reported as approximately 1.2 mmol/g catalyst [13]. 
Consequently, the number of pyridine indicated for our 
samples should reflect the actual number of acid sites ca- 
pable for interaction. A decrease in the number of hydro- 
xyls in the samples after calcination at 540~ seems 
likely [10], and assuming this, a lower thermal stability 
of the OH groups in the parent samples may be inferred, 
although in different degrees. 

Corma et al. [14] used the ratio ofpyridine adsorption 
at 400~ to that at 250~ as a measure of the relation 
between strong and weak acid sites in their samples. We 
obtained ratios of 0.63 and 0.65 for the parent and dealu- 
minated H FAU samples, whereas the corresponding 
values for the parent and dealuminated H EMT samples 
were 0.84 and 0.86, respectively. Additionally, all sam- 
ples showed some pyridine adsorption at 550~ indicat- 
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ing the presence of very strong acid sites in the samples. 
Our IR results are in general agreement with the TPD of 
ammonia investigations; however, they indicate quite 
different properties of the acid sites of the FAU and 
EMT samples. In addition to the high density of acid 
sites in general, the presence of strong acid sites and a 
high ratio of strong to weak acid sites have been reported 
to be important for the isobutane/2-butene alkylation 
reaction, taking into account a desired large alkylation 
activity and avoiding/suppressing the oligomerization 
[15]. Based on these arguments, our characterization of 
acid strength in the samples would rank the EMT sam- 
ples as better catalysts than the FAUs for the alkylation 
reaction, in agreement with the observed test results. 

The deactivated samples were checked by 13C CP/ 
MAS NMR spectroscopy, and only non-aromatic coke 
components (mainly of paraffinic character like methyl 
groups connected to secondary carbon atoms (14 ppm), 
CH2 groups linked to methyl groups (22 ppm) and 
methyl groups at quaternary carbon atoms (29 ppm) 
besides small amounts of olefinic coke) were detected 
[16]. 

4. Conclusion 

In conclusion, the lower tendency of the H EMT sam- 
ples to form DMHs and Cs olefins, as well as the high 
values of C8 paraffins, 2-butene conversion, alkylate 
yield and selectivity emphasize the superior behaviour of 
the H EMT samples as a promising isobutane/2-butene 
alkylation catalyst compared to H FAU. In addition, 
among the FAU samples, the dealuminated H FAU 
showed a significant better profile than the parent H 
FAU, but still less favourable than the EMT samples. 
These results are explained to a large extent by the differ- 
ences measured for the acid strength distributions in the 
samples, showing a significantly larger ratio of strong- 
to-weak acid sites for the H EMTs investigated com- 
pared to the H FAU samples. The dealuminated H FAU 
may perform better than the parent material due to the 
presence of additional small numbers of very strong acid 
sites. 
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