
CHAPTER III

THEORY

This chapter briefly describes som e basic theories concerning the overview  o f 
non-oxidative m ethane coupling over m etal-containing Y -type zeolite catalysts.

3.1 Zeolite Y

The zeolites finding the largest-scale application in catalysis belong to the 
fam ily o f faujasites, including zeolite X and Y [Gates (1992)]. Zeolite Y was 
discovered by R .M . M ilton  and cow orker betw een 1949 and 1954. A lso in 1959 a 
zeolite Y -based catalyst w as m arketed by U nion C arbide as an isom erization  caxalyst. 
Subsequently it found applications in m any areas o f  catalysis and m olecular sieve, 
generating interest in an industrial and academ ic laboratories. As catalyst, zeolite  Y 
exhibits appreciable acid  activity  w ith  sharp selectivity features not available in the 
com positional equivalen t am orphous catalysts. In addition, these m aterial can act as 
supports for num erous catalytically  active metals. T he porous fram ew ork o f  the 
zeolites enable them  to act as m olecular sieves i.e., they are used to separate m olecular 
m ixtures on the basis o f  size and shape m olecule com pounds or for the selective 
adsorption o f  gases. T hese unique properties are utilized  in  diverse industrial 
processes such as the purification  o f  w ater as well as o ther liquids and gases, chem ical 
separations, catalysis, and decontam ination  o f radioactive w astes [Jiratthitikan 
(1997)].

3.E l Structures of Zeolite Y

Zeolite Y is a crystalline alum inosilicates w hich  is a com plex o f  a crystalline 
inorganic polym er based on an infinitely  extending three-dim ensional, four-connected 
fram ew ork o f  [AIO4]5’ and [SiCE]4' tetrahedral (figure 3.1) linked to each o ther by the 
sharing o f oxygen ions. Each [A IO 4]5" tetrahedron in the fram ew ork bears a net 
negative charge w hich is balanced by a cation. The fram ew ork structure contain



channels or in terconnected  voids that are occupied by the cations and w ater m olecule. 
The cations are m obile and ordinary undergo ion exchange. The w ater m ay be 
rem oved reversib ly , generally by the application o f heat, w hich leaves intact a 
crystalline host structure perm eated by the m icropores and voids W'hich m ay am ount 
to 50%  o f  the crystals by volum e [Jiratth itikan (1997)].

The structural form ula o f  zeolite Y is based on the crystallographic unit cell, 
the sm allest unit o f  structure, represented  by Naj[(AlC>2)j(Si02)i92-j]-zH20, w here z is 
about 260. The value o f j is betw een 48 and 76.

F ig u re  3.1 [S i0 4]4'o r  [AlCU]5* tetrahedral

The prim ary structural units, the [S i0 4]4' or [A 104]5‘ tetrahedral, are assem bled 
into secondary build ing  units (SB U S) w hich  are show n in Figure 3.2. It denotes only 
the a lum inosilicate  skeleton (i.e. the Si, A1 and 0  positions in space relative to each 
other) and excludes consideration  o f  the cation and w ater m oieties sited w ith in  the 
cavities and channels o f  the fram ew ork. The final structure fram ew ork consists o f 
assem blages o f  secondary units. The m ost favored is the use o f  tetrahedral arrays, 
adopted by organic chem ists, w here the oxygen atom s are draw n as sing le bonds 
jo in in g  together tetrahedral centers depicting  silicon and alum inium . The SBU S are 
jo in ed  to create the infinite lattices they can produce a large ring containing 12 linked 
tetrahedral ( ring o f  12 oxygen atom s). The ring is obviously im portant structural 
features and is o ften  called "oxygen w indow s" (Figure 3.3).
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Figure 3.2 Secondary building units (SBU S) o f  zeolite Y; (a) single four ring (S4R) 
, (b) sim ple six ring (S6R ) , (c) double six ring (D 6R)

Figure 3.3 zeolite Y pore geom etry [Jiratthitikan (1997)].



15

Zeolite Y has 0.74 nm  apertures (12 m em bered oxygen rings) and a three- 
d im ensional pore structure, they adm it even hydrocarbon m olecules larger than 
naphthalene. Their ch ie f application is in catalytic cracking o f  petro leum  m olecules 
(prim arily  in the gas oil fraction), g iv ing sm aller, gasoline-range m olecules [Gate 
(1992)].

Figure 3.4 S tructure o f  zeolite Y [Gate (1992)].

The fram ew ork structure o f  zeo lite  Y (figure 3.4) is closely  re la ted  to that o f 
zeolite A. The sodality  cages in zeolite Y is arranged in an array w ith  greater spacing 
than in zeolite A. Each sodality  cage is connected to four o ther sodality  cages; each 
connecting  unit is six bridging oxygen ions linking the hexagonal faces o f  two 
sodality  units, as show n in figure 3.4. The bridging oxygen form  w hat is called a 
hexagonal prism . The supercage in this structure, surrounded by 10 sodality  units, is 
large enough to contain  a sphere w ith  a d iam eter o f about 1.2 nm . T he three- 
d im ensional pore structure is large enough to adm it reactant m olecu les like the
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hydrocarbons in gas oil, but the 0.74 nm  pore apertures are still sm all enough that 
som e transport restrictions are expected. The excess negative charge o f  the [ A IO 4 ] 5'  

tetrahedral, is balanced by such as N a+. T f . Four cation sites are illustrated  in figure
3.5. Type I sites are located at the centers o f  the hexagonal prism s, type r  sites are 
located in the sodality cages across the hexagonal faces from  type I sites, type II sites 
are located in the supercages near the un jo ined  hexagonal faces, and type II1 sites are 
located in the supercages, farther from  the hexagonal faces than the type II sites [Gate 
(1992)]. .

Since these cations are largely responsib le for the catalytic activity  o f  a zeolite, 
their locations are im portant. C ations in type II and II' sites are readily  im plicated in 
catalysis, since they are accessible to reactants. The type I and r  sites, being less 
accessible, are less im portant for catalysis.

Figure 3.5 Locations o f  cation  sites in Y zeolites [Gate (1992)].
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3.1.2 A ctive sites of Z eo lite  Y

3.1.2.1 A cid  sites

M ost industrial applications o f  zeolites are based upon technology adapted 
from  the acid silica/alum ina catalysts originally developed for the cracking reaction. 
T his m eans that the activity required is based upon the production o f  B rônsted and 
L ew is acid sites. B rônsted acidity is a proton donor activity; a tridiagonally co­
ord inated  alum ina atom  is an electron deficient and can accept an electron pair, 
therefore acts as a Lewis acid. In general, the increase in Si/Al ratio w ill increase 
acidic strength and therm al stability o f  zeolite. Since the num ber o f acidic O H  groups 
depend on the num ber o f  alum inum  zeolite 's fram ew ork, decrease in A1 content is 
expected  to reduce catalytic activity o f  zeolite. If  the effect o f increase in the acidic 
centers, increase A1 content, shall result in enhancem ent o f  catalytic activity 
[Jiratth itikan  (1997)].

B ased on electrostatic consideration, the charge density at a cation site 
increases w ith increasing Si/Al. It w as conceived that these phenom ena are related to 
reduction  o f  electrostatic in teraction  betw een fram ew ork sites, and possibly to 
d ifference in the order o f  alum inum  in zeolite crystal-the location o f  A1 in crystal 
structure  [Jiratthitikan (1997)].

R ecently  it has been reported  that the m ean charge on proton w as shifted 
regularly  tow ards h igher values as the A1 content decreased. Sim ultaneously the total 
num ber o f  acidic hydroxyls, governed by the A1 atom s, were decreased. This 
ev idence em phasized that the entire acid strength distribution  (weak, m edium , strong) 
w as shifted  tow ards stronger values. T hat is the w eaker acid sites becom e stronger 
w ith  the decrease in A1 content.

A n im portant in therm al and hydrotherm al stability has been described to the 
low er density  o f  hydroxyls groups w hich is parallel to the A1 content.

A longer distance betw een hydroxyl groups decreases the probability o f  
dehydrogenation  that generates defects on structure o f  zeolite.
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B rônsted site arise from the creation 'hydroxyls' w ithin the zeolite Y pore 
structure. These hydroxyls are usually form ed either by am m onium  or polyvalent 
cation exchange follow ed by a calcination step:

A m m onium  ion exchange

NaZ(s) + N H 4 (aqj < --------- -> N H 4Z(s) + N a+(aq)

N H 4Z(s) calcine._ N H 3(g) + H Z,ร)

Polyvalent ion exchange

NaZ(s ) + M (H 20 ) n+(aq) < --------- > M (H 20 ) n+Z(ร) + nN a+(aq)

M (H 20 ) n+Z(ร) — MO H  (ร/11-0 + HZ(S)

In h igh-silica  zeolites (e.g. ZSM -5 and clinoptilolite) these ‘p ro tonated ’ 
zeolites (HZ) can be m ade by direct exchange w ith  m ineral acid. Ideally the 
‘p ro to n a ted ’ form  contains hydroxyls w hich are protons associated w ith  negatively  
charged  fram ew ork oxygens linked into alum ina tetrahedral, i.e. B rônsted sites are 
created:

H+ H+

The protons have great m obility  w hen the tem perature is above 200 ° c  and at 
550°c they are lost as w ater (clearly seen by therm al analysis) w ith  the consequent 
form ation o f  L ew is sites:

o \
H + H+

o  o  o  o/  \  / \  / \  /
A1 Si A1\  /  \ /  \ /  \

o  p
S H

B ronsted site Lew is site
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The lew is sites in turn are unstable, especially in the continue presence o f 
w ater vapor and an annealing process stabilizes the structure. This produces the so- 
called ‘tu re ’ lew is sites by ejecting  A1 species from the fram ew ork, i.e.:

o  0  p  p  p

/  \ \ *  S i /  \ น

Lewis site

(AlO) +
0  0  0  0  0/  \  /  \  /  \  /  \  /►  '  Si Si Al Si/  \  /  \  /  \  / \

'True' Lewis site

This extra fram ew ork alum inium  can be identified by M agic A ngle Spinning 
N uclear M agnetic R esonance (M A SN M R ), but is in at least tw o form s. Theoretical 
calculations support the idea that (A 10)+ species are the source o f  useful Lewis 
activity, w hilst suggesting  that the tricoordinated Al o f the Lew is site (Al* above) acts 
as a w eak acid. (There is, how ever, no direct evidence for the existence o f 
tricoordinated  Al). E lectron sp in  resonance (ESR) studies propose that, w hen 
Bronsted sites in teract w ith  near by Lew is sites, ‘super ac id ’ sites are form ed. The 
evidence is that these seem  likely  to be due to displaced alum inium  species. The 
uniqueness o f zeo lites as cracking catalysts lies in the high density  o f  these active sites 
coupled  w ith the zeolite  inherent stability  and am enability to regeneration  [Dyer
(1990)].

3.1.2.2 Bifunctional catalysis

B ifunctional zeolite catalyst, generally  m etal load acid zeolite are em ployed in 
num erous processes in petro leum  refining and in petrochem ical industries : 
hydrocracking , selectroform ing  , dew axing , hydroisom erization o f  C 5-C 6 alkanes , 
hydroisom erization  o f  C8 arom atics. The catalysts used in this processes present two 
types o f  site : m etallic  site to m ain  function is to hydrogenate and to dehydrogenate 
and acid site w hom  m ain  function  is to crack or to isom erize. H ydrocracking requires 
catalyst w ith a high acidity counterbalanced  by a high hydrogenation activity, which 
im plies the use by a Y zeolite  in w hich the sodium  ion have been replaced by
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hydrogen, by rare earth  or by d ivalent cations and dehydrogenating function is 
provided by noble or non-noble m etals. In m arked contrast to am orphous silica -  
a lum ina catalysts, zeolite catalysts can operate in the present o f  substantial am ount o f 
am m onia and other nitrogen com pounds. This greater ability o f  the zeolites to tolerate 
these com pounds can be attributed to their greater num ber o f  acid sites. M oreover this 
greater acidity enhances the resistance o f  hydrogenating function to poisoning by 
sulfur com pound and hydrocracking catalysts show a high stability w ith regards to 
sulfur poisoning.

G eneralities, in b ifunction  catalysts, reactions occur in successive steps 
involving tw o d ifferent types o f  sites. As an exam ple, the conventional bifunctional 
process for isom erization  o f  n-hexane' into m ethylpentanes found on platinum -silica 
alum ina is show n in figure 3.6. this catalyst presents two types o f  site:

1. p latinum  site w hose function  is to hydrogenate n-hexane into n-hexenes 
(reaction 1) and to hysrigenate m ethylpentenes in to m ethylpentanes (reactions).

2 . acid site w hose function is to isom erize hexenes into m ethylpenthanes 

(reaction 3).

B eside these chem ical steps, a bifunctional process requires diffusion steps o f 
the interm ediates species. In this case , olefin in term ediates diffuse from  the m etallic 
to the acid sites (step 2) and from  the acid to the m etallic sites (step 4).
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F ig u re  3 .6 B ifunctional procedure o f n-hexane isom erization on platinum -
silica alum ina.
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The existence o f  this bifunctional process is now  well established:

- although highly unfavoured therm odynam ically  under the usual operating 
conditions, the interm ediate olefins were detected by GLC and m ass spectrom etry. 
M oreover, the skeletal isom erization  o f olefins (reaction 3 in figure 3.6) is know n to 
occur very readily on acid catalysts;

- the participation  in the reaction o f  both acid and hydrogenating centers was 
clearly dem onstrated by using physical m ixtures o f  an catalyst and o f  a metal 
deposited on an inert carrier : the activities o f  the m ixtures w ere definitely greater than 
the sum  o f the activities o f  the com ponents;

- the change in the isom erization  activ ities o f  b ifunctional catalysts (differing 
by their p latinum  content) as a function o f  their hydrogenation  activities was the 
change expected from  the m ulti-step  bifunctional process.

The activity, the stability  and the selectivity o f  bifunctional zeolite catalysts 
are clearly governed by the characteristics o f  their acid and hydrogenating sites. As 
w as show n for alkane isom erization  and cracking, the h ighest activity w ould be 
obtained if  all the acid sites w ere the active and w orking at their m axim um . For this 
to occur, the acid sites m ust be sufficiently  supplied  w ith  o lefin ic  interm ediates w hich 
requires num erous and w ell d istribu ted  active hydrogenating  sites. In the “ ideal” case, 
the diffusional path o f  o lefm s(betw een  two hydrogenating  sites) w ill contain  only one 
active site. H ere the catalyst w ill also be the m ost selective one in the series o f 
consecutive reaction  : thus, w hen transform ing n-alkanes, it w ill give the best yield o f 
m onobranched isom ers and the m ost selective isom erization . On such the catalyst, 
coke form ation w ill be very slow  and consequently  the stab ility  very great. Zeolite are 
perfectly adapted to the preparation  o f “ideal” bifunctional catalysts : their acid sites 
are num erous and highly active ; m oreover, a high d ispersion  and a high activity o f  
hydrogenating sites can be obtained  w hen introducing the m etal by an ion-exchange
process.
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3.2 Methane Coupling

The m ethane coupling reaction is a two-step route in w hich m ethane is first 
therm ally  activated. It is decom posed by a reduced group VIII m etal catalyst into 
hydrogen and adsorbed surface carbonaceous species (1) (CH X w hen 1 < X < 4) at low  
tem perature. In a second reaction step a particular surface carbonaceous interm ediate 
produces hydrocarbons upon hydrogenation at low  tem perature (2).

2CH4 + 6M ------►  2M3C + 4H2 (1)
2iM3C + 3H2 ------ ►  C2H6 + 6M (2)

where M = zero-valent transition metal [Koerts et al. (1992)].

(ท-1) ก

Figure 3.7 Schematic presentation of the two-step route of methane conversion into 
ethane or higher hydrocarbons using transition metal catalysts [Koerts 
et al. (1992)].
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