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CHAPTERS-I
INTRODUCTION




l.1. INTRODUCTION

Toluene is mainly obtained from crude naptha during
petroleun reforming process by distillation of BTX (benzene,
toluene and xylenes). However, toluene gets over produced
and is relatively cheaper than benzene and xylenes. This is
because its derivatives are not in competition with the
natural products. Benzene and xylene derivatives, on the
other hand, are in great demand for synthetic fibres and
plastics which have many advantages over natural materials
like cotton, wool and silk. Due to rapid expansion of these
polymeric material producing industries, the demand for
benzene and xylenes, especially para-xylene, has increased.
The major source of production of para-xylene is the iso-
merization of Cg aromatics cut from naptha reformate stream.
However, the process is bit tedious in respect to the
separation of ethylbenzene from para-xylene and is commer-
cially less ettractive. On the other hand, the conversion
of relatively cheaper toluene into benzene and xyleneswhich
is free from ethylbenzene via disproportionation, dealkylation,
alkylation zsnd transalkylation is an attractive route to

fulfil the demandfor para-xylene.

The commercial value of 09 aromatic hydrocarbons is
considerably lower than Cg aromatic hydrocarbons. These Cq

aromatics especially trimethylbenzenesarc the side reaction

P -



products in the toluene disproportionation reaction
(produccd by the disproportionation of xylenes) and can be
utilized to upgrade the Cg aromatics yield either by
recycling the formed 09 aromatics in toluene dispropor-
tionation or by mixing them in the toluenc¢ stream

and converted by dealkylation/transalkylation routes.

Toluence disproportionation and alkylation have
been extensively studied using variety of alkylating
agents and varicety of Friedel-Crafts catalysts and traced
out a clear cut idea about the behaviour of the methyl-
benzenc towards these catalystsl'4. An excellent review
published by Nightgle5 also demonstrates their action on
nethylbenzenes. However, the Friedel -Crafts technology
based on aluminium chloride and haloacids inherits some
undesirable features in their use, for example, corrosive-
ness of the acid and disposal of the waste catalyst which

crcates pollution.

Thc other classes of catalysts are silica-
aluminas-lo and crystalline zeolitest1™18, The activity
of the catalysts based on silica-aluming is low
necessitating the use of higher temperatures. At higher
temperatures, however, due to predominance of dealkylation

and cracking reactions, most of the toluene degrade into

gaseous products and results in a fast deactivation of the



catalysts. However, the catalysts based on zeolite classes,

Linde X or Ylo and mordenitesl6"'18

give improved yield of
benzene and xylenes in the disproportionation/transalkylation
reactions. Tatsuaki et al19 reported 45% xylene yield by
transalkylation of toluene with trimethylbenzene isomers over
H mordenite, CeY and Hy catalyst. The catalysts exchanged
with nultivalent cation showed no activity for transalkyla-
tion. The exchanged cations stick out of the mordenite
channel w2ll, thus hindering the diffusion of reactant into
the channel and to the active sites. The trimethylbenzene
isomers were reactive in the order,l1,2,4 > 1,2,3 > 1,3,5

on H mordenite catalyst.

Aneke et allo investigated the toluene dispro-
tionation on a composite catalyst material consisting of
72¢ wt. % HY, 18 wt.% B-AlF5 and 10 wt.% Cu and compared
its activity with silica-alumina HY and H mordenite. The
result showed that the HY and H mordenite had high initial
activity. However, the activity dropped down rapidly due
to coke formation on the active surface. In contrast, the
composite catalyst showed improvement in selectivity and
stability. Shopov et al20 reported the toluene dispro-
portionation over nickel modified CaY¥Y catalysts. The
catalyst obtained by ion exchange with nickel showod high

toluene disproportionation activity and attributed it to



the presence of 50% of total nickel which remained

unrcduced and act-1; as a main source of proton acidity.

Benesi11 showed that mordenite is more active
than Y faujasite in the toluene disproportionation
reaction. He studied the toluene disproportionation
reaction as a function of the temperature for decompo-
sition of NH4 form of Y faujasite and mordenite and showed
that at all stagcesof zeolite decomposition,the mordenite
possessed higher activitye.

Recent invention of ZSM-S21 (Zeolite Socony
Mobil) zeolitey a new variety of pentasil zeolite: has.
made a revolution in the petrochemical industry. The
ZSM-5 zeolite with hizh selectivity and specificity in
converting methmiol to gasoline was first disclosed by
Mobil Oil Company in 1976 in the so called a Mobil
Methanol Processzz. Thereafter, the ZSM-5 based catalysts
have stimulated much interest in many industrial processes
(listed in Table l.1). Espccially for toluene dispropor-
tionation, the enclosed chennel systcm in ZSM-5 zeolite
with pore opening,0.58 nm which matches with the size of
benzene, toluene and para-xylene molecules offers high

performance24’25.

Using an acidic ZSM-§ catalyst, Mobil
0il Cos developcd a lovw temperature toluene disproportiona-

tion process (LTD). The high efficiency (activity and



TABLE - 1,1

(9 |

Industrial processes based on shape

selective zeolites

23

Major chemical/process
characteristics

- " " - ] ——— -

Sclcecto-
forming

M-Forming

Dewaxing

Xylene
isomerization

Ethyl
benzene

Toluene dis-
proportionation

Methanol-to-
gasoline

Octane number
increase in
gasoline;LPG
procduction.

High ylelds
octane number
increase in
gasoline.

Light fuel from
heavy fuel oil;
lube oils with
low temperature
pour point.

High yield para-

xylene production.

High yield ethyl

benzene production

clinminate AlCla
handling

Benzene and xylencs

fromtoluene

Methanol (from
coal or natural
gas) conversion
to high grade
gasoline

Selcctive n-paraffin
cracking.

Cracking depending on
degree of branching;
aromatics alkylation
by cracked fragments.

Cracking of high
molecular weight n- and
mono-methyl paraffins.,

High throughput,
long cycle life;
suppression of
side rcactions

Synthesis >f hydro-
carbons only, rcstricted
to gasoline range (C4 to
ClO including

aromatics.

- —— - - ——— —_—— - - —— - -



selectivity) of ZSM~5 zenlite catalyst for this reaction

ste~ out kpn a varicty of featur0526:

(a) a high acidity leading to high activity for this
reaction;
(b} @ pore dimension that greatly favours the diffusion

of para-xylene (the diffusivity of para-xylene is at least
three ordersof magnitude higher than that of orths- or meta-
xylenes) and exclude molecules with ceritical dimensions

higher than that of 1,3,5-trimethylbenzenes27;

(e) restriction in the nature of transition state
thereby preventing further conversion sf the Xylenes., The
relative values for the isomerization (Ky) and dispropor-
tionation (Kd) rate constant neasured for a variety of
zeolite catalystsshow (Table 1.2) the absence of dispropor-
tionation of xylene which prevent the loss of Cg aromatic

compounds by secondary reactions, including coking.

TABLE - 1’42

Isomerization vs disproportionat}gg
of the xylenesd4

Catalyst Ki/Kd
Faujasite, Y 10-20
Mordenite 70

ZSM=5 1000
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8’%hd Chy 29-32 reportéd the

Kzeding et a12
synthesis of pexylene in high yield by'disproportibnatign7
alkylation of toluene using ZSM-5 based catalyst modi%iéd
with variety of accessible inorganic compounds which can
sit in the channel and reduce the available space: ‘Chen
et al33 also reported very high yield of para-xylenc = 90%
(as 1llustrated in Fig. 1.1) by alkylation/disproportiona-
tion of toluene when the d;ffusional constraints are
increased either geometricaiiy (by using largercrystals
which provides longer path) or chemically by modification
with P and Mg.

.
/s

1.2, STRUCTURE AND CHARACTERISTICS
OF ZSM<5 ZEOLITE

(4) Structure of zSM-5

The structure of ZSM-5 zeolite was reported by
Kokotalio et al34 éﬁd is shown in Fig. 1.2. The framework
of Z8M=-5 contains a linked tetrahedra as shown in Fig. 1.2a
and consistsof 8 five membered rings. These building units
then join through edges to form a chain as shown in
Fige 142bs The chains are connected to form a shcet and
the linking of the sheet leads to a three dimensional
framework structure, The chains extended along the 2 axis

and the sheets parallel to (010) and (100) are shown in

Fige 1le2ec and le2.d. The ZSM-5 framework can be generated
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by linking the sheets (Fig. 2.1¢) across mirrof planec

forming four and six membered rings.

The framework of ZSM=-5 is made of tho two inter-
secting channel systems kFig.'Z.le), One Sinusoidgy
running parsllel to (001). The elliptica1 10 ring is
having opening 0458 x 0,51 nm and straight one has 0456

0454 nn opening.

Flanigen et a135 reported a zeolite which is
devoid of 2lumina and cencloses the same structure as
described for ZSM-5 called the end member of the ZSM
family and nanmed silicafite.'The silicalite is highly
hydrophobic 2nd adsorb‘éclectively the organic molccules
over water. |

(B) Thermal stability

The resistancce to structure collapsc at elevated

pegperature is known as the thermal stability of the
zeblites. The thermal stability of the zeolites is usually
determined from the position of the high temperature
exothermic peak in differential thermal analysis (DTA)
because the thermal collapse of the crystal structurc is
accompanied by a liberation of hoataG. It has been also

determined by measuring the loss in crystallinity, by the

decrcase in the X-ray diffraction peak heights,of a sample



heated at the precdetermined temperaturcs,for a fix
tine as compared to the original peak heightﬁfor the
unhcated samplce

McDanieal and Maher36 reported that the
thermal stability of the X and Y zeolites incrcascs with
increasing Si/Al ratioe. This may be because of the
precdominance of the more stable Si-0-Si bonds than
§i-0-Al bonds in the silica-rich zeolites. Barrer et al°’
reported that the thermal stability of the alkalimetal and
armoniun cation exchanged forms of chabazite increcascs with
increcasing the size of the exchange cation in the : alkali
netal series and attributed this relation to the relative

ability of the various cations to fill the voids in the

crystal after dehydration.

ZSM=-5 zeolitcs arc characterized by high Si/Al
ratio and hencec possess very high thermal stabilitye.
Flanigen et alas reported that the silicalite which is
devoid of the alumina in the framework (the end nenber
of ZSM series) is stable in air upto 1373 K and is

converted slowly to amorphous silica at 1573 K.

(C) Sorption and Diffusion

Sorption and diffusion plays a role of paramount

e
importance in molecular shape sclecctive catalysisz“’ze.

The screening of the molecules of different size and shapes

11



12

deternines the reactants and products selectivitye The

noleccules with high diffusivity will react preferentially

and selectively while molecules which are excluded fron

zeolite interior will only rcact on the external non-

selective surface of the zecolite. Procducts with high

diffusivity will be prefcrentially desorbed while the

bulkier molcculcs will be converted and equilibriated to

smaller nolecules which will diffusc out, or cventunlly

to larger spceics which will block the pores.

The diffusion and sorption properties of ZSM-5
zedolite have been evaluated systematicnlly by nany workers.
22,38

Mobil resenrchers have qualitatively rcported the

relative intracrystalline nobility of hydrocarbons in the
Z28M=-5 chonnel systemn. n-Paraffins and monomethyl substi-
tuted paraffins diffuse more rapidly thon dimethyl
substituted paraffins. Among the monocyclic hydrocnarbons
the reletive diffusion coefficient (RDC) from vapour phase

adsorption is as follows

c %

RDC (>100) (~1-0) (~0.2) (0.02)



Deroucne and Gahalicaag evaluated the channcl
lcength occupicd per unit cell by the adsorbates fron
the anount o~dsorbed, using molccular dimensions and
asswiing an end to end configuration of adsorbed nolecule.
They have shown that lincar paraffins'(uptot%) fill whole
pore while 3-nethyl pentane, para-xylene and toluene are
adsorbed exclusively in the linear and elliptic2l channcls.

They have nade the following generalizations:

1) Linear aliphatics diffusc rather freely in the
HSM-5 francwork and can be adsorbed in both the channel
systen.

(2) Isozliphatic conpound experience steric hindrance
effects which may restrict their diffusion in the sinusoidal

channel systeme.

(3) Aromatic compounds and methyl substituted
aliphatics have strong preference for diffusion or adsorption

in the linear and elliptical channelse.

Anderson et a140 reported the sorption of hydré-
carbons in H-ZSM-5, silicalite and NaZSM-56 at 293 K and
P/Po = 0+5. They have classified the sorbate/sorbent
systems into two (fast and slow) categories. 1In the fast
category > 95% of equilibrium sorption was reached in < 10
minutes and in slow the uptake was continuously increasing
with time after several minutes. 3-Methylpentane, toluene

and para-xylene which fell into fast category with HZSM=-5
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and silicalite, but into slow category with NaZSM-5. The

critical value for effective molecular size serarating fast and
slow hydrocarbons is > 0458 and < 0.61 nm for HZSM-5 gnd
silicalite while for NaZSM-5 is > 0.43 and X 0.56. From

the above study they have concluded[?ggtpore volume and

channel size are similar for HZSM-5§ and silicalite while

the presence of Na ions in NaZSM-5 influence the apparent

frec channel size.

Flonigen et a1%% demonstrated the sorptioh
properties of silicalite in terms of its surface selecti-
vity rather than pore size effect. They have shown the
organophillic and hydrophobic seclectivity of the silicalite
surface by competative adsorption of n-hexane and water.
In case of n-hexane the pore filling is essentially complete
at a rclative pressure, 0.03. In contrast, water docs not
£i1l the porc at any relative pressurc. The adsorbed
water volume at a relative pressure near one is about 25%
of the saturation pore volume for n-hcxanc. This hydrophobic
selecetivity of silicalite is attributed to the absence of

the water adsorption sites in silicalite.

(D) Surface Acidity

It is well known that the zcolites contain both
Bronsted and Lewis types of acid sites. The isomorphous

substitution of trivalcent aluminium for the tetravalent



silicon in the lattice creates the acid sites. Since the
trivalent aluminium atom is forced to assume a tetravalent
position and nett unit negative charge is creatcd at this
point on the solid surface which requires neutralization
by a cation such as proton (Bronsted sites). 1In the
absence of compensating cation, the aluminium atom would
tend to acquire a pair of electrons to fill its p-orbital
(Lewis acid sites). The acid sites in zeolites arc created

by following treatments4l:

(1) By exchange with ammonium ions followed by
thermal decomposition
+
NH heat
M2 4’ NH4Z —) HZ .
(2) By treatment with dilute acid
HA
Mz —y 1M
(3) By treatment with organic ammonium salt followed
by thermal decomposition
wz A g vz P02ty mz
(4) By exchange with multivalent cations
Mp2¥ +
M2 — 3 (MoOH) HZ

3+
MZ M; y  (MpomZ*
(OB B2 — M(oH);1H,2
(85) By washing with water

: H20 y  mvz



Many techniques havc been used to evaluate the

distribution and the number of these sites. Most commonly

used techniques are : Infrared spectroscopy4l’42

3

y Micro-

and Temperature Programmed Desorption (TPD)

calorimetry4
of NHH' Auroux et 3143 extensively studied the surface
acldity of ZSM-5 zeolite by using microcalorimetry and
infrared spcctroscopy as a function of various paraneters that
affect the cistribution and number of acid sites such as
calcination temperature, silica to alumina ratio and modifica-
tion by incorporation of phosphorous or coking. They have
shown that the number of acid sites decreases with increasing
celcination temperature (from 6585 to 1075 K), increasing
5102/.‘11203 ratio and incorporation of phosphorous or coke,
They nalso suggested the non-uniform distribution of acid

sites in HZSM-S zeolite protonated by HC1l treatment. The
HZSM~-5 zeolites, protonated samples prepared either by acid
treatment or by calcination of NH4-ZSM—5 samples were coupared
by studying their affinity to ammonia at 416 K. The results
indicate that the site filling is normal in protonated

sanple preparced from the ammoniwa form and that consequently
the acid sites are uniformly distributed in this sanplee.
Thereforc, the heteregeneous distribution of acid sites
observed in the acidified H-ZSM-5 is not the consequence of
non-uniform distribution of aluminium ions in the freshly
synthesized sodium form but was created by HC1l acidification
tr2atment. Hydrochlorie acid can remove both sodium and

aluninium ion from the lattice.



Topsde et al44 showed the existence of three types
of acid sites on the protonated ' -ZSM-5 ze»lite by temperature
programned cesorption of ammonia and designated these sites
as %, B and Y sites. The desorption activation energies for «,
B and Y sites are20.2, 23.1 and 38,8 K cal mol'l respectivelye.
Fron the IR spectroscopy of H-ZSM-5 they have shown three 2
types of IR absorption bands at 3720, 3740 ana 3600 cm_l. The
bands at 3720 - 3740 cm-l were assigned to weakly bound surface
hydroxylfgroups which adsorb NH3 in less energetic @8 state
(23.1 ﬁﬂgol-l) or £ state (20.2 K cal mol-lD.whereas the
band a t 3600 cm—l was assigned to strong Bronsted sites which
arec responsible for the adsorption of NHa in highly energetic
Y state (3848 K cal mol'l NH3 desorption activation energy)

which are located at the channel intersections.

(E) Shape Selective Properties

The shape selective properties of ZSM-5 result: fron
the conjunction of four different, although structurally

interrelated,features:

1) A channel (or pore) opening consisting of 10 menbered
oxygen rings which is intermediate between that of classical
shape selective zeolites (such as erionite or zeolite 4A) and

that of large pore zeolites (such as faujasites and nordenite).

TH-414

6y 1836 ZSM5 (0[,5)
MES

17
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(2) The presence of channel intersegﬁions (or inter-
sccting elements) which offersa free spnce of larger dinen-
sions (about 049 nm), the latter may play distinet role in
the ordering of simple molecules46 and could be the locus

£or the cntalytic activity2’.

(3) The abscence of cages along the channels, such
coges which off'er a large available space are the preferential

locus for the formation of carbonsceous residucse.

(4) The occurrence of slightly differentiated channel
net works. Aronatics and branched paraffins were indeed
found tolg?cfercntially adsorbed in the linear channels which
are ellipticale. This may lead to preferential diffusion paths
and cventually prevent nmajor counter diffusion effedtsag.

Rcactions such as eracking and hydrﬁcracking27’48’4g

distillate lewaxingso and upgrading of Fischer-Tropsch

synthcsis mixtur0351; nethgnol to hydr.)carbon52 and isoneri-
zation of xylencs explain procduct selectivity. Restricted

transition state selectivity is related to the high
resistance to coking of ZSM-5 zealiteSS:3 and high selectivity

in isomerization of xylene.

(F) hging

The deposition of carbonaceous residues usvally
occurs during catalytie reaction and conversion of
alkylaromatics (by cyclisation, dehydrogenation, further
alkylation) eventually leading to polyalkylaromatic, the



1Y
coke precursorss The coke deposits lower the catalyst activity
by site coverage and/or by pore blocking which prevent the
access of the reactant to the active sites. Rollman and Walsh53
had demonstrated that the intracrystalline coking of zeolites
is a shape-selective process: which largely depends on the
size ond architecture of their channels. The zecolites which
provide enough space for the synthesis of polyalkylaromatics
would therefore deactivate fast, Dajcifve et a154 cxplained
the location of coke in the three zeolites namely mordenite,
offretite and ZSM-5 zeolites which differ in the channels
system by acidity measurement., The acidity measurements were
performed by ammonia adsorption on fresh and deactivated
catalysts after 20 minutes on stream in methanol recaction.
The strong acid sites present in the mordecnite totally
disappeared iq coked catalysts indicating that the
psuedounidimensional channels of mordenite had been
blocked by cokee In case of offgretite although the strong
acid sites arc decreased, treatment at increasing temperature
partially rcgenerated the acid sites indicating that coke
was meinly deposited in cages and larger channels. In
contrast with the aging of cither mordenite or offretite,
the range of acid strength in HZSM-5 remain unchanged.
However, the reduction of total ammonia adsorption capacity
was attributed to the inhibition by deposited coke on the

external surface and it was concluded that the coke in HZSM-5
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wos mainly deposited on the external swrface. This point
w2s also proved by Walsh and Rollmann53 and they suggested
that duc to the restriction of the transition state the

polyalkylaromatics were not formed in the channels.,

(G) Ion Exchange

It i1s well established that the ion exchange
capacity of classical zeolite is equivalent to the tetra-
hedral aluminium content of the zecolite structure. Olson
et al55 reported the caesium ion-exchange capacity of
serics of ZSM-6 zeolites. Caesium ion exchange into a
serics of hydrogen form of ZSM-5 samples with SiOz/Alzo3
ratio ranging from 89 to 8666 showed a very good stoi-
chiometric correlation indicating that the relation of
framcwork aluminium to ion-exchange capacity observed for
the classical zeol ites holds also for the highly siliccous
zcolite cven at low level of aluminium. The ratio of Cs/Al

was found to be slightly lower than unity.

1.3 OBJECTIVE OF THE PRESENT WORK

The literaturc survey indicates that ZSM-5
zeolitc offcrs high performance over other zcolite and
non-zcolitc based catalysts, so far used for thc dispro-
portionation of toluene., The researchers working in the
toluenc recactions over ZSM-S zeolite based catalysts,

however, concentrated their efforts only on the synthesis



of para-xylcne cither by disproportionation or alkylation
with methanol and put in much effort in the development of
the para-sclective catalysts. They modified the ZSM-5
catalysts by using a variety of inorganic modifiers like
phosphorous, boron, magnesium and tin, which sit in the
channcls, block partially and c¢nhance the selecctivity for
para-xylenc. These modifiers, however, rcact strongly with
the acid sites in the ZSM-5 channels and strongly reduce
the total acidity which, in turn, decrcascs the toluene
conversion to about 10-20% mole as against 60% molc cquili-

brium convcersione.

A dectailed study of disproportionation of toluenc
over ZSM-E based catalysts has thercfore been undertaken to
achieve higher (near equilibrium) conversion of toluene and
to improve the yield of xylenes by transalkylation with Cg
aromatic hydrocarbons. The present work contemplates a
process of toluene disproportionation to obtain high
selectivity to benzene and xylencs and a stable activity

of the HZSM-5 catalysts modified with transition metals,

The present investigation was undertaken with

the following objecctives:

1. To prepare a series of 2ZSM-5 zeolites of varying
SiOz/Alzo3 mole ratios and vary the surface acidity of the
catalysts by calcination at different tcmperatures or by
incorporation of inorgenic modifiers like phosphorous, boron,

magnesium and nickel, etc.



2e To study the surface acidity of the modified
ZSM=-5 catalysts by the temperature programncd desorption
(TPD) of ammonia and thermogravimetry and to correlate
this dat2 with the activity of the samples for tolucne

disproportionation and transzlkylation rcactins.

3. To study the influence of pressure,rcaction
temperaturc, spaece . velocity on thc selectivity and
catalyst stability in toluene disproportionation and trans-
alkylation recactions using modificd ZSM-5 zeolite catalysts
of different Si02/A1203 mole ratios,

4. To investigate the sorption and daiffusion pro-
pertics of the ZSM-5 catalysts using probe molccules of
varying sizes and shapes e.g. (a) benzene, toluenc, para-
xylene, (b) cyclohexane, ortho-xylene and 1,3,5 and

1,2,4 trimethylbenzenes.,

S5 To study the transalkylation of C7, 09 aromatic
hydrocarbons over HZSM-5 zeolite blended with dealuminated
hydrogen mordenite of varying SiOz/Alzos ratios in differcnt

proportions.

s an



CHAPTER 1II
SYNTHESIS, MODIFICATION AND
CHARACTERIZATION




Zel. SYNTHESIS

Z25M=5 z¢nlite is o nenber of pentasil fanmily of
1

zcolitese This was first reported by irgsucr an? Landolt2
Because of 1ts wide -pplications,yespeccially in the petro-
cheimieal industry, several processes for its synthesis
using a variety of organic cotions n2s templates and

Qifferent sources of Si0 56-59

9 and Alzo3 have been explored

In the present work, ZSM-5 zeolites of varying
Sioz/alzo3 ratios werc¢ prepared by mixing solutions of
sodiumsilicate, aluminiun sulphate, sulphuric acid and
triethyl-n-propyl ammoniun bromide according to a procedurec
deseribed elscwhor058. The synthesis runs were carricd out
2t 453 K in a2 stainless stecl autoyelave (capacity 75 nl) at
autogenous pressurc. The rcactant nmaterials used had the
following compositions : sodiun silicate (Sioz = 27,2,

NagO = 8.4, Hy0 = 64.4 % wt.), oluminiun sulphate (415(S0,) g4,
18H,0, Merck), sulphuric acid, (BDH inalar grade 98%) and
tricthyl-n-propyl arnoniun bromnide TEPaBr, (synthesized in

the laboratory). Aapproprizte amounts >f aluniniun sulphate
and sulphuric acid were nixed in ‘dstillced water to yield
solution ». Colculatcd quantity of n quaternary salt (TEP.Br)
was added to sodiun silicate solutim to yield solution B.

The two solutions 4 and B werc then mixed in a stainless

stecl reaction vessel with continuous stirring t, form a
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frece flowing gels The vesscl was then closed and heated to the
desirced terperaturce and left a2t this temperature for sufficient
tine usually about 10 to 100 hours dcpending on the SiOZ/AIZO3
ratios of the gel mlx. A4fter completion of the reaction, the
reactor was cooled in cold water. The s>lid mass was then
filtered 2nd washed with hot distilled wafer till it was free
fron sulphate and bromide ionse. The resulting sample was dried
in o static air oven at 393 K for 12 hours. The sample was

then characterized by x-ray diffraction and ir specetroscopy.
Finnlly, the sample was calcined at 823 K for 8 hours in
flowing adr in a nuffle furnace to decompose the organic basec.
The sodiun form of the ZSM-5 zeolite (NaZSM-5) was obtained

in this waye.

2.2, MODIFICALTION

The NH4ZSM-5 samples were prepared by armonium
exchange of the NaZ2SM-5 using a SM NH4CI solution. The
cxchanges were performed at 368 K on a waterbathe It was
rcpeated three times to replace the sodiun ions by ammoniunm
ions. The NH4ZSE-5 zeoslites were dried at 393 K and calcined
at 823 K to get hydrogen form of the zecoliteso. The samples
werc analysed by flane photonetry and wet chemical analysis.
The unit ccll compositions of the sanples are given in
Table 2.1l. These were calculated -n the assumption that
the total number of Si + Al tctrahedra per unit cell is

equal to 96.



TABLE - 2,1

Chenical corposition of zeolite sarmples

" - — - - - —— - -

Sample Chemical Fornulae SiOZ/lego3

____________________________________________________________ molar ratio
. FZSM-5 Nao.oz(Sioz)90.98(A102)5.0215H20 36
"E78M=5 Nagy, 03(5105)ga 75 (4105)y 5g21H0 86
£7SM-5 Nag,0g(5105) g4 6o (4105);  5118H0 144
" F7SM-5 Nao.o7(Sioz)94.90(A102)1.0918H20 165
H7SM~5 Nag,o7(5105) g5, 40 (4105) g 5ol OHO 320
111 HZSM~5 NaoﬁozNio'sa(3102)90'98(A102)5.0215H20 36
. NEI17SM-5 Nag ooy 0g(5105)g0. 95 (8105)g oo15H0 36
NIHEEH-S  Nag ooNip 14(5305)g 9g(A105)5 p15H0 36
FIHSM-6 Nag oNig 44(5105)gy 9g(4105) (o15H,0 36
N PLI-Z8M-5 Nag oolVig, 53Pt,06(5105)gq .95 (#105)5 0ol 5H0 36
. TLZHZ8M-8 Nag (oPg coMg) 0(5105)g0 0o (A105)s (,15H,0 36
PHGHZSM-5 Nag 9Py g7ME7,04(8102)g0, 08 (410)5 021 5120 26
PHI-E a0 g 95(S10,)g0 o0 (5105)5 o15H0 36

PHZSH-5  Nag ooByg go(5105)gq og(A105)5 olEHZ0 36



The nickel and boron nodificd forms of the zenlite
(NiHZ8M~5) and BizSM-5, with diffcrent amounts >f nickel and
boron were preparcd by impregnation with Ni(NOs) and HSBOS
soylutions respcetively. appropriate quantitics of the
solutions were dded to the zeslite samples, The well
homogenized slurry was slowly dried with intermittant stirring
at 333 K until' thc slurry was dry. The powdercd samples were
further dricd in air oven at 3923 K overnight and then
calcined at static 2ir in the nufflc furnacc at 823 K for
about 5§ hours.

The phosphorsus (PHZSM-5) and phosphorous and
moznesiwa (PMgiZSM-8) modificd forms of the zeoslites were
prepared according to the procedurc described carlierGO.

4 sobution of Jdiammoniun hydr.ogen phosphate was added to
HZSM=5 zcolite. The resulting nixture was allowcd to stand
overnight and cvaporated at 333 K with constant stirring.
It was then driced for 8 hours at 393 K and then calcincd
in static air at 773 K. The cnlcincd PHZSM-5 was usecd for
nagnesiun impregnation. The coummosition of the zeolites

thus prepared arc given in Table 2.1,

The ZSM=5 zedolites used for toluene dispronor-
tionation anl transalkylation ruactionsl?gmosphcric pressurc
were in the form of 10-20 nesh particles. These were obtaincd
by crushing the zedslite pellets followed by sieving. The
pellets were obtained by applying a pressurc of 4-5 tons/

2 . o
cri in a hydrylic press,



For high pressure rcactions the zeoslites were
uscd in the forn of extrudates, which were prepared by
nixing the zeoslite with bentonite (L0%)ana Kaolinite

(5%) binders before extrusione

2e34 " CILRACTERI ZATION

(&) X-ray Diffraction (XRD)

XRD is onc of thc nost powerful tH0l a2nong the
various tecmigues so far used for characterization of the
zeolitese It has becn widely used to study crystallinity,

58,61 .

pPhese transiornetion during crystallization d

structural changes during various t rcatnents like calcina-
tion and ion cxchangc62’63. Bibby ct a164 used XRD for
the non-destructive determination of L1 content in the
ZSM=-5 zeonlite. In the XRD powder pattern of the Z8M-5
they found that the spacing, A, between the two peaks

. 45,0 ana 460 2@ (CuKe radiation) dcercascs as the
4l content in the zenlite increases. The intensity of the

two peaks falls and the peaks broaden considcrably as the

4l content incrcases.
The x-ray diffractograns werc recorded using

Philips PW 1700 X-ray diffreoctor with nickel filtered,
Cukx racintion (N = 1.5405 2).



The interplanar distances 'Q!' for NaZSM-5
(SiOz/‘;lZO3 = 36) arc¢ prescnted in Table 2.2 along
with published 'd' values for ZSM-521. The values
obtained arc consistent with thosc reported in the
litcraturce The x-ray diffraction natterns of 211 the
zenlite scmples with different SiOg/Alggsrfatio and
netal impresn-otion arc sinilar (Fig. 2.‘). Thus, the
s~uples synthesized arc crystolline and they belong to
the ZSM-& tynce The nost intensc lines occurring at 2.6
790 * 0uly 848 £ 0,1 2and 23 # 0.22 arc thc characteristic
peaks of the ZSM-5 type zeolite. The intensity of the
above peaks is found to increase when the zcolite as
synthesized is calcined (Fige 242), The increcasc in
the intensity, when a synthesized form is calceineéd, is

duc to the Cecomposition of the occluded organic cations
82

which arc present in the channcls of ZSM-S. Increase in
the Sioz/x-.lzo3 ratio is associated with changes in
position and intcnsities of the pecaks. The prouinent
changes arc : (1) the intensity incrcascs with incrcasing
Sioz/ulzo3 ratio (Fige 2.3), (2) eoprearancc of a “oublet
(2t 263, 24.2 ond 24,.32) in placc of a singlct (24.25)

in the casc of sanple having 8102/.11208 of 320,

Nakauato and Takahashi®® have rcrorted, that
when 5105/4150,4 ratio was higher than about 170, the

crystal structure of ZSM-5 changes from orthorhonmbic to



TABLE - 2,2

Lattice spacings ('d! values) of

synthesised NaZSM-5,

SiOz/Algoa N

T - -

Interplanar

spacings

tqt

2 (observed)

- = - -

11.13
9499
Q.71
9.01
7443
707
6460
6,47
5,98
5.78
5,587
5.15
4,77
4.37
4,13

Interplanar
spacings 'd!
2 (reported)'
11.25
9402
9470
8492
746
700
6470
636
5.98
5.71
5.56
4497
44,59
4,34
4424

Interplanar
spacings 'd!
® (observed)

Interplanar
spacings 'd!
8 (reported)

4,01

3.84

3,75

3.64

3445

3.34

3.16

3.04

2494

2.72

2.60

2450

2.47

2.39



., i

v i Y
el 0 VI,

Y

INTE]

NiHZSM=$ (36) /‘
[

WA
} ‘ |
HZSM-% (36) \\ é I - ‘I h U
\ » ( i i \ ”‘ ‘K :
,,Jw\ww\w w Y NG

‘U-% 7.0 :3 ;c "% \z .ﬂ .l 3
FIG.2.1 X=RAY DIFFHAuTOGRAMS OF nzshM=5 AND MODIFIED HZSM-5 ZEOLITES.
THE NOS. IN BRACKETS REFER TO 8102/A12O3 RATIO.




B R R G NN T AR E e F REALWEIN

|
i
|
NATEPA Izsm-s Il"JIIl]J! ' A Nazsm-s
o )
= 0|
| { | (i
h AW NU flp I
;0 2‘5 ZJS 2‘1. 1‘7 ;Od/ ‘30 7‘0 2‘&‘ 7‘& 211 20

X-RAY OIFf RACTCGRAMS OF NATEPA 2SM-5 ANL NaZSM-§ ZESUITES sACZ/k|203~)20

TV PR A



2 ]

0s S10p/Al503

1l 36

2 86

s 144 i
4 165 | i
5 320 O

INTENSITY

L]
A v i\ ) [ A \ 1
/0 ‘j.wu" ’»""; S i ; 4 ‘v"\’\ N W ‘\,// \ Iu\ ) L ﬁ'\ l\j f\ % N

40 = a4 30 26 ' :
2o 22 18 14 10
FIG. 2 3 X=RAY DIPFRACTOGRAMgaOF BZSM-S ZEOETTES.

G




(2 }
(&3]

to ponoclinic symmetry by mere calcination and remains
unchanged after NHg ion exchange. Wu et 2192 also
reported that changes in SiOz/AlZO8 ratio cause symmetry
changes.

The changes in peak position observed in the
present study nay be attributed to symmetry changes. The
increase in intcnsity with increasing Sioz/;x.lzo8 nay be
due to the inerease in the cerystallite size of the ZSM-5

sanple.

(B) Infrared spectroscopy (IR)

The IR spectroscopy is widely used for the
structural analysis of the geolites > %%, Tt is also
uscd for the characterization of surface hydroxyl groupse.
The infrarcd spectra of pyridine adsorbed on zcolite
revealed the presence of Brinsted and Lewis acid site544.
Jacobs et 3168 have reported the x-ray amorphous ZSM=-5
zcolite. They cdemonstrated thaot ir is very sensitive for
the charactcrization of zeolites and it can detect very

stiall crystallites which cannot be detected by x-ray.

The ir spectra were recorded on Perkin-Elmer 221
spcctrometer using Nujol null technique with KCN as an
internal standarde. IR spectra for the sample of different
8102/31203 ratio are given in the Fig. 2.4. The Table 2:3

shows characteristic stretching frequencies.
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TABLE - 2.3

Framework vibration frequencies for NaZSM-5

Wave number (cm”

SiOZ/AlZO3 = 86

Ly

450
540
590
620
720
790

*
Assignment

S5i-0 bending

Distorted double § rings

ELCS
ELCS
TISS
ELSS
ELSS
ITAS

S5i-0 asymmetric stretch

ELSS
ITAS

External link complex & membered

ring.

Intern2l tetrahedral symmetric

stretch.

External link symmetric stretch.

Internal tetrahedral symmetric

stretch.

)

e



1

The absorntion band at 580 e~ is assigncd to

hizhly Mstorted “ouble five nenbered ring which is
characteristic of ZSM-5 type of Zb)lit069. The frequencics
obscrved for sarples 1-5 (Fize 2.4) arc in zood agreencnt
with the reported velucs. Thusy the ir data further confirn
that the samples synthesized belong to the pentasil family
of ZSM=-5 zcolites.

68
Flanigen rcported o lincar dcerecasc for the

position of ii2in assymctric strctcech band ncar 980 to 1100
enT with inercasing aton fraction »f 41 in the t etrahedral
sitese The decrcasc in the frequency with inercasing L1 con-
centration was attributed to change in the bond length ana
bond order. The larger bond length of 41-0 and deercascd
clectroncgativity of il results in a deercasce of forge
constant., The present samples of MAfferent 2luiina content

also show a dcercasc in frcquency as cxpcctede.

(C) Scanning Elcctron Microscoly (SEM)

The erystalline phascs were analysed for norphology
of the crystals using gEM (Sterioscan Model 150,Canbricdge,
U«K.)e The sample was dusted on 2lunminiunm pegs and coated
with an au-Pq cvaporated film. The SEM photographs of
crystalline samples »f differcent Sioz/hlgo3 ratios arc shown

in Fige. 454 The crystals show similar norpholosgy to

(83 |

(epd
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5 L )
those reported 7. The crystallite size of the samples

is about 2«6 micron. The ZSM-5 samples show that with
increasing 8105/i1,04 ratio, the crystallite size also

increcasess

(D) Thernal hnalysis

The thermal analysis wes performed using automatic
Hungarian derivatograph (MOM 102 Budapest). The thernograns

were recorded under the following conditions:

@) Sample weight - 70 ng
(i) Heating rate - 10 k/nin.

@4y Scnsitivity
(a) DEA 1/5
(b) DTG 1/8
(c) TEA 70 midligran

o) Atmospheres air suction.
Preheated and finely powdered & alwiins was used as an

internal standards.

A typical thermogram of the svnthesized ZSM-5
(TEPA-ZSM=-5) is shown in the Fig. 2.5B. The TG thernograms
show two successive stages of weight loss. The 1st stage
fron 298 to 473 K is due to the loss of water which is
present in the zeolite channels and second is associated
with the decomposition of organic cations ' (TEPLA). It
was found that pure TEPABr decomposes in the range 353 to

473 K. However, deconposition of the TEPA occluded
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in the channels cof the ZSM-5 (TEPL-ZSM-5) takes place
between 593 and 873 K. Hence, there must exist a strong
bonding betwcen TEPA molecules and the framework atoms

of the ZSM-& zeolite. The TEP4L molecules lost per unit
cell in the above temperature (593 to 873 K) range is

3.5 1lies, close to the-theoretical vaiue of 4, This
indicates that one TEPA molecule is occluQGd per channel
intersection, because the unit cell is conveniently
divided into four equivalent intersecting elements which
comprise the channel intersection7o. The presence of two
exotherms (in DTAL) corresponding to 665 to 670 X and 750
to 755 K respectively shows that there may exist two types
of TEP4 specles in the ZSM-5 channel. The weight loss
estimated from the TG data at 750-873 K (the second stage)
corresponds to 1.8 TEPA molecules per unit cell which is
nearly equal to the number of Al atoms per unit cell,

The high temperature required for decomposition of these
molecules of TEPA may be attributed to thelr strong
interaction: and binding to the framework Al atoms located
at the channel intersection. The present results are
consistent with the results reported by Parker et a1101.
They showed that tetraalkylammonium ions in the ZSM-5
precursors are occluded at two sites, (i) where they are
associated with aeid sites and act as counter lon5 and
(ii) the others which are not associated with the acid

sites, The Al free gilicalite conbaims only latter. form

40



of the tetraalkylammonium ions, which decompose by

the Hofrmiann rcaction and form olefins and trialkylamines.

The TG curves of the HzZSM-5 of diffcrent 5102/

ulzoe ratios prcparced by the decomposition of NH4ZSM-5

arc given in Fige. 2.6, The weignt loss between 298 to 673 K
in TG is cduc to the loss of zcolitic water present in the
channcls of the zeslitcec. The weight loss determincd by
thernogravinctric and gravimetric technique (using McBain
spring balancc at 678 K and 10-6 torr) show good agrecement
(Table 2e4)s The woight loss above 673kis attributed to the

dchydroxylation of surface hydroxyl groups.

Thc number of surface hydroxyl groups has becn
¢stinatced by assuning that the weight loss from 673 to 1273 K
occurs from the dehyéroxylation of OH groups. Thc number of
hydroxyl groups, thus cstimated, for samplcs containing
diffcrent 3i02/31208 ratios is shown in Tablc 2.4. This
nuniber decrezcscs with increasing Sioz/;xlzo3 ratio, as there
is a deereasc in the framework aluninium atoms with which
they are bound. .n cstinate of the nuuber of Oi groups can
also be made from measurcments on chemisorption of ammonia
on zcolitess The two estimated valucs are nearly sane

(Table 2.7).

41
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TLBLE -~ 244

Thernogravimetric anelysis of

HZSM=-5 sarmples

Sample A1/0C % Wtoloss® % Wt.lossb Nos of CH group/
unit cell€

HZSM=-5 £.02 9.40 94,72 11.31

(36)

HZSM=-5 2.28 7.20 7«60 8.93

(86)

(144)

HZSM=-5 1.09 4,50 5.29 6.16

(165)

HZSM=-5 0464 3,00 3.12 3.46

(320)

a = Thernogravimetric wt. loss calculated in the temperature
range 298 to 6723 K.

b = Weight loss calculated at 673 K under vacuum (10™° torr)
using McBain spring balance.

¢ = Number of hydroxyl groups on the surface estimated fron
weight loss in the range 673 to 1273 K.

The numbers in bracket refer to Si02/41903 ratios.
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(E) Sorption of argon

ZSM=5 zcolitc 1s 2 highly porous natcrial with
g large internal surfacc arec where the active centres are
locateds The external surface area represcnts only 5% of

its tota2l surface arca71.

The argon sorption was used for the estimation
of the surfoce arce and the microporc volunc. The sorption
was necasurcd on 'iccusorb Unit! (Micromeritics 140del2l00 E)
volunetrically at liquid nitrogen temperature (77 X). The
surfacce occupicd by argon noleculc was token to be 138
272 . R . 73
@ . The surface arcea was calculatcd using thce BET

cquation

P 1 c-1 P
= = e T s =—
V(P -P) G TR O

wherc P = adsorbate pressurc,

P

5 saturation pressurc,

V.. = nenolayer capacity,

Al

C = constant, chnractcristic of adsorbatc-
adsorbent intcraction.

& typical BET plot is made in Fige 2.7 Surfacc arce of
the sanple is cvaluated from the slope of the straight

linc and given in Toble 2.5 for the varionus samplese.

The adsorpntion isotherms constructed for the

scmples of 2ifferent $105/41,045 ratios are shown in
2-3
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5.2.7. BET PLOT FOR HZSM-5
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TABLE = 245

BET surface area and pore volume of HZSM-5

and modificd HZSM=-S5 zcolites

- - - - - - - - ——— - -

Sample Surgace area Porc volune Sioz/hlzoﬂ
________________________ w/gn _____ec/em __ _ molar_ratio
1, HZSM =5 427485 0.167 36
2, HZSM-5 438,22 0.164 86
3, HZSM-5 421,37 0.158 144
4, HZSM=5 415,12 04157 165
5., HZSM=5 412,00 04159 320
6. N1HZSM-5 423,78 0.158 36
(0e55)

7. N1HZSM-5 415,00 0,145 36
(1.10)

8¢ NiHZSM~5 402,59 0,315 36
(2.22)

9« INiHZSM=5 390,12 0,130 36
(546)

10. NAPtHZSM -5 430420 . 04158 36
(055 Ni, 0.2 Pt)

11, PMgHASM-B 329,60 0,122 36
(5 Mg and 2 P)

12. PMgHZSM=5 320.50 0,118 36
(3 Mg and 4 P)

18. PRZEM-S (8) 236,0 0.09 36
14, BHZSM-5 (8) 30045 06112 36

Note : The number in bracket refers to the ¢ wts of the
added element in H-ZSM-S5 zeolites.



Fig. 2.8. The nicropore volumc which can be derived from
type I adsorntion isotherm was calculatced using Dubinin

1

.7«
cquation”

log, ¥, = log oV, - D (log P/P,)?

where Va is the volumc adsorbed per unit mass
of the adsorbent, VO is the voluue of adsorbed phasc or
the porc v lune, P/PO is the relative pressure, D is a
constant, varying with tcmperature and the adsorbate-
adsorbent interaction. A plot of 1ogloVa against
(1og P/PO)2 should, therefore, be a straight line (Fig,
249). The intercept which is equal t» 1ogloVO can be
obtrined an? would lead to the micropore volune VO

Vo =V, (Qy/q))

where Q and Ql being the density of the adsorbate in

o

the geos ond liguid phase respectivelye.

It con be seen that increase in the $10,/41,0, |
ratio ccercascs surface area and micronore voluue (Table

2.5 , samples 1-5). This dcercase unay be due to 2 partiala
shrinking of the unit cell at higher 8102/51203 rotio. 4 |

\
decrcasc in the surface area and nmicropore volwi is also |

observed when boron, phosphorous and nognesiuvm arce incor-
porated in thce ZSM-5. It has becn suggested that compounds
»f these elcients occupy portion in the channels thus

. 3
effcetively reducing their volunme.
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(F) Sorption of Water and Hydrocarbons

The sorption measurenents have been suggested
as powerful ©o0l to dcternines the effective shape selecti-
vity of ZSM-tync zc)lit0326 and feasibility of occurranccof
a particuler rcoaction. 4is described in Chapter 1, the
structure of ZSM-5 cbnsists >f three dimensional channel
systen, one of which is straight and the other sinusoicdal.
The dincensions »f straight channel is 0454 x 0,56 nn and
sinussidnl, 0.51 x 0.5 nm. By neasuring the diffusivity
5>f nolccules of different sizes an? shapes, onec can get
information on the accessibility of diffcerent reactants
tH the active sitcs which lic burriced in the intracrystalline
voids and probable product distribution during rcaction. The
sorption H>f polar molecules like water, on the other hand,
can bc used to determine approximately the number of active

56,75,76 , .3+

specics (817 dions).

The sorption ncasurcnents of the hydrocarbons
benzenc, tolucne, cyclohexanc, p-xylcne, o-xylcne and
1,2,4 trinethylbcnzenc which represent major nroducts forned
in the tolucne dispronortionation and C7,09 transalkylation
reactions)wcru carried out under the following experimental

¢ nditions using lcBain silica spring bolance (Fige 2.10).
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i sensitive silica spring was used for the
neasurencnt of weight changes. The zeolite sample, about
200 mgs was pressed into a pellet and weighed into an
aluminiun bucket which was attached to the silica spring.
The assenbly was evacuated by means of a two stage rotary
punp and mereury diffusion pump to a vacuum of 10™° torr.
The sample was activated at 673 K by continuous pumping
till a constant weight was obtained, After the zeonlite
sample had reached a constant weight, the temperature of
the sample was lowered to the desired values To study the
equilibrium sorption, the sorbate was admitted to the

Aot plion
sample at constant temperature and pressure and/ was
calculated}using a cathetometer to measure the extension

of the spring (accuracy # C.0lL mn) as a function of tine.

The snount « adsorbed vs time plots for

dlfferent hydrocarbons are shown in Fig. 2.11 whercin
two groups of curves can be recognized. For the first Type,
equilibriun adsorption is attained within 10-20 minutes,
ané for the sccond, there is a steady, though slow,
increcase in the amount adsorbed with time. benzene, tolumne
and p=-xylene belong to the first group. For the others,
even after a lopse of two hours, the equilibrium had not

attained becmuse their critical diameters are larger
than pore size,., Lnderson et a140 showed that the effective
nolecular size scparating fast and slow sorntion was > 0,58
< 0461 nm, which is larger than the free channel dimension.

The present results confirm their findings.
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The sorption data for hydrocarbons are presented
in Table 2,6. It can be seen that the number of molecules
adsorbed per unit cell 'n' is about 10 for benzene which is
in fair agreement with the value (8,7) reported for pure
silicalitess. The corresponding values for toluene and
p-xylene are 8.7 2nd 9.2 respectively. A progressive increase
in the incorvoration of nickel in HZSM-5 (NiHZSM-5 samples
6-9, Table 2,6) results in a decrease in the value of 'nt.
The uptake vs time curves for the NilHZSM-5 and HaSM-5 for
cyclohexane are illustrated in Fig. 2.12. It is seen that
80% of totsl sorption takes place in 10 minutes in the case
of HZS)=-5 whereas only 68% is sorbed in 10 minutes in the
case of NiHZSMe(Ni¥%-24). Hence it may be inferred that
the entry of cyclohexane molecules in NiHZSM-S5 pores is
restricted as compared to that in HZSM-5. This may be due to
the fact that nickel ions stick to the walls of the ZSM-5
channels and this results in an increase in the diffusional
resistance of ZSM-5 zeolite. The impregnation of boron,
phosphorous and magnesium (BHZSM-5, MgPHZSM-5) (Tatle 2.6)
also reduces the value of 'n', since these species are known
to penetrate into the channels of the ZSM-5 and block the
porcs partially. Fig. 2.12 also compares the adsorption of
cyclohexane in the PMgHZSM-5 and HZSM-5. This blocking
effect is more pronounced with BHZSM-5 (sample 12, Table 2.6)

in which the adsorption is very small, The present results



TABLE - 2,6

Hydrp_carbon and water sorption in zecolites

-

2. HZSli=5 (86)

3. HZSH=5:.(144)
4, HZSHM-5 (165)
5. HZSM-5 (320)
6. NiHZSM-5 (36)
7. NilZSM~5 .(36)
8, NiHZSMH-5 (36)
9. NiHZSH~E (36)
10.PHgHZSM~-5 (236)
11, PHZSM=5 (236)
12, -BHZSY -5 (36)

10.18 9.1 9448 6480 2,56 2,10 404675
11,38 9499 10451 5.23 1,97 0.78 33.20

9440 8,50 8.78 3.37 1.40 0,71 21.50
10406 8466 9,20 2,85 1.34 0.65 21.20
9.67 8.67 9.34 1.68 0.87 0.52 10.24

9.78 B 76 9,17 6.43 2.57 - -
944 8445 8.69 5,95 2.62 - -
9400 8423 8450 5.89 2.48 - -
8485 7491 8428 4,95 1.93 - -
7440 - Ge53 1.68 - - -
0.022 0.01 - - - - -
0.019 0,016 0,018 0,008 - - -

-

(2]

B0 Gn S e e e e e e S e = T S e e e G S T e e = = - S = S = S = = e T A = G5 m B A e o . - -

Note : The number in bracket refers to the 5102/A1203 molar

retio.

. bbrceviations

B = benzene; T = toluecne; PX = para-xylene;
CH = cyclohexane; OX = ortho-xylene; TMB =

1,2,4 trimethylbenzene.
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are consistent with the high paras=xylene sclectivity of
boron, phosphorous and magnesium modified ZSM-5 zeolites
in the tolucne disproportionation28 reaction and high
olefins selectivity in the conversion of methanol to

hydrOCnrbons77’78

« These catalysts restrict the diffusion
of ortho- anc meta-zylenes in the first reaction and the

formation of larger moleccules (>C4) in the second.

Fige 2.13 represents the adsorption of hydro-
carbons in ZSM-5 zeolites of varying 8102/31203 ratios.
It is observed that the value of 'n' remains constant
(Fig. 2413, curves 2-4) irrcspective of Si02/.11208 ratio
in thc casc of benzene, toluene and para-xylenc adsorbates.
On the other hand, adsorption of cyclohexanc, ortho-
xylenc and 1,2,4 trimethylbenzene is found to decrease

vith increasing 3102/A1203 ratio of the HASM-5.
The reduccd adsorntiorn in thesc casea as comparcd to that
of benzene, toluene and para-xylene can be eottributed to
the larger molecular cCiameter of these compounds. i further
dcercasc with incrcase in Sioz/ﬁl 0. may be due to a partial

2 3
shrinking of the unit cell with increasing Sioz/nlzo3 ratio.
This shrinking cffect is especially reflected in cyclohexane,
ortho-xylenec and 1,2,4 trincthylbenzene adsorption. _The
uptake of cyclohexane and o-xylenc in HzZSM-5 samples of

3102/61003 ratio 36 and 220 arc illustrated in Fig. 2.14.
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UPTAKE m mole /gram

SORBATE

CYCLOHEXANE

CYCLOHEXANE

30
ORTHO - XYLENE ‘

|

;

i ’

| B

]g ORTHO - XYLENE

L | |
. - - - %0

TIME (MINUTES)

F1G.2)4-A%B SORPTION OF CYCLOHEXANE(A)AND ORTHOXYLENE (B)OVER HZSM-S ZEOLITES-

~ V .
CURVE NOS.1AND2 ARE FOR SAMPLE HAVING SuOZ/AIZO3 RATIO 36 & 320 RESPECTIVELY.
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Flanigen et 3135 reported the hydrophobic
selectivity of silicalité, which is 2luminium frce
ZSM=-5 zualite,as well as graphon, dehydrated 'Hisil!
carbon molccular sieve,and suggested thaﬁm%he absence
of surface sites which are hydrophilic or the sites for
hydrogen bonding, polar, or acid-base interactions, the
surface Wecomes non-specific, homogeneous and hydrophobic.
This hydrophobicity of the silicalitc was attributed to the
absence of aluminium in the lattice position. The fall in

the adsorption of water (Fig. 2.12) with increasing Sioz/

increasing
41504 ratio is consistent with/hydrophobicity of the
ZSM=-5 zeolitce Mao et al79a also reported similar

results in terms of 'relative affinity incex' (RAI)
defined as the ratio of sorbed n-hexane to water.
(G) Difiusion
Crankloz formulated the following expression
for concentration indepcndent diffusion in spherical
particles of racdius 'a!
- 2
Qt QC 6 n=<3 1 _Dnzn t/z
ey —ad = l as S — e ./ Q e (1)
Q"O-Qo ne n = ne
where Qo,qt’ QxireprCSCnt total amount adsorbed by a
spherical particlc at time)zero, t and ¢ respectively,
D is the effective diffusivity, 'a' is the microsphere

radius, n is the number of microspheres per unit macro-



spherc volumc. For small values of t, however, a

simple equation has been derived

Q. - Q N V2R
_?—-—9- =6L‘__12_> \/t ce (2)
QOO— Qo 3.2

Thus, by plotting thc LHS ageinst \ff, the diflfusivity

can be evaluated from the slope of the linear plot.

From thce adsorption deta the plots were made
by using cquation (2) and from the slope the diffusi-

vity of the hydrocarbons wak: determined,

The typical plots are illustrated in Fig. 2.15.
It can be sccn that(Teblc 2.7) the diffusivitics of
tolucne and p-Xylene arc constant irrcspective of 8105/
;L]_?.o3 ratio and the diffusivity of o-xylcne is deercased
with increasing 5102/41203 ratio as cxpected.s In case
of Z8M-5 zeolitc nodificd with phosphorous and magnesiunm,
the p-xylene selectivity is increascd. However, the
o-xylene shows no diffusion in this cntelyst indicating
that pore aperturc and channels of the ZSM-& are blocked

particllye.

(H) Swface icidity
The Z28M-5 zeolite is n potential catalyst for
thce conversion of petroleun feedstocks an® some oXygenated

. .. 82 | .
species 1ixc methenol  , because of its shapc sclective

(op]
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DIFFUSION  RATES OF TOLUENE, P-XYLENE AND O-XYLENE

(CURVES 13 RESPECTIVELY ) THROUGH HZSM~5’ STOz /AL203 = 36.
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TABLE - 247

Diffusivity of some sorbates in HZSM-5 at 298 K

- — - ————————

HZSM-5
HZSM-5
HZ5M-8
HZSM-5
HZSM=-5

PMgHZSM-5
(2% P, 5% Mg)

$10,/41,0,  Sorbate diffusivity D/a2 cm ™
molar ratio P-Xylene Toluenc O=-xylene
36 0.66 0460 0044
86 0.69 0,65 0.36
144 0.72 0.70 0.22
165 0.70 0.73 0.16
320 0.75 0.80 0.11

———— - — - = - ——



behaviou. ond long lived activity. Stch conversions
have been unicrstood to occur via carbonium ion type
of intcrmudistosll’76b and hence the Bronsted type of
acid centres preosent on the surface of the zeolite are
of “articul~r intcrest. These centres are the results
of the isomorphous substitution of trivalent aluminium
13 for tetravalent silicon (81%%) in the zeolite
lattice. & vorintion of the Sioz/.h.lzo3 ratio would then
affect bota, the nwaber and strength of acld sites., The
alteration of the number and strength of Bronstcd ond

Lowis ~cid sites ocecurs by incorporation of transition

metals into the framcwork of zeolitc by ion exchvngeso.

Mony technigues have been usced for the
characterization of the acld sites namely infrared
s:octroscapyél’gl, microcalorimetrygz, ¢lectron s»in

40,44,83,84
resonsnce an’ temperature programmcd desorption (TPD) .

Ths type of active sites, their strength and
nurber have becn evaluated from 2 study of TPD of armonia
as o function of following paraneters:

(1) Tenperature of dearmioni-tion of NH@ZSM-ﬁ,

(ii) Cricinntion temperzturc,

(1i1) 8i0g/ulg04 rotio,

.



oy
"]

Procelurs L.

rhe TPD unit shown in Fig. 2.16 was useds In
procclure (..), the somple NH4ZSM-5 (200 g« 10-20 mesh
particles) wos londeld in the stainless steel micro- |
reoctor, connceted on line to 2 gas chromotogreph (LWIMIL).
The catalyst was then heated at « lincar ratc of 10 K rmin™t
using purificd and dry nitrogen (100 ml/min) as corricr gos
< anount Hf Xna in the ges streonm was continuously nioni-
tered by thormal conduetivity deteetor to yield the TPD
snhecetrun., The concentration of NHq in the exit gas was
cstinmnted by titration ngainst standard HC1 (0.01 N) ~nd

the nuniber of NHa noleccules ver unit cell (NHB/UC) desorbed

were colceculnted,

Pro ce Jdurce B

The deammoniated catalyst (obtained by following
the procedure L&) was further activated in vacuun at 673 K °
for 4 hrs 2nd cooled to amblent temperature. The catalyst
was saturated with 2 known volume of pure anmnoniz gas and
the wnount of NHB adsorbed was deternined volumetrically.
Then physically ebsorbed NH? was removed by evacusting
at anbient tTemperature and the s~mplewas resaturated with

NH

w

4 825 2t sane pressure 2s before. The gquantity of HHa

adsorbed in the second stoge was determined. The difference
in the H, adsorbed on frecsh catslyst and that on pre-

chemisorbed catalyst was taken os chemisorbed omuonia,
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Then the catalyst somple was connected to the online gas
1

chronntogranh nnd heated at a linear rate of 10 K min™—,

as described in proccdure A
The desorption of chemisorbed I'H, was conti-

nuously ronitered by thermal conductivity detector to

yield the TPD spectrum.

(i) Dearumonintion of NH4ZSM-5

The NH4ZSL—5 zeolites of varying 8102/31203
ratios (samples 1-5, Table 2¢8) were obtained by ion
exchange of 11aZSM-5 with NH401 solution (scc Section 2.2).

m

The TG was performed under similar conditions as described
in the earlicr section (2.3D) and the IPD wes performed

following vrocedurc Ae

curve 1 in Fig. 2.17 shows weight loss obtained
from thercogravinetry as a function of temperaturee. It
can e scen that the TG thermogram cx ibits threce stages,
208-573 K, 573-828 K ond above 873 K. The first two stages
have becn sttributed to the loss of zeolitic woter and to
the sirultancous renoval of residunl water and THB rclecsed
during decomposition of NH4ZSE—5 to form HZSH-S. The
reversible deammonintion nrocess can be represented as

follows85:
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TABLE - 2.8

Tne concentration of surface acid sites

- ] T ——————— - - ——————— - o ———— - ———

Cample 810,5/6ly0,4 41/UC Calci- 1M Licid sites/unit cell
nolar ratio féggon (X) Weale— Strong Total St;‘lc@*

S . A medivn __________________
1 HZSlM-5 36 5.02 823 680 8,81 334 12,15 3,.0¢
% HL3M-5 86 2428 823 673 6,68 1.60 8e28 1458
3,iL"SM=8 144 1.31 823 6€EB 5.72 0.92 6444 1,01
¢. _HZSM=-5 165 1.09 823 660,5 4,76 0489 5465 08¢
5, 47 M-8 320 0.64 823 638.5 1.84 Oe45 229 0448
6.HZSM-5 86 2.28 923 670.,0 5,02 0,96 5.98 -
7 JHZS5M-5 86 2.28 973 670.,0 4.28 0.81 5409 -
8, H7SH-5 86 2.28 1273 - 0.60 = - =

TM = temperature for peak maximum for strong peak,

x

ncid sites dectermined from the analysisof NH3 gas c¢volved
during terpcraturec programmed decorposition of NH4 fornm of

the ZSM-5 samples.
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CHa0+NHs N ELUTED GAS STREAM —

473 673 ar3 1073 1273
TEMPERATURE (K) ~——>

FIG.2.17. TG AND TPD CURVES OF NH,ZSM-5 ZEOLITE

(810,/A1,03=86), 1) TG AND 2) TPD
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NH4

%{i/ O\\“‘El’/fO\\‘Si heat I”IO\\gl'

Although tée first two stages recorded by TG are not well
separasted, thess can be recognized in the two distinet IPD
peaks (Curve 2, Fige. 2.7). The portion in the TG curve above
873 K shows continuous welght loss due to dchydroxylation which
leads to conversion of Bronsted acid sites to Lewlis acid

85

. f ; 36
sites =zs shown below by Hall ¢t al and Ward~ .
T

0 o = O\ /O\ + -
\%l/f \\S' &1’/J S A Si A N
- Ay gy T

fz.part of the TPD curve in the température range
473-823 ¥ for the samples 1-5 with different Siog/ﬂlzo8
ratios is shown in Fig. 2.18. The temperature for peak
naxinun (TM) observed at 693 K for sample 1 (Sioz/hlzoa =
36, Table 2.8) agrees with that reported for an identical
sarple by Tonsde et 314%. We observed a progressive
deecrecase in the value of TM with inercasing 8102/&1203
ratio frem 36-320. 8imilar results have alsc been obtained
when the TPD of chémiSorbed ammonia desorbed from the
ecorresponding protonated samples was carried out. AUPOUX
et 2187 observed an inerease in the heat of adsorption of
amionia ss the aluminium content in the sample., was inecreas-
ed from 1.5 to 4.8 (A1l/UC). Further, the acid strength
should increazse with increasc in the aluminium content in

the zeolite samples, which would reflcct in an inereasc

=3 §} Si + NH, ..1
A e - i

70



in the value of TM for the deammoniation of NH4ZSM-5
measured by temperature programmed decomposition of

TPD of NH, adsorbzd on protonated samples,

The ares under the peak (Fige 2.18) increascs
linearly with increasing aluminiwn atoms in the zeolite
franework, The nuwiber of amionia molecules per unit
cell (NHS/UC) libersted for the various samples (samples
1-5, Tnblec 2,8) has been plotted against the number of
Al atoms per unit cell (41/0C) in fig. 2.19. Values
obtained from the literature relevant to the present
work are found to f£it very well in the plot, further
confirming that the number of acid sites increases
linearly with incrcasing the number »f aluminium atoms
in the ZSM-5 framework. However, the ratio of the
ammonia nolecule to fronework ajuminium is 1:0.8 instead
of the expected stolchiometric ratio l:l. This lower
ratio may be attributed to the fact that only part

of the total aluminium atoms are present in the francworke.

(ii) Influence of calcination temperature

Samnles 6-=8 (Table 2.8) werc obtained fron
sarmle 2 by calcination ot 923, 972 and 1273 X respecti-

vely, in static air for 8 hours. After thernal treatnent

the sanples were cooled to room temperature and kept ovdr

saturated HH4Cl solution for about 24 hours for hydrntion.

71



CNH3 IN ELUTED GAS STREAM

(G 1 |

|

7

|
473 573 673 773
TEMPERATURE [K] —>

F1G.2.18. TPD CHROMATOGRAMS OF NH,ZSM-5 ZEOLITES. NOS
1-5 REFER TO $i0y/Al,05 RATIOS, 36, 86, 144,
165 AND 320 RESPECTIVELY.
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The TPD curves for thesc samples are shown in
Fige 2.20 (Curves 6-8)e. The throc peaks siow TM ot 373~
390, 420-470 and 620-677 K corresponding to wcak, nediun
and strong acid sites rcspcﬁtively. The absolute concen-
tration »T these ncid sites were calculated as followsg
The total ancunt »f chermisorbed ammonia was determined
by volumetric adsorption method. Xnowing the detector
response factor (for HHa) and area under the individual
peak)the nunmber of amonia molecules corresvonding to
each TPD ieak wes evalusted. The concentration of these
sites are sumnarized in Table 2.8 (Samples 6-8). The
results show that the concentration of acid sites depends
unon the calcination temperature, Upon increasing calci-
nation temperature from 823 to 1273 X, therec is a marked
deerecase in the peak intensity snd total number of these
sites. In the case of sample calcined at 1273 K, the
adsorption pecaks turncd vestigial, showlng a considérable
reduction of its wecak and medium acld sites and zbscnce
of strong acid sites. This observation is consistent with
gradusl decrease in the number of strong Bronsted acid
sites with increasing calcination tecmperature from 2.6
(822 K) to 1.8 (1075 K) per unit c01188.

The x-rzy diffraction vattern showed 80%

crystallinity (Fig. 2.21) after heating the sample at 127

Morcover, HZSHM-5 celcined at 1273 K did not cxhibit any

74



F1G.2.20. THE TEMPERATURE PROGRAMWEL DESORPTION OF NHg. . FROM
HZSM=5 ZEOLITES. CURVES NOS 1-5 REFER TU THE 5102/Al,04
RATIOS 36,86,144,165,320 AND CURVES 6-8 REFEx TO THE
SAMPLE 2 CALCINED AT 923,983 ANU 1273 K sESPECTIVELY.
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dcaluminstion. Therefore, the loss of acid sites in
thHése samples may be attributed to the conversion of
Bronsted acid sites to Lewis acid sites due to de-

hydroxylation as described by Hall ct 31853

.

il .
cnesi reported thet the hydrogen free

w

form (Lewis acid) of mordenite and Y-faujasite
regained their original activity by addition of

acid. sdesin
water and suggested that/these zcolites are inter-
convertiblcs The prescnt results show that the
rchydration of the ZSM-5 scmples colcined ot 923~
1273 did not regain the strong acid sites. Hence,

we may infer that the strong Bronsted acid sites are

converted to Lewis acid sites by an dlrreversiblc process.

(iii) affect of SiOz/AlZOq ratio

The TPD of the HZSV-5 samnles (Samples 1-5,
Tablc 2.8) was performed following the proccdurc B,
as described carlier. The TPD profilcs arc shown in
Fige 2420 (Curves 1-5). It can be scenthnt the
jntunsity of the threc adsorption pcaks and strength
of binding -r¢ strongly dependent on tho 5102/.“«.1203 ratio.
Thore is a progressive decrease in the intensity of the
pcaks as the 5102/51203 ratio inercases fron 306-320
(Curves 1-5)e There is also a shift in TM towards lowcr
temperaturc, duc to increase in the $105/:1504 ratic as

observed carlier in desmmoniation of NH4ZSM-5.



Tacobs ot al% roported that a pure HZSM-5

zeolite contains oniy one type of hydroxyl group
characterized by = band at 3600 cm’l. Other wcrker§44982
have shown three hydroxyl bands at 360C, 3650 and 3720

-1 ] . - A
eén ~+ The band at 3720 en 1 has been assigned to extra

&
fromework aluminium ocecluded in the poéiéfi%he ir spectra
of our ssmples shown in Fig. 2.22 exhibit two major
absorbance bands at 3600 cm-l and 3720 cm"l followed by

a small band at 3660 cm_l. The latter two are OH bands
arising from aluminium atoms outside the framework and

terminal siliconses

The TPD results obtained in the present study

: N : 44
are consistent with those reported by Tcpsde et al

for
a2 similar materisl. The TPD peaks at 373 K and 430-470 X
arc attributed to adsorptionof NH8 on the loosely bonded
hydroxyl groups attached to terminal silicon atoms and
some occluded aluminium in the amorphous material. The
peck at 677 X (strong) is assigned to the hydroxyl group
attached to the framawork sluminium atom which corres-
ponds to ir band et 3600 cm’l. These sites (weak, wedium

and strong) are designated as «, B and Y sites by

a
44

Topsde at al™ e

8
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(iv) Effect of impregnation with P, B, Mg, etc.

I'ige 2423 (Curves 1-5) represent the TPD profiles
of HASM~-5 ~nd modified NiHZSM-5 (1% wt.), BHZSh-5 (3% B) and
PligH4S5M=-5 and PHZSM-5 (8% P) respectively. The number of acid
sites (Table 2.9) and corresponding Vélues of TM show a
decrease upoinl incorporation of these additives indicating
interaction with the proton sites associated with framework
aluminium atoms, However, the relstive decresse in the total
nunber of acid sites in case of magnesium phosphorous and
boron impregnated samples is larger than that in the nickel
impregnated sample. It is suggested by Kaeding and Butter77
that elemental phosphorous binds to the zeolite framework
through oxygen as indiCJtedﬂQ\ji///D“

g

0\ O\\ /o
>-i\| /S'l
& N d N

They have =2lso reported the presence of nnosphorous in the
ZSM-5 channel wilch neutralises the strong acid sites and
increases the acld sites which are weaker in strength
corpared to those in unmodifled zeolites. However, 21l

the acid sites determined from the TPD (Table 2.8) decrcase
progressively with increasing nhosphorous conCuntrationéﬁf

agreemeny with the findings of Vedrine et 21,89
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TLBLE - 249

The concentration of surface acid sites in

modificd HZSM-& ze¢olites

Calcina-
tion

temp .
(K)

™
(X)

acld sites/unit ccl}

Weak # Strong Total
mediun

HZSM-5

NiHZSM-5
(1.1% 1i)

P-ligHZSM-5

(2% P, 5% Mg)

BHZSM-5
(3% B)
PHZSM-5
(8% P)

36

36

8481 3434 12,15
9415 2.71 11.85
Ge42 l.14 74656
4.12 1.50 5.62
3.12 0.64 3.76



In NiHZSM-5 (1% Ni) zeolite, the area under the
strong and medium peak increased relative to thet in the
parent ZSM-Z zeolite (Fig. 2.22, Curves 1l-2). The value

TM 2lsc shifted t> lower side indicating redistribution

- oy s . . ot s . ,90-022
of zcid sites in sgrecment with that reported for Fe
and Co impregnated HZSM-s zeolites. During reduction of
the impregnated transition metal ions,the metal ions

migrate in the channel and interact with strong protonic

sitcs as dcscribed below.

1

si \ on+ [ =81
\ Mrl ™ n+

S0 --- H [ — o -
Al } =

"l

o]

i

n

In the NiHZSH-5, cven after rcduction at 872 K in prescnce

of{ hydrogen, XPS shovs only N12

+ uhich indicatcs the absence
of netal crystallite ni° (please see under XPS of NiZSM)‘
Herce, the reduction of the number and s trength of the strong
\oid sites is ~ttributed to the interaction of the N1ZY

species witih strong protonic sitis.

(X) APS_or NiHzSM-5

Iickel, palladium and Dplatinw, supvorted catalysts
are widely usecd for the hydrogenation rcnctionsgs. Moreover,

4 small amount of metal is usunlly ineorporated in commercial
) and
zeolite cotalysts for maintaining stable ectivitnyor keeping

2

th: surface clean during the rcactione. Minachev et 3194 had

83



found that by treating a zeolite containing nickel ion
with hydrogen at elevated temperature, mctallic nickel

was formed as shown below

2+

2(410,)" + N1%¥ % Hy——>2mi® + 2(a10,)" 21"

4)-

; 95 . i g o
However, Badrinarayan et al”" rcported that nickel (Ni')
speciles were not formed over HASM=-S after long reduction
with hydrogene.

In present study, attempt has beon made to
examine the nickel species formed aftar‘roduction oft
NiFZSM-5 with hydrogen at different temperatures from
723 to 823K by using highly surface sensitive XPS

techniqus.

The samples designated ay by ¢ and d contain
2.22% wt. nickel (Seetion 2.2). Aabout 1-2 graws of 4
sample (10-~20 mesh particles) was loaded in silica
recactor and dehydrated at 823 K in nitrogoen (sample 'at'd
and then rsduced in purified and dry hydrogen at 723,
(Scuple b), 823 (sample ¢) and 873 K (sample 4)
respectivelye The samples werc cooled to room tempera-
ture in flowing hydrogdéne. The XPS measurcnents werc
performed with a commercial XPS spectrometer (Vacuun
Generator BSCA 3MK 1T ). MgKe; x=ray source (hw = 1253
ev) was used, The slit width was 4 mm and ahalyzer energy

50 cv.

83



The #P3 parameters ol the sawmples ay b, ¢ and
d are sumasrized in the Table 2510. A binding ¢nergy of
103.3 ev for the Si2p level was used as internal standard
for 21l the samples. The binding energy (BE) and FWHM (full
width at holf moximum) values of 044, Nigp and Si2p deter-
minecd . fron the Sveetya axe Diven m Table 2,10, The

sur face 51/Ni aton ratlob were calculated by the use of

i
86 e i
Wagner's sensitivity faectors,

8i k Is. o Ny QEksi)l/g

it 2 « 1 /g
Ni Iyg gy Cgp)

T o a7 a ) o i a1l Wi neanl
where Isi and INi re the heights of S:LzP and hlzp peaks
respectively. The 6 and By values refer to the sensiti-

6 : ;
vity of detection o and the kinetic energy of photo-

electron respectively.

Both , BE and FWiIM for the Nizp in the four
salples arc constant (855.9 and 5.6 ev) within experi-
nental errorf, whlch implie® thot the seme species of the
nickel nust be present in all the scmples. Horeover, the
vresence of Wi° in the reduced NiZSM-5 samples can be ruled
out since the BE and FWHV values for i are 852.6 and 240

uchuchs
ev rcspuctiley?jaro different f¥om those for samples ay b
and ¢ (Table 2.10)« 1In other words, the nickel lons that
were present in the fresh, celeined catalyst semple 'af

1

had not undergone any major chemical modificotion (like



THBLE - 2,10

ZPS parameters of NiHLSM-6 zcolite

R

GOED TR TUEm e 2 G T S G G T S e B S R D T e e G e v T T T e D e G S e G S B e S G S B an e G A B e S e e S - - S S - .

Samplc g;gzc— Sizp ols Ni2p Si/Ni Ref.

tempe(X) B.E. FWHM B.E, FWHM B.E. FWHM

a FI‘OSh 10303 4.8 581'2 3.4 856.2 5.8 0.38 This
study.
study.

c 823 103.3 4.8 531.3 3.0 856,11 546 0422 This
study.

d 873 103.3 4.8 531.2 3.2 856.1 5.6 04,19 This

: Studyo

NiHZSM-5 773 103.,2 2.4 532,5 2.4 85648 44,3 - 95

Ni© 52.6 2,0 08

Nio 8E4 .6 4.2 - 928

Ni203 855.8 - o7

Ni(GID? 88546 - o7

NiNaY 856,9 40 99
Ni—.xlzo8 866,2 3.6 - 100

(7% Ni)



rcduction to Nio) Aduring reduction at higher tcmperaturc.
The Nizp spectra for the four samples arc sinilar. The
possibility of NiO being present in the samplkes may also

be ruled cut since the BE and FWHM/ for NiO arc §5i.6 and

2 ¢v respectively. The binding cnergy of the present
samples metches with that of Ni(OH)go Kin ct ﬁ197 reported
that cven under argon bombardment ) Ni(OH)g is not recduccd.
Therefore, the N12+ species coordinated with OH groups may
be present in the sampless The peak intensities for Nizp
increases with inercasing reduction temperature (Fige 2.24)
This may be Que t> sourme nickel specics sticking out from
the chonnels ot high temperaturce

CONCLUSIONWNS

(1) The variation in the SiOz/Alzoq ratios does not
influcnce the XRD and IR petterns of the ZSM-& zeolites
significnantly cxcept the intensitics of the XKD peaks.
(2) The DTL/TG analyscs con be uscd to estinate the
thernal stability as well as the number of -cid sites and

their distribution in the catalyst samplcese.

(3) The seorntion »f water and hydrocerbons showed
that with increasc in the Sioz/nlzo3 ratios, the zcolltes
tend to beeoie more hydrophobics The uptaie of benzene,
para-xylene and toluenc ¢id not significantly vary with

the 6102/31?03 ratio, whereas the sorption of cyclohexanc,

87
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89

orthoxylenc and 1,2,4 trimcthylbenzenc was consi-
derably reduced,

(4) The incorporation of wmodifiers like B, P,

T
i

1g, reduced the diffusivity and sorption capacity

of the IIZ8M-5 catalysts.

51 The TPD of Nigq leads to the estimation of
the number and strongth of acid site Alstribution in
the catalyst samplc ond shows a gocd correlation with

the activity . of the catalyst samhles.

(8) It may be concluded from the above results
that highost number of strong acild sites (Y sites) are
formed when the NH@ZSM—5 or HZSM-5 is calcined at 823 to
873 X,

(75 The decomposition of HH4ZSM—5 monitored by
TPD can be used tu determine the numbsr of strong ccid

ites a~nd the ion cxechange capacity of the ZSM-§ zeollite.

wn

(8) The incorporation of nickel in the HZSNM-5

zeolite may be creating the sites of lower acid strongth.

LR




CHAPTER III
TOLUENE DISPROPORTIONATION
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3el. INTRODUCTION

Tolucne disproportionation to benzene and

e ]
xylencs was first observed by Anschutzlo°

(1884) by
refluxing toluene at atmospheric pressure with alu-
minium chloride as a catalyst. Toluenc dispropor-
tionation is important in the petrochemical industry
since it provides an alternative route for para-
xylcne production which is used for the fibre
production. Extensive research on the developnent
of an active catalyst and process has been carried

104-106

out The catalysts used for the toluene

disproportionation can be divided into thrce

categories, namely (1) Friedel-CraftSlO7—llo, ()

111,112
)

amorphous silica-alumina and (3) synthetic

2
zeolitesll°.

In contrest to the first two catalysts,
synthctic zecolites are known to be superior in the
toluene disproportionation reaction. Mordenitel6
and zeolite HYll4 possess high initial activity for
the disproportionation of tolucne. However, duc to
predominance of toluene dealkylation and cracking
reaction these catalysts show poor selectivitye.
spart from the low selectivity, the activity of
these catalysts falls within a few hours due to the

formation of carbonaceous deposite
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Recent introduction of ZSM-5 zeolite has
provided a novel route for the selective dispropor-

tionation of toluenells’ll6?

The architecture and
the size of the channel system which matches with the
size of benﬁﬁe, toluene and para xylene molecules is
one of the factors for the high selectivity in this
reaction. Kaeding et a128 have reported selective
disproportionation of toluene into one mole of benzene

and one mole of para xylene with ZSM-5 based catalysts

modified with boron, magnesium and phosphorous.

w

ele EXPERIMENTAL

The toluene disproportionation reactions were
carried out at atmospheric pressure using a fixed bed,
down flow integral reactor (Fig. 3.1). The zeolite,
HZSM-5 (1-2 grams, 10-20 mesh particles) was loadad:
in silica glass reactor, and was first activatcd in
a dry air at 823-873 K for 5 hours and then cooled to
reaction temperature in the flow of dry nitrogen.
Toluene (99.5% BDH) and Hy (IOL, Bombay), were mixed
in a preheater. Toluene was fed by a metering pump
(Model 352, Sage Instruments), vapourised in a pre-
heater assembly and then passed through catalyst bed.
The product was analysed by gas chromatography (HP
Model 5840A4) usiné?%iisodecyl phthalate and 5%
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Bentone-34 on chromosorb W column (2 meters). A typical
chromatogram is shown in Iige 3.2. The reproducibility

of the data wss about + 0.3%.

High pressure reactions were carried out in a
"Catatest" unit (Geomechanique Model B, France), shown
in Fig. 3.3. The stainless steel reactor was used both
as a prehcater and a reactor. The reactor had an intcrnal
diameter (i.d.) of 1.8 cms, with centered thermowell of
0.6 cm., diameter. The reactor was provided with four
thermocouplcs for measuring temperatures at four different
points in the reactor. The catalyst in the form of
extrudates (ZSM-5 + binder) was loaded in thc middle of
the reactor and top as well as bottom portions werc
filled with inert alumina balls of 2-3 mm diameter. The
catalyst was activated following the procedurc described

pressure

above for the atmospherig/rcactions. The toluene was fed
by a metering pump into the vapouriscr and passed through
the catalyst bed. The reaction products from the reactor
were cooled in chilled water condenser and collected in
a high pressure separator where hydrogen and liquid
products were scparated. The products were collccted perio-
dically and analysed by gas chromatography as dcscribed

above.
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FIG.3.2. A TYPICAL CHROMATOGRAM OBTAINED BY ANALYSIS OF THE REACTION
PRODUCTS IN THE DISPROPORTIONATION/TRANSALKYLATION REACTION
OF TOLUENE. THE MAIN PRODUCTS ARE BENZENE(RETENTION TIME,
t.=0.72), TOLUENE ( t,=1.13)XYLENE t.=1.92-2.38),ETHYL TOLUENES
(t,=3.12-3,53)AND TRIMETHYLBENZENE(tr=4. 40-5,37).
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DESCRIPTION OF THE PARTS OF CATATEST UNIT

R

=

LCV
TC
PCV
PI
SC
FT
RO

H

Feed Reservoir,

Feed pump.

Reactor.

Condensecr,

High Pressure Separator.
Product Separator.
Uncondensed Gas.

Level Controller,

Level Controlling Valve.
Thermocouple.

Pressure Control Valve.
Pressure Indicator.

Gas Sampling Column.
Wet Flow Meter,
Capillary.

Gas Flow Meter,

One-way Valve.
Temperature Indicatore.

Recycle.



3.3, RESULTSAND DISCUSSION

(A) Reaction cf toluecne on the

catalyst surface

The reactions which can occur along with toluecne
disproportionaticn are illustrated in Fige. 3.4. Toluene
disproportionation (which yields benzene and xylenes) and
tolucne dealkyl-tion (benzene and methane) are prominent
reactions observed over HZSM-5 zeolites. However, the dis-
proportionation of xylenes to toluene and trimethylbenzenes
occurs to a smaller extent because of the restrictions on
the formation of transition state in the ZSM-5 cavities as

illustrated by Derouaneze.

(B) Effect of calcination temperature

The zeolite HZSM-5 which is active for toluene

disproportionation recaction is prepared by the thermal de-
composition of NH4ZSM-5. It has been notecd previously

that the temperature at which NH4ZSM-5 catalyst is calcined
has a significant influence on the toluenc disproportionation
activity. In fact, it is a key step in converting NH4ZSM-5
to catalytically active HZSM-5. The conversions obtained at
cach calcination temperature and the product distribution

are summarized in the Table 3.1. Among the NH4ZSM-5 samplecs
activated between 723 to 1273 K, the zeolite asctivated at

822 to 873 had the highest toluecne conversion activity.
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Influence of calcination temperature of

TABLE - 3.1

NH4—ZSM—5 zeolite on toluene dispropor-

tionation reaction

Reaction conditions:

Calcination
Temp. (K)

Product distri-
tution - % mol.

— — e . —

Alirhatics

Benzene

Toluene

p-Xvlene
m-Xylene
o-Xylene

C9‘LL aromatics

B/X mol. ratio

% Mol. conversion .32.70

of toluene

823

0.53
21 .44
49.64

6.27
11.11

6403

4,00

Catalyst
Tempe (K)
WHSV (hr.-1)
Ho/Toluene (mol) -
Pressure (bar)
723 773
0,29 0419
19.98 20.64
67.30 63.43
2.87 3.45
6.53 745
2.79 3.38
1.40 1.9
1.63 1.44
36,57

723
2
nil
Atmospheric
873 973
0.92 0.82
20,00 17.88
50.05 57,02
6,05 5.14
10.94 0,68
6.24 5.02
4420 3.38
1.17 1l.29
50.00 42,98

- NH4ZSM—5(SiOZ/A1203 = 86)

1273

0.1
0.2
98.72
0.44
0.38
0.19

1.17
l.27

99

- - ———— = - - ——— - A -

=
2]
<
]

per unit weight of catalyst per hour.

»

Benzene to xylene molar ratio.

Weight hourly space velocity = weight of feed



These observations could be explained in terms of ](\0
generation of Bronsted acid sites and dehydroxylation
of Bronstcd acid sites to Lewis sites at higher calei-

nation temperature,

Benesill examined the disproportionation of
toluene on mordenite and faujasite based catalysts and
found that the maximum activity had attained in both
the cases when the zeolite was heated beyond the tempera-
ture at which ammonia was completely removed. These
recsults strongly suggest that it is the hydrogen form of
the zeolite which is catalytically active. The drop in
conversion that occurs in casc of each zeolite when
hydrogen ions arc removed as water showsthat hydrogen
frce form is inactive. He, therefore, concluded that
Bronsted rather than Lewis acid sites are seats of
activity for toluene disproportionation in thec ~bove

two zcolites,

The prescnt results with the NH4ZSM-5 are
consistent with the above findings. From the temperature
progrommed decomposition of NH4ZSM—5, it was noticed that
the evolution of ommonia stops at 823-873 K indicating
that NH4ZSM-5 was converted fully into the hydrogen form.
Moreover, the temperature programmed desorption of ammonia

(TPD) of the somples activated between 82@3 to 1273 K and



thermogravimetric studies of NH@ZSM-5 had shown that the
catalyst activated at 823 to 873 K has highest number of
Bronsted acid sites. Therefore, the dedrcase in the con-
version in casc of samples activated at 723 and 773 X is
attributcd to the incomplete release of Bronsted acid
sites and maximum conversion at 823 to 873 to complete
rclease of Bronsted acid sites and f2ll in conversion at
973 to 12728 to the reduction in the number of Bronstcd

acid sites due to dehydroxylation.

The x-ray diffraction of the samples activated
at 923 and 1273 K showed that 80 to 90% crystallinity
was retained which indicates that the high temperature
treatments did not alter the crystal structure. Hence,
the drop in conversion in samplec activated at 928 and
1273 K may bc due to dehydroxylation and not duc to any

structural breakdown.

(C) Effect of reaction temperature

and contact time

Table 3.2 gives the theoretical equilibrium
concentration of methylbenzenes at different tempera-
ture§27. The results of toluene disproportionation
obtained in the temperature range 673 to 873 K on HZSM-5
catalyst (SiOz/Al2O3 = 86) is illustrated in the Table 3.2

and plotted as function of temperature in Fige. 3.6B. A near

101
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TABLE - 3,2

“heorctical equilibrium concentrations of

methylbenzenes (rol.%)

Tewyp. 10 Bcrzzae Tolten? Yylzaes Trimethyl Tetra
benzenes methyl
bonzenes

200 20.0 44,0 22.2 3.6 0.2
Aoo 20.2 43,1 P27 3.8 02
500 3.2 42 .2 22,6 3,7 0.3
670 0.8 41,7 22.7 2.8 0.3
700 3.9 41.1 22.7 3.9 0,4
300 33,0 49,6 23.1 3.9 0.4
22) 32,3 <0,6 22,7 3.9 0.5
1200 3.4 20,8 22.8 4,0 0.5

Sz2e Ref, 127.



TABLE - 3.3

Influence of temperature on toluene

disproportionation

reaction

Reaction conditions:

Catalyst - HZSM=5 (810,/Al,0,4 = 86)
wisy (hr7Yy - 2
H2/Toluene (mol) - 2
Pressure (bar) - Atmospheric
Tempe. (K) 673 723 773 798 823 848 873

Product distri-
bution (% mol:)

Aliphatics 0.79 0.80 1,02 1.00 1.10 1.20 1.80
Benzene © 8402 11.51 19.78 23.35 26.67 29,52 33.53
Toluene 84,56 77.30 62,58 58,67 53.69 51.81 48.73
P-Xylene 1.40 2.31 3.86 4,06 44,43  4.29 4,12
M-ZXylene 2,95 4477 8,11 8.50 9.37 9.09 8.68
0-Xylene 1.02 2.16 3,80 4430 4430 4,50 4.30

Cg+ aromatics 1.95 1l.44 1l.31 l.23 1l.26 1l.21 1.10
B/X mole ratio 1.50 1.25 1.25 1.38 1.47 1.65 1.96

% Mol: toluene 15.44 22,70 37.42 40.33 46,31 48.19 51.27
conversion
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equilibrium mixture of three xylenes is obtained at all
temperaturess A small amount of trimethyl benzene isomers pre-
dominantly : 1l.2.4 trimethylbenzenc¢ is obtained, indi-
cating the poor performance of ZSM-5 zeolite for trans-
alkylation reaction. Toluene conversion increases in
direct proportiorn. to temperature from 15 to 49.5% mol.
showing toluene disproportionation to be a tecmperaturc
dependent reaction. However, the selectivity (defined as
the benzene to xylenes molar ratio in the product which
should be equal to unity for maximum éelectivity) decreascs
with inercase in the reaction temperature i.c. the B/X
nolar ratio incrcases - from 1.25 to 1.96. Beyond 823 K,
the concentration of benzene (Fig. 3.8B) increases mono-
tonically without changing the xylenes concentration due
to dealkyleotion and cracking of toluene. These results
indicate that the dealkylation rcaction requires a higher
activation energy than toluenc disproportionation and/or
the stronger acid sites, (generated at higher temperatures)
are the active centres for the dealkylation and cracking
rcaction of toluenc. It may be noted herc that thermo-
dynarmically the dealkylation reaction is morc favoured
than the disprorortionation reaction (AF298 =-10.7 VS * l.4

-1 116Db
Keal mol 7).
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In order o choose aprropriatc reaction conditions,
the ¢ffcet »f contact time was studied using HZSIH-ES zenlite
(8105/4150, = 86). Fig. 3.5a illustrates the effeet of
contact time (W/F) on toluene disproportionation. Toluene
conversion increasest with increasing contact tine and attained
equilibrium. However, the sclectivity is found t> be

independent of the contact tinc.

(D) Effect of 8102/A1203 nol. ratios

The catalytic activity of the samples 1-§ (Table
344) having cifferecni 5102/A1203 ratios, for disproporticna-
tion of toluenc at various temperaturcs is shown in the
Fig. 3.6. The tnluene conversion dccereascs at ceach
tcuperature for the HZSM-5 sample with higher 5102/A1203
ratio indicating that the surface acid sites arc active
centres for tolucnce disproportionation since the concentra-
tion of thc acid sites also cdecrecases with increasing 8102/
A1,04 ratio (Teble 3.4). For the samrle 1 (Si02/A12q3 = 36)
an equilibriun conversion is attained above 800 X. Fig.
3.7 illustrates the influence of SiOz/Alzo3 ratio on product
selectivity. The B/X molar ratio for the samples 3-5 with
higher 8i05/Alg04 ratios, is closc to unity whercas the B/X
molar ratio in case of samples 1 and 2 with lower 8102/1\1203
is greater than unity and indicates a predominance of toluene

dealkylation and cracking reactions. This can be explained



TABLE - 3.4

Influence of 8102/A1203 molar ratio on

toluenc disproportionation reaction

Reaction conditions

Tempe (K)

WHSV (hr~1)

H2/Toluene (mol) -
Pressure (bar)

Sample

8102/A1203 molar

ratio
Al/Unit Cell
Strong acid sites/
Unit Qell

Product distribution
(% mol)

Alirhaties

Benzene

Toluene

Para=Xylenc
Meta-Xylene
Ortho-Xylenc

Cg+ aromatics

B/X molar ratio

% Mol conversion

*Specific act51
vity (N) x 10

36

5.02
3.02

0.27
15.51
69469

3.08

6445

2.84

2e4

1.25

30.31
10,13

86

2.28
1.59

0.79
8.02
84456
1.40
2.95
1.02
1.95

1.5

15.44
5.72

673
2
2
Atmospheric
3 4
144 165
1.31 1.09
1.01 0.86
0.62 1.18
4465 3.9
87.33 88,37
1.20 1.02
2.39 1.95
100 008"1
1.53 1.50
1.01 1.02

12.67 11.63
3.80 3.45

320

0459
0.48

0.37
l.92
95.86
060
0.86
0e34
0,05

1.06
4eld
0.90
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Specific activity (N), defined as number of molecules of

toluene thot undergo conversion per second per unit cell

of ‘zeolite.’
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FIG.3.6. _THE CATALYTIC ACTIVITY OF HZSM-5 ZEOLITES IN TOLUENE

DISPROPORTIONATION . THE NOS: 1-5 REFER TO THE $i0p/Al,0

RATIOS 36,86,144,165 AND 320 respectively.[REACTION
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in tcrms of the strength of acid sites. °~ ° In the TPD
spectra it was noticed that the increase in $i05/41504
ratio deccrcoses the strength of acicd sites. The
obscrved B/X molar ratio, greater than unityin the case
of samples with low SiOz/AlZO3 ratio nay be duc to the
highest strength of strong acid sites which arc active

in cracking and dealkylation of tolucne.

(B) Relationship between surface acidity,
framework aluminium atoms and

catalytic activity

It is well known that hydrogen forn »f zcolites
pronotegacid-catalysed reactions and that the getivity
gencrally originates with the protons associnted with the
ncgatively charged 2luminium (frarework) tetrahcdra.
Olson et a155 reported the cracking of n-hexanc over a
scrics of HZSM-5 zeolites. They showed that the
catalytic activity is a linear function of 2lumina
content, i.ee. the activity per aluminium aton is constant,
cven over a 400 fold change in aluminiun content. They
also reported that the non-framework aluminium is

catalytically inactive,

Having characterized both, the surface acidity
and catalytic fcatures of the samples with different

aluzdiniun content in semiqpmﬁtitativc detail, an attoipt

110
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was next made to delincatathe relationship, if any,
betwecn thenes The specific activity (N), defined as
the nunber >f nolecules of toluene that undergo dispro-
portionation pcr second per unit cellywas taken as the
index of catalytic activity. Data collected a2t lower
conversion levels (at low temperature) were used for
this purposes L relationship was sought between N
and concentration of aluminium or the acic sites. The
acid sites cdetermined from the TPD peak maxina at 650-
673 K were uscd. Figs. 3.84 and 3.8B show a linear
rclotionship between N and acicd sites and francwork

aluniniuwa atous respectivelye.

In casc o>f H»-xylene isoncrization over HZSM-5

zeolites, Babu et al83

had shown a linear rclationship
between the turnover number (TON., defined as the
nunber of nolccules of ortho-xylene thot undergo
iscrerization per second per unit cel%)and swrongQ acid sites,
suggested that thc(SE?Sng acid sites responsiblc for

650-673 K peak naxinunm in TPD are the n2in loci of

catalytic activity which are located at channel inter-
scctions. .« .. » Thce straight line obtained in the

Fige 348 shows that th:ng}ong acid sites are the active
centres for tolucne disproportionation. T he activity wvalues
per acid site and per aluminiun aton/sec., which are

cstinated fronm the slopes (Fig. 3.8A and 3.8B) are
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3.6 x 10-3 and 2.6 x 10™° respectively. The activity

per 41 aton is lower than that pep acid site,

It is well known that the Brinsted acid
site in ze¢olites is a result of nett unit negative
charge crcated by trivalent aluminiun aton which is
forced to assune a tetravalent coordination in zeolites.
In casc of HZSM-5 zecolite, it has been shown by the
temperaturce programied desorption of amnonia that the acid
sites with peak  naxinum at 650-673 K in the TPD spectrunm
result fronm the framework aluniniun atwms44. Onc would
thereforc expect the sane activity per aluniniun aton
and/or per acid site. However, the present results show
the activity for the toluene disproportionation obtained
per aluminium atom is lower than that obtained per acid
sites This indicates that all the sluminium atoms in the
HZSM-5 samples are not totally in the framework position
which is in good agreement with the data from the
NHqo/Al ratio (lower than unity)obtained in the
temperature programmed decomposition of NH4ZSM-5 zeolites.
Apart from these, the activity per aluminium atom is not
constant (Fige 348B). The activity per aluminium atom
decreases further when the aluminium content per unit cell
increases from 3 to § (see Fig. 3.8B), indicating that
the aluminium content outside the framework increases

with decreasing 8102/A1203 ratio in the ZSM-5 zeolitec.
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Similar result has been reported by Romannikov et 31128.
Thus, the lower rate of specific activity (N) per aluminium
atom than per acid site indicates that the extre framework
aluminium atoms are inactive for toluene disproportionation.
This was alsc proved to be inactive in n-hexane cracking by
Olson et alss. These results further support our conclusion
that the acid sites responsible for the TPD peak maximum at
650-673 K arc active in toluenc disproportionation whercas the

acid sites which are associated with the extra framework

aluminium arc inactive.

(F) Influence of Sioz/Alzo3 ratio

on para-xylene selecctivity

The xylene isomer composition obtained in toluene
disproportionation rcaction (for the samples 1<5 of different
SiOZ/Alzo3 ratios) at 773 K is given in Tablec 3.56. It is
scen that the para-xylene content among the xylenes increases
from 24,48 to 28.78% mole (against 22,.8% equilibrium) at the
expense of ortho-xylene with increasing 5102/A1203 ratio
from 36 to 320. The formation of trimethylbenzenc also
decrcases from 2.13 to 0.14% with increasing SiOz/Alzo3 ratio.
This increasc in selectivity for para-xylenc could be
explained on thc basis of their relative diffusivity in the
728M-5 channel. The size of the intcersccting channels of
ZSM-5 matches closely with the size of para-xylene molecule

which,in turn, greatly favours the diffusion anéd thc formation



TABLE - 345

——

Influence of SiOZ/Al

0, molar

273

ratiq on para-xylenc selectivity

Recaction conditions

Temp. (X)
WHSV (hr-1) °

Hy/

Sample 1

SiOz/IleO3 26
(mol ratio)

Toluene con- 50.90
version % mole

Xylene conpo-
sition % nolc

Para-Xylene 24,57
Meta-Xylene 50481
Ortho-Xylene 24.62

Cg aroma- 2413

tics

86

36,66

24448
51.43
240,11
13.5

toluene -
(mol)

Pressure (bar)

.

1]

144

29474

25.00
50,92
24,08

1,30

773
2
52

Atmospheric

165

26450

25.74
50.74
23.52

1.30

320

7.28

29,78
49418
21.03

0.18

*
Equilibrium
at 800 K

23.10
51 .35
25460

¥ Ref. 139.



of para-xylenc. On the other hand, the diffusion
restrictions arc strongly imposed on o- and n-xylene
nolecules becausc their sizes are greater than the
channel dimensions. At higher SJ‘.02/A120:3 ratio there
oy be partiecl shrinking of the unit cell which is
enough to reduce the conversion of xylenc to trimethyl-
benzenees Apart from the partial shrinking, the
crystallitce size in the present sample was found to
increase with increasing Sioz/Alzo3 ratio. These
factors may be responsible for further reduction in the
diffusivity of o- and m-xylenc as compared to> that of

pera-xylenc which influences the selectivity factor.

(G) Influcnce of incorporation of Ni
PP*Mg2* and B3* in HZSM-5

2+
3

HZSM-S zcolites are very active for tolucne
disproportionation. However, duc t5 predominance of
dealkylation and cracking reactions, the scelectivity
to xylenes decrcases leading to higher B/X nolar
ratios and results in degctivation of the catalyst duc
to the formation of carbonaccous depositse. This type
of catalyst decactivation can be rcduced or even clinina-
ted cither by modifying the strength of active sites
which are responsible for the dealkylation or cracking
rcactions of toluene or by incorporating metals which

arc active in hydrogenation rcactions.
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Table 3.6 shows the influence of the

5+9 Mg2+ 3

incorporation of netal ions (N12+, P
the H2SM-6 on the product distribution and sclceti-

vity to xylenes (B/X mole ratio). Fig. 3.9 shows

that thc toluene conversion is dependcent on rcaction
temperaturc and steadily increases upto 855 K and

then attains » constant value. The order of activity

in the present samples is as follows : HZSM-5 >

NiHZSM-5 > PMgHZSM~5 > BHZSM-5, This order is con-
sistent with the nunmber of acic sites celculated fron

the TPD spectra. The B/X molar ratio in case of HZSM-5
and PMgHZSM-5 is greater than unity indicating

appreciable dealkylation and cracking of tolucne,

However, B/X molar ratio in case of NiHZSM-5 is necar

to unity. Thus, thc sites present over NiHZSM-5 may

be selective for the disprcportionation >f two moles of
toluene to one mole of benzene and one mole of xylene.

In the TPD profile, it was noticcd that on incorporation
of nickel in HZSM-5, there is a shift in T (tcmperaturc
for peok mexina) to the lower side as comparcd to HZSM-5
indicating a decrease in the strength of acid sites,
Thereforc, we proposc that the prescnee of nickel on HZSM-5
nay creatc ncw sites (Bronsted acid type) which are lower
in strength but are active in tolucnc disproportionation

with incrcased selectivity to xylenc.
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TABLE - 3.6

Catalytic activity of modified

HZSM-5 in toluene disproportionation

Reaction conditions

WHSV(hr-1) - 2
Hz/toluene - 2
(mole)
Pressure(bar) - .itmospheric
Catalyst HZSM~-5 NiHZSM-5 PMgHZSM-5
Product distri-
bution (% mole)
Lliphatics 0650 0443 050
Benzene 15.51 749 2,30
Toluene 69.31 81.:45 93418
P-Xylenc 3.08 2.19 1.75
M-Zylene 6445 3.82 0.85
O—Xylcno 284 1.63 0.39
C§ aromatics 2.4 1.63 0.04
B/X nole 1.25 1.03 1,10
Tolucne con- 30,69 18.55 6.80
version ‘

(% mole)

————— o - - = e e e e - e M T e e . - ——
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(H) Shape selective propertics
of nodified HZSM-5 zcolites

Molecular shape selective catalysis was first

reported by Weisz and Frilette117

in 1960 with zeolite

SA which has a pore opening of SK in diameter. Straight
chain molecules such as normal paraffins, normal olefins,
straight chain primary alcohols, etc. were selectively
converted in presence of their branch isomers. The latter,
because their molecular diamensions exceeded those of the
catalyst pore opening, could not enter in zeolite cavitics
and react. Similarly, only straight chain molecules small
enough to dififuse out of zeolite pores appeared in the

producte.

The interconnected channels formed by ten membered
rings of oxygen, such as in ZSM-5 zeolite are especially
interesting because certain benzene derivativeswhich fit
closely are able to diffuse into pores, reach catalytic
sites, and undergo reactions and products may diffuse out,
Other isomer may be too large to be {ormed easily or may
diffuse out at greatly reduced rate.

Chen ct al33

and Kaeding ot 2128 further modified
the diffusional characteristicsof ZSM-5 significantly by
incorporating a variety of chemical reagents such as the

compounds of boron, magnesium and phosphorous and reported



70~80% para selectivity in the tolucne disproﬁortionation
and 90-97% para xylene in the zlkylation of tolucne with

methanol.

Toluene disproportionation results obtained with
modificd HZSM-5 using compounds of boron, magnesium and
phosphorous are summarized in Table 3.7. About 70-80% para-
xylene selectivity in xylcnes has been achicved with catalyst
modified with magnesium and phosphorous. The toluenec conver-
sion at cach temperature was varied by changing the space
veloeity. The amount of para-xylene among the xylenes over
these catalysts is found to increase wlth incerceasing the
space velocity. This may bc due to the reduction of rcesidcnce

time for isomerization in the catalyst bed.

Adsorption studics carried out with argon and
different hydrocarbons (Table 2.5 and 2.6 respectively) for
these cntulystsindicntc that therc¢ is a rcduction in the
pore volume on ihcorporntion >f phosphorous ,magncsium ‘and
boron in the¢ HZSM-5. The diffusion study showcd that the
diffusivity of ortho-xylenc decreased drastically as compared
to the diffusivity of para-xylene on incorporation of these
modifiers (Table 2.7). Therefore, the high para-xylene
sclectivity in case of modified catalysts with boron, magne-
sium and phosphorous nay bec attributed to partial reduction

of pore opcnings and channel dimensions of ZSM-5 crystals
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TABIE - 3.7

Toluene disproportionation with modified

ZSM-5_zenlites

- 1 " " = - = - ———— - ——

Catalyst Tempe. WHSV / Toluenc Xylene isomer composition %
K (hr-1l) t5luene conver- —————
(mol) Sion Para Meta ortho
(% mole)
1. HZSM-5 823 2 2 54,83 24458 50,52 24,90
z.?g SM-5 823 2 2 0.63 49,0 39,25 11.75
3% B)
3.PMgHZSM-5 723 2 2 8422 60,98 28,92 10.11
(2% P, 823 2 2 26.86 52,32 35.47 12.25
5k Mg)  gog 4 2 18.44  57.27 31.57 11.16
873 4 2 26,63 50,36 34,38 15.25
A.PMgHZSM-5 673 4 2 3.76 78431 15.93 5.76
(Eé ié) 723 2 2 5,36 62.89 27.82 9,28
sk 4 2 2.87 77.08 17.239 5,53
773 2 2 7.66 66.29 25,57 8.15
773 4 2 6419 75.00 19.05 5.95
823 4 2 9.57 62,96 28,11 8.93
5. PHZSM-5 873 4 2 0.38 53,76 37.10 Q.14
(8% P)
*Equili- 700 223,50 52,10 24,40
briun 800 23.10 51.35 25,60
900 22,8 50.6 20.6
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which restrict the daiffusion of orthoxylene and meta-
xylenc. These sclective catalysts, with chonnels reduced
in size, may favour transfer of methyl group to the least
hindercd position of toluene and the rcsultant para-xylenc
formed diffuse out of the pores at a relatively fast rate.
The ortho- and meta-isoner formed, duc t> their low
diffusivity, may spend enough time in the channels,
cneownter with adjacent active site and rearrange to

para-is 'mer.

It is scen that the toluenc conversion deercasecs
drastically on incorporation »f phosphorous in the HZSM-5
zeolite. For example, the toluenc conversion is 55% mol
for HZSM-5 zeolite whercas 27% mol f£or PMgHZSM-5 under
identical conditions (samples 1 and 3, Table 347) The
conversion further decreases with incrcasing the content
of phosphorous in the HZSM-5 ze»nlite (Samples 2 to 5,
Table 347). However, the selectivity to para-xylene
incrcases with increasing phosphorous content. This
indicates that the phosphorous in the channels of the
Z5M=5 neutralizes the strong acid sites which arc
respons¥ble for the tolucne conversion in addition to
partial channel blockage. The results show good agrece-

ment with acid sitcs determined by TPD of these samples
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(Ta ble 249)s However, catalysts, BHZSM-5 (3% boron,
Iige 3.9) ond PHZSM-5 (8% phosphorous, Tablc 3.7) are
inactive in the toluenc disproportionation although
thesc catalysts had shown considerable strong acid sites.
This may bc attributed to the higher concentration of the
boron and naosphorous in the ZSM-5 channels which may not
stcerically inhibit the chemlsorption and diffusion of
smnll ammonia molccule, but may inhibit the adsorption and
diffusion of larger toluene moleculces to the active sites
in the channelss This observation is confirmed from
adsorption data given in Table 2.6. These catalysts do

not adsorb toluene molecules significantlye.

The p=xylene selectivity of the modified sample
(samples & and 4) is compared at different tolucne
conversion levels in Table 347. The conversion of toluene
incrcascd by raising recaction temperatures It can be scen
that the p-xylene sclectivity (among the xylcnes) decrcases
significantly with increasing rcaction temperature indi-
cating thot thc p-xylene selectivity is affectcd by the
diffusivity of o- and m-xylenes The critical dimensions of
o- and m-xylcne are larger then that of p-xylene hence their
Qiffusivity is lower duc to steric hindrance. However, at
higher tcmperature their diffusivity increcases with increas-
ing temperature which, in turn, decreases the conversion of

0- and nm-xylenc to ne-xylene by isomerization. 4 similar



effcet was reported by Chen and Garwood27. They have

shown that at 648 K n-hexane was converted 8.8 tines
faster than 3-methylpentane which is a larger molecule
than n-hexanej raising temperature to 783 K both
molecules were converted at the same rate. This result
confirms the fact that diffusivity of o- and n-xylene

has significant effect on para-xylene selectivitye.

(I) Effect of reduction temperature
on the activity of NiHZSM-5 catalyst

The NiHZSM«5 catalyst (2.22% Ni) was dehydrated
at 823 K in presence of air and subsequently reduced at
723, 823 and 873 K in presence of pure and dry nitrogen
for about 8 hours. The resulting catalyst was then
tested for toluene disproportionation at 723 K. The
toluene conversion was found to increcase with increasing
the reduction temperature of the N1iHZSM-§6 catalyst. The

catalyst reduced at 873 K had highest activity (Table 3.8).

The XPS results for the reduced samples show
that the Si/Ni ratio decreases on increasing reduction
temperaturc. The nickel in the form of NiO noay agglomerate
on the ZSM-5 surface at thc higher temperature of reduc-
tion unlike that on hydrogen mordenitollSA. The high

toluene conversion in case of the sample reduced at 873 K

may be due to NiO species in addition to nickel ion in the



TABLE - 3.8

Influence of reduction temperature on

the activity of NiHZSM-5 catg}z&i

Reaction conditions

Reaction Temp.(K) - 723
WESV (hr™t) - 3
Ho/Toluene (mole) - 2

Pressure (bar) - Atmospheric

Reduction Temp. (K) 723 823 873
Product distribution

% mol.

iAliphatics 0440 0,38 0.50

Benzene 4,89 5.91 7482

Toluene 89.44 88,07 83.63

Para-iylene 1.39 1.55 2.15

Meta-Xylene 2.83 3.02 4,30

Ortho-Xylene 1.28 1.38 1,97

Cg+ aromatics 0.05 0406 0.04

B/X molar ratio 090 0,99 .93

% Mole conversion 10.56 11.93

— - = = - - - = = A . e e G . W S W - e - -

16,37
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channcls. . ghopov et algo have reported that the nickel
ion in thc zeolite crystal latticc or nickel oxide on the
surface arc only activce species of nickel in tolucne dis-
proportionation. Moreover, Davidova et alllsB reported
that when Ni(II) is reduced to metallic state, only
dealkylation of tolucne takes place. In the present
results, the B/X molar ratio in case of threce samples 1is
around unitye. Therefore, the incrcase in the actlvity at

higher reduction temperature may not be due to the forma-

tion of mctallic nickel.

(J) Effect of nickel concentration

To establish the content of nickel on HZSM-5
which is favourable for toluene disproportionation, the
nickel concentration was varied from 0.55 to 5.5 % wt.
Fig. 3.10 represents the effect of nickel loading on
tolucne conversion. T he tolucne conversion increcases
with incrcasing nickel concentration from 0.55 to 2.22 %
wt. but fells sharply with further incrcase in the nickel
content to 545% wte This may be due to cither blocking of
active sites at high nickel concentration (5.5 % wt.) or
reduction in the active sites for tolucne dispropor-

tionation,

121
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(X) High pressurce toluene dispro-

portionation reaction

(i) Pressurc Effect

The influence of pressure on the activity
and selectivity in toluene disproportionation rcaction has
been studicd using 'Catatest! Unit described in the
experinmental section (3.2). Fige 3.11 represcnts the
cffect of pressure (catalyst Nf:PtHZSM-S, SiOz/Alzo3 =
36). Thc sclectivity, B/X molar ratio,is unityand it is
independent of pressure while the toluene conversion
incrcases with increasing pressure and levels off above
20 kg/cmz. However, the formation of trimethylbenzene
incrcascs at higher pressurc as conpared to the atmos-
pheric pressurce The increasc in the conversion of
tolucne and the formation of trimethyl benzcne may be
attributed to the enhenced zdsorption and retenption of
rcactants and products on the surface under these condi-

tions.

(ii) Tenmperature Effecct

It has been noticed that the toluene dis-
proportionation reaction is highly temperature sensitive.
To establish the ideal temperature for the disproportiona-
tion of tolucne at higher pressure, the reaction was carried
at 553-768 K. The near cquilibrium conversion of toluene

is achieved at B8 K (Table 3,2). At lower temperatures
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TLBLE - 3.9

Effect of temperature on toluene

disproportionation

Reaction conditions

Catalyst

- NiHZSM-5 (SiOz/AIZO3 = 36

with 0.5% Ni)

Pressure(bar) -

Hz/toluené (mol)

WHSV (hr™1)

Reaction Temp. XK

Product (mole %)

Aliphatics
Benzcne
Toluene

Total xylenes

+ .
09 aromatics

B/X molar ratio

% Mol. conver-
sion.

5583

1490
1.04
95,21
1.02
0.71
1.00
4,79

40
0450

= 1.0

673

723

0,62
21.03
&57.22
19.86

1.4

1.08
42,78

768

0,71
30,82
45,57
21,67

1.42
544,43

——— - ) - - — -



(8€3-723 K), the toluecne cleanly disproportionates into
onc nole of benzene and xylenese However, at higher
terperatures (768 K)ythe conversion of toluene increases
and benzene and gascous products are formed duc to
dealkylation and cracking of tolucne rathcer than

disproportionation.

(iii) BEffect of Spacc Velocity (F/W)

The results obtained with NiHZSM-5 catalyst
at different space velocities are shown in Table 3,10.
At 768 K, Hy/toluene, 0.5, and 40 bar pressure, the
toluene conversion is not affected by the variation in
the space velocity. However, the selectivity i.e. B/X
molar ratio is very much influenced. The selectivity

ic found tc increase with increasing space velocity.

(iv) Activity of metal loaded ZSM-5 zeolites

In Table 3.11, the catalytic activity of the
HZSM-5, NiHZSM-5 and Ni, Pt HZSM-5 catalyst for toluene
disproportionation have been compared. The toluene dis-
proportionation aetivity decreases in the order, HZSM-5 >
NiHZSM-5 > Nij?tHZSN-S. The lower activity of the nickel
and nickel-platinum ZSM-5 zeolite as compared to HZSM-5
zeolite is due to a decrease in the number of acid sites
by the incorporation of metal in the zeolite., However,
the selectivity is improved on incorporation of nickel and
phosphorous. A change in the strength of the acid sites

could possibly account for an improved selectivity.



TABLE -~ 3,10

—————

Lffect ¢f space velocity (WHSV)

cr. tolvene disprecoortionation

Catelyst - NiHZTM=5 (€10,/13.50

Terpa K - 7G8
Iﬁ/talumne(molz)--onﬁ
Pressurce (bar) - 40
WiV () 0.50 1 1,38
rroanuet
(% mol.Y
Alipbatics 037 0.71 0,79
3enzene 32.73 30.82 29,04
“cluzne 42,7L £4.57 45,71
Totel e 22,89 21.67 22.¢6
xylenes
Cg aromatics 1,49 2.6 2.8

B/Y mole racio 1,473 l.42 1.27

% ¥Mola ecrnver- £6,29 54,43 53.8
sicn

Wose ¢ WHSV= Veigh’ of feed per
catelyst per hour.

~
<

uni

gt ta
= 36 g i g

0.5% 11i)

“
v

1a7
1.12

52.47

0,62
25.33
27.99
24043

1.73

welght of

(2]

[S2)



TABLE - 3,11

e ——

Toluenc disproportionation with

- — a——

mocified HZSNM-5 zcolites

Temperature (K) - 773

Dressurs (bar) - 20

WHSV (hr~l) - 2

Hp/toluene (mol) - 2
Product (% mole) HZSM-5 NiHZSM-5  Ni PtHZSN-5
Aliphatics 0,46 0.36 0.25
Benzene 32.89 23.12 14.25
Toluene 48,71 83.50 69491
P-Xylene 4,54 5.64 3474
M-Yyleae 919 10,59 7.53
0-Xylcrnie 4,04 £.29 3.65
C§ aycnatics 2.48 1.07 0.96
B/X molar ratio 1.85 1.07 0.96

% Molc conversion 51.29 46,50 30,09



(L) Catalyst Deactivation

The zcolites show unusual behaviour for their
shape sclective properties. Their intracrystalline
built active sites are accessible only to those molecules
whose size and shape permits the sorption through the
entry pores. The deactivation is known to be associated
with the synthesis and occlusion of large molecules within
the catalyst pores which prevents the access of rcactants
to the active sitesllg. Rollmann and Walsh had demons-

trategt20rl?1s53

that the intracrystallinc coking of
zenlites is a shape sclective process which largely
dépends on the size and architecture of their channels.
They have expnlained the mechanism of coke formation on
zeolites, cspecially on ZSM-S zeollite and pronosed that
an increase in the acid site density leads directly to
an increase in the paraffin cracking into fragments
within the pore system and thus to greatcr paraffin
participation in coke formation.

(i) Effect of SiOz/Alzo8 ratio

The influence of 8105/A1,04 Tatio on catalyst
stability during toluenc disproportionation reaction is
shown in Fige. 3,12. There is a significant aging in the
semple with low Siog/Alzoa ratio, This aging is due to

the deposition of carbonaceous matter on the crtalyst
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surface and not due to the structural changes in the
catalysts. The x-ray diffraction patterns of the coked
and fresh samples were almost identical. An attempt has
been made to describe the rate of deactivation of the
zeolite samples of different 8i0g5/Al 05 ratios in the
toluene disproportionation reaction in a semiquantitative
detail, TFor this purpose, the activity of the catalyst
was characterized by an apparent first order rate constant
K, where

K=1/M 1In 1/1-X eee (1)
It moy be noted that Gnep mnd Guisnet'®? had earlier
reported that toluene disproportionation follows a first
order reaction rate. In the above ecquation, W = the
weight of catalyst in grams and X = fractional convcrsion,
The values of K derived from equation (1) above were fitted

to the fsllowing equation,

XY

K = K, oo (2)

toluene
where Y is the cumulative amount of/that had becn conver-

tcd to products and Ko and € are the constants which
characterize the initial activity and aging rate of the
catalyst respectively. The values of Ko and € for the
samples 1-5 calculated from Fig. 3,13A are gi?en in

Table 2¢12. The values X and K, increase with decreasing

5105/h150, Tatio in the ZSM-5 zeolite. Flg. 343B shows
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SraNo.

1,
2,
3.
4

S.

TABLE - .12

Catalytic deactivation (X) and initial activity

(KO) paramcters

Sample %(102)(8-1500" KO(Suc—l)
HZSM-5(36) 1,53 0.84
HZSHM-5 (86) 0496 0.79
HZSM-5 (144) 0443 0.62
HZSM-5(165) 0.41 0460
HZSM=-5(320) 0.30 0.22

The number in bracket refers to 8102/3

ratio.
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1
the depcendence of X (deactivation constant) on aluminium ]~‘
content in the ZSM-5 zeolites. Our results show good

agrecuent with the results reported by Ione et 31128.

They havc reported that the stable activity of ZSM-5

zeollte catalysts decreases with incrcase in aluminium

content in the ZSM-5 zeonlite.

The coke formation onh the acid catalysts occurs
by reaction and conversion of alkylaromatics (by cyclisation,
dehydrogenation, further alkylation ...) to polyalkyl-
aromatics and polyaromatics, the coke precursor gauses
more or less rapid deactivation. Coke deposits lower the
catalyst activity by site coverage (poisoning),and/or by
nore blocking which prevents the access of the rcactants
to the active sites. hging of 2n acid cntalyst can, there-
fore, be tested by comparing the acidity of both fresh and

54
aged samples ™ .

To describe the acid sites poisoned during tolucne
disproportionation, the coked catalyst (sample 2, SiOZ/AlZO3
ratio = 86, Table 3.12) was subjected to acidity mecasurc-

nent by temperature programmed desorption (TPD) as described
below

he toluene disproportionation reaction was
carried out for about 24 hours in the first scries and l‘O

hrs in the second serics and the catalysts were unloaded

from the cotalytic reactor:. and loaded in the TPD rcactor.



The coked ceotalyst was flushed with:dry and purificd
nitrogen at 823 K for about 4 hours. The TPD run was

then carried out as described in the earlier scction.

The TPD proifiles of the fresh and coked samples after

24 and 100 hours reaction arc shown in Fige 3+14,(curves
A4ByC,y respectively)s The peak mexima at 373, 420-470 and
650-673 K in the TPD have been assigned t» thc weak,
nediun and strong Bronsted acicd sites respcctively.The
active sites poisoned in the coked catalyst <o not

impose restriction tc the access of armonia to the weak,
nedium anc s trong a2cid sites as evidenced by TPD spectrun.
The intensity of the first two »caks (sample B) nanmely
weak and nedium is reduced strongly as compared to the
third (strong) peak indieating that the acicd sites of
weak and medium strength are dgisoned ropidly during
toluene disproportionation unlike in the methenol conver-
sion ruaction54. However, the strong acid sites in
sample C (after 100 hr reaction) arc reduccd ‘rastically.
This rcsult is consistent with that reportced by Topsdge

et 3144fcr nethanol conversion rcaction, indicating that
the strong acicd sites are poisoned cither by site coverage
or by porc blocking which may have prevented the access of

the ammonia molecules to the active sitcese.
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The anount of dceposited coke residuce on the
catalyst surface was determined by using thermogravimetric
tecelniques The decoking was performed in the presence of
dry air, The decoking was conplete between 723 to 950 K
as shown in the DTA profile in Fig.VB.lS. The amount of
coke estimated from the DTA/TG analysis is directly propor-
tional to the number of strong acid sites dctermined fronm
the TPD spcctra (Fige. 3.16) indicating that mainly the
strong acid sites take part in the reactions. It may be
noted that Eiscnbach and Gallei124 who exanined the
influcnce >f OH groups (ir bands at 3640 and 3740 cm=l) haad
shown that the influcnce of external OH groups (3740c cm'l)
on coke fornmation was low below 773 K while the highest
ccetivity for coking was shown by the OH groups in the super-

cages in the catalysts CaY¥ and PtCaY cduring n-hcxan€ reaction.

It was observed that the partially deactivated
surface of ZS!i-5 showed reduction in the pore aperturcs and
channel dinensions which favours the para-xylene formationl25.
The results given in the Table 3.13 show that the para-xylene
selectivity increases with increasing time on stream. This
indicates that partial blocking of pore aperturc and channel,
which occurs due to the deposition of coke during reaction,
favours para-xylene formation. It may be seen from the data
in Table 3,123 that para-xylene selectivity of HZSM-5 catalyst

(8102/[«120,J = 36) increases fron nearly 23% to 28% in 100 hrs
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T/BLE - 3,13

Effect of coke deposition on selectivity of

para-xylerein xylenes

Reaction condition

Temp. (K)
Pressure
wHsv  (hr

Hg/toluene (mol)

Time on

stream(hrs.) 1

Sample

HZSM~-5(36) a : 22,98
b : £0.,23
c 26,79

HZSM-5(86) a : 26,53
b 47,92
c 2 25,55

HZSM=5 (144) a 25440
b : 49 ¢ 44
c 25.16

HZSM~-5(165) a : 25 .68
b : 47472
c : 26,60

HZSM=-=5(320) a 28.56
b s 494,50
c : 21.94

- —————— " - - — = ——

o’

(bar)
-]_)

12

24,46

48.13
27.41

25,05
49,68
25,27

28 .34
49,00
25,66

26,01

47 .56
26.43

28.83
49,63
21.83

% mole para-xylene

b % mole meta-xylene
¢ % mole ortho-xylene

25.58

48,438
26,04

29,21
47 .24
23.25

26492
48469
24439

26,63

47418
26,19

29.10
490436
21.53

823
Atmospheric

2

2

48 100
25,97 27481
48,78 49434
28 .25 22 .95
26,53 27.01
49,56 49,445
23.90 23.54
26,25 26496
49460 50,09
24,15 22.94
26,75 27 «48
47 425 47412
26.00 25.40
29439 29435
49 . 02 49 . 12
21.58 21.53

The figure in bracket refers to 5105/:lg04 ratio.
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while that for SiOz/Alzo3 = 320 shows an increase fron
29% to 30%. The results can also be explained on the basis

of extensivec coking of the former catalyste.

What is the location of carbonoccous natter?
Whether it is on the external crystal surface or inside
the channcl of ZSM=5 zeolite? Rollmann and Walsh53 and
Djaifve et 3154 by taking variety of zeolites have shown
that the coking of the zeolite 1s a shape selective
reaction intinately controlled by its pore size and
georietry. Especially, in the case of ZSM-5 they have
proposed thot coking takes place on the external surface
of the ZSM-5 ctystals because the smaller channels of
the ZSM-5 which arc free from cages do not allow the
synthesis of bulky polyaromatics which are the coke
precursors. 1f we assume that the coke deposition takes
place only on the external crystal surface, then the
toluene conversion should not decrcasc till its access
to the active sites is precvented by blocking the pore
aperpgturc, However, the prescnt results show that the
toluene conversion is decreased from 48% to 30% at the
end of 100 hrs although there are no diffusional restric-
tions imposcd on the access of toluene molecules in
the channclse This is evidcneed by adsorption of benzene
on fresh snd coked catalyst after 100 hrs reaction. The

size of the benzene moleccules is equal to size »f toluene
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10lccule but larger than armonis molecu1026. The uptake
vs tinc curve for benzene on fresh and coked catalyst is
shown in Fige. 3.1%7. The sorption was perforned at 298 K.
The cquilibrium is attained after a lapsc of 10 to 15
ninutes on coked catalyst as well as on the fresh catalyst
indicating that the coking had not imposcd any diffusional
restrictions. However, thce total uptake is dccerunsed
after. cokinz which is attributed to reduction of the pore
volune caused by the deposition of cokce Thereforc, we
would like to suggest that reduction in the number of strong
acid sites is not duc to the dcnosition of cokec on the
cxternal surface of the ZSM-5 crystal. Howevery there is
intracrystalline coking)although very slow,duc to> which
the strong acid sitcs are reduced after about 100 hours of

rcaction.

Ione et a1126 rcported the effect -f aluniniun
content of ZSM-5 zeolitc on catalyst stability in rnicthanol
rcaction and cxplained the coke synthesising centres,

They have suggested that the coke prccursors o2nd non-
desorbed compounds are formed on thesc centres,
[(Si(Oi&l)n]n-Alg}'a)which show the properties of super
acidse Probability of formation of such centres incrcascs
cither by non-uniforn distribution of aluminiw or by
incrcasing the alunminium content in ZSM-5 zeolitc.

This, in turn, lecads to a decrease in the time of stable

activitye.
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During toluene conversion, the dealkylation
and cracking of toluene which lecadi to conversion of
toluecne to benzene and gaseous products are the nost
rrominent sicde rcactions. In the present zeolite
catalysts the dealkylation and cracking activity go
on incrcasing with increasc in aluniniunm content in
the ZSM-5 zeolites (Fige 347)e This indicates that the
strongest acid sites are the active sites for these side
rcactions since the strength of the active sites also
incrcases with increasing aluminium contcente. This
supports the ldca that the formation of the super acia
sites results fron extra framework aluminium aton.
Therefore, the extensive coking in casc of sample
(HZSM=5, 8102/31208 = 36) is nainly “2uc to the formati n
»f such centres which facilitate the dealkylation and
cracking of toluenc that lecad to the formation of coke

prceceursors.

(ii) Effect of nickel

One of the drawbacksof the HZSM-5 zeclitces
investigated so far is their fast deactivetion due to
deposition of carbonaceous matters T he NiHZSM-5 zeolites
prepared by impregnation method were tested for toluene
disproportionation under conditions which haad

been cmployed for HZSM-5 zeoclites It can be scen fron
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Fige. 3.18, curves 1-3 that the presence of nickel in
HZSM=-5 helpns to naintain a stable activity throughout

the run. The improvenent in the stability of the

catalyst on nickel loading may be due to the bifunctional
nature of nickel. In presence of hydrogen, nickel assists
hydrogenation and thus eliminates some unsaturated hydro
~carbons which otherwise would polymerisc an” block the
active sites. To verify this argument thc catalytic
activity of the catalyst was examincd in prescnce of
hydrogen, nitrogen and without carrier gas. Fige 3.19,
curves 1-3 show the catalytic activity in presence of
hydrogen, nitrogen and without carricr gas respcectivelye
The shorp fall in the toluene conversion observed in the
precsence of fitrogen as well as in the absencc of the
carrier gachipZited. Thus, in presence of hydrogen only,
nickel in zeolite prolongs the activity of the catalyst.
The deactivation parameters for the above catalysts are
given in Table 3."-}!/’—

(M) Tolucne disproportiocnation
recaction mechanisn

Tolucne Adisproportionation and alkyl-tion have
been extensively studied using varicty of =2lkylating agents

and variety of Friedcl-Crafts catalysts to elucidate the
. P.98.
Lcohanisn of catalybic alkylation roactions®{ag34)The

combination of halogen acids and catalysts such as AlCle
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TLBLE - 3,14

Catalytic decactivation (X) and initial
activity (Ko) parancters

3 -1 o

Sr.No, Sample «£(10 “)(g sec 1) Ko(sec'l)

1. HZSM=-S 15.3 0.84
(0.53)

3, NiHZSM-5 4,27 0.52
(1.11)
(2.22)

5. NiHZSM-5 100 0450
(Z.22)

B NiHZSM=-5 125 Q.54
(2,22)

The figure in bracket rcpresents the wte % of
+

nZ.

Samples 1-4 represent reaction in prescnce of

hydrogen and samples 5 and 6 represent reaction

in presence of nitrogen and in absence of carrier
respectively.



procduce the hypothetical HAlCl4 acid53 (Eqe4). The
proton from this acic attacks the rins carbon atonm to
form a carbonium ion salt (Eq.5). The alkyl group could
then be transferrced to a second aromatic ring in the
transalkylation stepe. Zeolites are also known as strong
proton donors having very strong protonic sites, hence

an analogous nechanisn to Friedel-Crafts rcaction has

been suggcstedlla’zs.

The zeolites, such as X, Y and
nordenite yield the equilibrium composition of o-4 n-

and p-xylenc in the toluene disproportionation reactione.
However, thc ZSM-5 zcolite, a new shapc sclective catalyst,
yields morc p=-xylene than its cquilibrium conposition

anong xylenes at the cxpensc >f o- and n-xylencse. The

ZSM=-5 zcolites nodified with coke or/and casily accessible
inorgaonic compounds yield near about 80-90% para-xyleneca.
This sclectivity of ZSM-5 for para-directed cormound is well
explained by Kaeding et 3128 who have suggested the mechanisn
for the formation »f benzenc and para-xylenc. The proton
from the acid fornm of the zeolite, H' zeolite ~ attacks

a toluene nolecculc at the ipso position [Eq. (6), Fige 3.4].
This weakens the corbon-nethyl bond [Eq.(7)) and initiates
transfer to a second toluenc nmolecule, Eqe (8). Since

this rcaction occurs within the zeolitc pores, the para-
position is least hindered by swmug fit$ing of aromatic

rings and consequently would be most available for

15b
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attack. Transfer of proton back to an anionic site in
the catelyst from the protonated xylenes gives the xylenc
aroduct and regencerates the acid site in the catalyst,
Eqe (9)f??brtho and neta-xylene also isorwerize to para-

isoncr within the zeolitc porese.

CONCLUSIONS

The conclusions drawn fron thc nresent rcsults are:

@ The temperaturc at which zeolite ZSM-§ is activated
has significant effect on tolucne dispronortionation activity.
The NHQZSM-5 zeolite activated ot 823 to 873 K has the

nighest activity. This is consistent with the rcmoval of the
last ammonia molecule fron NH4ZSM—5 and gencration of protons

that form ultra-active Bronsted acid sites.

(2) The neid sites of highest strenzgth arce not suitable
for tolucnc ‘isproportionation rcaction but lead to rapid
coking of the surface of the zecolite., On the o>ther hand,

these “Promote the dealkylution and eracking of tolucne to -

omd
bcnzono/gaseous products 1ike nethone, cthanc, ctc.

(3) The HZSM-5 zeolite modified with nickel is capable
of maintaining a high selectivity at high conversion and

stable activity in the toluene disprorortionation recactione.



(4) The HZSM=5 based catalysts nodificd with boron,
raznesium and phosphorous provide a novel route for the

synthesis of p=xylene via toluene disproportjionation.

(5) The scleetivity and deactivation cdue to coke
fornation in toluene disproportionation can be controlled
cither by controlling aluminium content in the ZSM-5
zcolite franmcwork or by incorporating transition nctols
like nickel in the zenlitee

(8) The presence of nickel in the zenlite ZSM-5
catalyst docs not confer on it any additional stability

if there is no hydrogen in the reactant strcean.




CHAPTER 1IV
TOLUENE TRANSALKYLATION
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4.1, INTRODUCTION

Aromatic hydrocarbons)especially benzene and
xylenes, are major raw materials used in the manufacture
of nylon, polystyrene, polyester fibres etc. These
industrially important raw materials are obtained by the
pyrolysis and catalytic reforming of naptha. In these
processes , large amounts of less valuable toluene and
09 hydrocarbons are formed and can be converted to
benzene and xylenes by disproportionation and/or
transalkylation reactions using suitable acidic catalysts,
like Friedel Crafts catalysts in the liquid phase and
silica-alumina or synthetic zeolites in the vapour phase.

Different zeolites such as mordenitell’lg,

faujasitelo or ZSM-5 in the H form have been reported to

be active catalysts for these reactions. Both mordeﬁite

and faujasite based catalysts are active for the trans-
alkylation reaction, showing high initial activity.

However, these catalysts deactivate fast due to the
formation of carbonaceous deposits on the active sites
within the pores,of the catalysts. The catalyst deactiva-
tion can be diminished or even eliminated by modifying

the acid strength distribution of the active sites or by in-
corporabing metals which are active for hydrogenation of

the coke precursor species in presence of hydrogenlg.



As discussed in Chapter I, mordenite is an active
catalyst for disproportionation of toluene to benzene and
xylene and has recently been examined for the transmethyla-
tion of toluene and pseudocumene as H and NiH mordenitelzg.
In contrast to toluene disproportionation. studiesythe
literature contains very few reports on the transalkylation

of C7 and 09 aromatics to xylenes.

In view of the known superiority,especially
catalyst stability over long period of time of the ZSM-8
zeolites over the earlier zeolites for the disproportionation
of toluene, the transalkylation of C,7 and 09 aromatic hydro-
carbons over HZSM-5 zcolites, with different $105/A150,4 Tatio
was investigated. Likcwise, a series of dealuminated
mordenites and mordenite-HZSM-5 blends in varying propor-
tions have been examined and their catalytic activity

for transalkylation reported in the following.

4.2, EXPERIMENTAL

The synthesis and modification of the ZSM-5 zeolite
fiz7e been described in the earlier Chapter, The hydrogen
mordenite (Norton, $i05/ Al,04 = 10) was dealuninated

130,131 clsewhere. The

according to a procedure desecribed
H mordenite (HM) was heated in presence of stecam at 573 to

873 K)cooled and treated with 2 to 6N HCl1l to alter their



Sioz/Al'zO3 ratios. The samples thus treated were washed

frece of chloride lons, dried and water saturated over NH4CI
solutions. The 8102/A1203 ratios were estimated by a

wet chemical analysis and flame photometry. The unit cell
compositions of the various dealuminated mordenitcs(DHM)

are illustrated in Table 4.l. The XRD patterns (Fig.4.21
indicated that all the samples were at least 90§ crystallinc.

The adsorption of 1.3.5 and 1.2.4 * TMB isoners was
measured at 298 K and P/Po = 0.5 using the gravimetric
McBain quartz balance following the activation procedure
described earlier (Chapter 2 ). The procedurc for perforning
the catalytic recactions,as described in Chapter 3 ,was

followed.

4.3. RESULTS AND . DISCUSSION

The 8105/A15045 mole ratio and adsorption of water,
benzene, tolucne, para-xylene)cyclohcxane, ortho-xylene and
1,2,4-trimethylbenzene on HZSM-5 samples 1 to 5 have been
surmarized in Table 2,6 in Chapter 2. It was obscrved that
the adsorption of benzene, toluene and para-xylene did not
vary significantly in Samples 1 to Sy, while the uptake of
cyclohexane, o-xylene and 1,2,4-trimethylbenzenc dccreased
in the samplcs with higher SiOz/Alzo3 values. The restricted
adsorption of the above molecules indicated a partial block-

ing of pore mouth in the sample with higher SiOZ/Algo3 ratio.
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TJ‘LBLE - 4 . l

Chemical composition of zcolite scmple
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Dealuninated HM
(DH)

Dealuninated HM
(DHM)

Dealunminated HM
(DHM)

36 NaO.02(8102)90_98(A102)5.0215H20

102 Nao.l(SIO (.10 25H2O

2)40.13 2)7.8’7

2506 Naj 5g(5105) 44, 45(+105) 5 5520H;0
32470 Nag 6(5105) 45 oa(3105)g Lol BH,0
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gi): Influence of 8i0,/Al50, ratio

on transalkylation reaction

The influcnce of $i05/Al,0, ratio on the trans-
alkylation reaction is shown in Tablc 4.2. The composi-
tion of the feed is given in Table 4.3. The xylcnes in
the product had an equilibrium composition. The aliphatic
hydrocarbons comprised of methane and ethane., It nay be
notcd that while xylene can be formed by the transalkylation
of toluenc and Cg aromatics as well as by the dealkylation
of trimcthylbenzenes (TMB), benzene is formed mainly by the
disproportiocnation of toluenc. This is rcflccted in the
lower benzene/xylenc mole ratio in the product. While the
conversion of toluenc and C9 aroniatics decreasesat higher
SiOz/AlQO8 valucs, the selectivity (denoted by the B/X

ratio) is =2lilost indcpendent of this paramcter.

®): Influence of tempcraturc

The influencce of temperaturc is shown in Table 4.3.
The najor reactions that occur during the transalkylation
arc suwmarized in Fige. 4.2 . A4S reaction tempcrature is
increascd, the £H11lowing features arc observed:
(1) The conversion of both toluene and Cg aromatics to
products increases. Anong the Cg ar)matics)thc cthyl-
tolucnes (nostly the para-isomer) are casily dealkylated

to tolucne while the 1.3.5 TMB isomer doecs not undergo any

c~



TABLE - 4.2

Influence of SiOz/Al 0, ratio

2°3

in

HZSM~-5 zeolites on transalkyla

tion

of toluene with C9 aaronatics

Reaction conditions

7

6\
o

Temperature (X)
Pressure (bar)
H2/Hc(mol)

WHSV (hr-1)

23
tmospheric
2

2

Product(% mole) Feed Sample (Si02/31203 ratio)
T 36 86 144 165 2320
4liphatics - 0650 0440 0610 0.10 0,30
Benzene - 6460 7.90 3.60 3.80 1.70
Lolucne 7745 68420 068.10 7348 7445 7645
Ethylbenzene’ 0422 0462 0.,71 0,52 0.48 0.38
Xylenes - S¢d 10.20 5,30 5.40 3,230
Cy aromatics 2144 15.3 13,40 17.20 16,30 18420
Benzene/xylenes . 0.70 0.77 0.68 0,70 0i52
nole ratio
% Tolucnc Conver- 12 12,1 4.77 3.87 1.29

sion

- -



TABLE - 4,3

Influence of temperature on the

tranSalkX}ation reaction

anction conditions

Sample

Pressure (bar)

WHSV (hz'+)
Hy/HC (101)

Product (% wt.)

Aliphatics
Benzene
Toluene
Ethylbenzene
P-Xylene
M-Xylene
0-Xylene
Ethyl toluenes
1,3,5 TMB
1,2,4 TMBB
1,2,3 TMB
Ci0 aromatics

B/X mole ratio
% Tol. Conversion

Feed

7742
0.22

102‘1
7.0

2.4
Q44

1.9
0.9

- HZSM-5 (810 /AlZO3

15 % binder).

20
070
2

= 36 with

Temperature (K)

633
0.4

6.7
64,6

0.62

673
0.6

11l.1

5847
0.57
3.8
8ed
3.9
245

7e4

723 773
067 0.8
19.2 ° 2644
4749 45.9
0.68 0.84
5.4 440
1047 8480
4e5 448
l.4 1.2
242 1,7
Ge4 4,9
1,2 1.0
0.8 045
1.27 2.0

38419 40477

- o e 5 o - > e S U o S > S B e G o B G e 55 - e e S e o B8 S

Note - TMB = trimethylbenzene
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significant conversion except at 773 K. The lower
rcactivity of the 1.3.5 TMB isoner is duc to its restricted
access intoy the pores of ZSM-5 zenlites. It may be noted
that while the kinetic diameter of 1.3.5 TMB is 0.86 nm,
the diameters of pores in ZSM-5 zeolite channel is »only

Y

0.56 nn.

(ii) The nolar ratio of benzenc to xylenes in the
product incrcases from 0,84 to 2,0 in the temperature range
833 to 7723 K and benzene is formed mainly by the dispropor-
tionation/dealkylation »f toluene. At higher tenperatures
the toluene conversion inereascsdue to predoninance of the
dcalkylation reaction. Our results indicate that the
dealkylation reactions requirc a higher activation cnergy
than toluenc disproportionation and that the stronger acid
sites generated at higher tenperatures are the active
centres f£or the dealkylation of tolucnes It may be
rcrenbercd that thermodynanically decalkylation reaction

is morc favourcd than dispronortionation rcaction

1.116b
(AF 298 = = 10,7 vs + 1.4 K Cal nol™t) .

(C) Influence of H,/hydrocarbon ratio

The influence of Hz/hydrocarbon ratio on the

transalkylotion reaction is shown in Table 4.4.

AL decrease in the hydrocarbon partial pressure (i.e.

increasing the Hg/hydrocarbon ratio) leads to the

o



TABLE - 4.4

Influence of hydrogen/hydrocarbon ratio

Semple - HZSM-5,510,5/Al,04 =

fleaction conditions

Temp, (K)

VESY (hrt)

Pressure(bar)
Product (% wte) Feed
Aliphetics -
Benzene -
Toluene 77,5
Ethylbenzene 0.22
P-ylene -
M=-Xylene -
0 -Xylene 1,20
Ethyl toluenes 7.0
1,3,5 TMB 2.4
1,2,4 TMB 9.4
1,2,3 TMB 1.9
Ci0 aromatics 0.9

B/X mole ratio

% Tol. Convecrsion

TMB = Trimethyl benzene

36 with 15% binder

773
1.2

20

2 5
048 045
24.4 21.0
44,5 46,8

0474 0.64
4.4 4.6
100 9.8
5.2 5.1
1.1 1
1.9 2.4
5,3 7.0
1.0 1:3
0.8 045
1,67 1446
42,5 39461

Hydrogen/hydrocarbon(mol)
10

0e3
1649
49,6

0e5
5.l
9.9
4,6
1.1
246
749
1.4
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following changes in the product distribution:
(1) A dcercase in the production of benzence without

significant change in the xylenc concentrationjas a

conscquence, B/X ratio decreases.

(ii) 4 decrease in the conversion of trimethylbenzene
and toluenc, “ue to the decrcase in thc contact tine.

It is significant to note that the production »f para-
xylene is incrcascd anong the xylenes. This nmay be due

to the reduction of residence time in the catalyst bed. for

isoncrizatione.

(iii) The hydrocracking of ethyl tolucnes to toluene
and ethane is insensitive to the Hz/hydrocarbon ratio

under these conditions.

(D): Influence of pressurc

The influence of pressure on transalkylation
recaction is illustrated in Table 4.5. The tolucne conver-
sion incrcases with increasing pressurc. However, it is
surprising t» note that the conversion of trimethylbenzenes
(TMB) is not affeccted by incrcasing the pressure. This is
probably duc to fact that since the kinetic diamcter of
the TMBs arc larger than those of the pores in the ZSM-5
zeolites, they are not able to enter the pores and undergo

transalkylation. The transalkylation reactions (cspecially



TABLE - 4.5

Influence_pf pressure on the transalkylation

reaction

171

Sarple - H/SM-5,8105/41505 = 36 with 15% binder

Recction conditions

Terperature (K) 673
VESV (nr”T) 0470
4,/hydrocarbon (mol) 2
Product (% - wt) Feed Pressure (bar)
15 20 24 30
Alinhatics - 05 0.6 050 0.6
Benzene - 9.3 1l.1 11.6 11.8
Toluene 77+5 6045 5847 58,3 56.6
Ethylbenzenc 0.22 0,73 087 0.54 0.72
P-Xylcre - 4,3 3.8 3.8 4.0
M-Xylene - 6.7 843 8e3 8440
0-Xylene 1.2 249 3¢9 4,0 3.9
Ethyl toluenes 7.0 35 245 2.3 2.1
1,3,5 TMB 2.4 2.5 2.5 2.5 245
1,2,4 TMB 9.4 7.9 7.4 7.4 745
1,2,3 TMB 1.9 1.5 1.3 1.3 1.3
Ci0 aronztics 0,9 0e40 046 0.5 0.6
B/X mole ratio . s 0.91 094 0,98 0.98
% Tol. conversion 21.94 24,26 24.77 26,97

- - o e e T — = - - - = —— - - —— - -



172
of the bulky 1.3.5 TMB) occurs cssentially on the external
surfaccywhile the disproportionation of toluene takes place
within the pore system. This is confirmed by thc fact that
when the transalkylation reaction was carried out over a
prolonged period »f tine, the deactivation of the trans-
alkylation recaction (to yield xylenes) was fastcr than the
tolucne dispronortionation (to yield benzene and xylenes).
If it is assuned that tcoking' occurs initially on the
external surfacce of ZSM-5 crystals, wherein trincthylbenzenc
molecules sre adsorbed and wndergo transalkylation, tie
deactivation »f such sites would supprcssnmainly the
transalkylation reaction. Toluene disproportionation, on
the other hand, occurs mainly within the zeolite pore systen
dve to nuch smaller kinetic diameter of the toluene nolecule

and hence would not be affectcd to the same extent.

(8): NiHZSM-5 Catalyst

One Arawback of the HZSM-5 zeolites investigated
so far, is their relatively fast deactivation during tolucne
disproportionation/transalkylation as shown in Fig. 4.3,
curve 1 o Incorporation of nickel was found to suppress
catalyst aging as shown in Fig. 4.2, curve 2. The product
distribution at two different rcaction conditions over
NiHZSM-5 zcolite is illustrated in Table 4.6. At 773 K, 20

bar pressurc and WHSV = 2,the disproportionation/trans-
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TABLE - 446

Transalkylation reaction over NiHZSM-5

Sample - NiHZSM-5,(S10,/41,0, =
with 15% binddr) © °
H2/hydrocarbon (mol) -~ 2
Pressure (bar) - 20
YISV (hr™h) - 2
Terperatire (K) - 773
Product (% wt.) Feed
Aliphatizs 0,9 0.8
Benzene 0.2 17,6
Toluene 71.2 40,0
Tthylbenzene - 1.0
P-Xylene - 5.5
M-r3lene - 11.6
0-Lylene 1,3 5.4
1,4 gthyltoluene 2.7 044
1,3 BEthyltoluene 4,6 1.0
1,2 EChyltoluene 1.4 0.7
1,3,5 T™MB 3.1 3.4
1,2,4 TMB 10,8 9.6
1,2,3 TMB 2.2 1.8
C10 aromatics 0.9 1.2
B/X mole ratio " 1.06
% Tol. conversion 43,82

36

2.2
0.9
244
8e4
1.7
1.4
1.0
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alkylation of toluene was maintained above 44% (wt.) for
a period of norc than 70 hours without any fAcactivation,
Unlike NiH nordenites the NiHZSM-5 zcolites suppressthe
coke formation. The nmain ronle of nickel is in keeping
the surface clcan by hydrogenating the coke preeursors

that are forned during the transalkylation process.

4oba Catalytic activity of decaluminated

nordenites in 97 and C9 transalkylation reaction

The dealunination of zeolites has been widely
cmnloyed in catalyst preparation to enhance their activity,
thermal and hydrothermal stability and prolong the active
Lifc. It has been found that controlled dealumination of
zeolites, Xy Y and mordenite, con be achicved without
altering their crystal structure while sinultaneously
~mproving their sorption characteristics and surface

ncidity.

'Cﬁ)’ Adsorption of TMB isoners

2
It was obscrved oarlierl"2 that 1.2.4 TIB was

predoninantly formed during the shape sclective dispro-
portionation of xylene on CuH nordenite, the fraction of
1.2.4 isoner in the TMB forned being 78% at 20% total yield.
This was attributed to smaller (0,76 nm) nolecular dinension
of 1.2.4 TMB as comparcd to 1.3.5 isomer (0.86 nr). The

s iption curves of 1,2,4 and 1.3.5 TMB 1isomcrs in rorlcnites



at 298 K are illustrated in Figse. 4.4 and 4.5 respectively.
The uptake of 143.5 TMB in HM-10 (H mordenite Si0,/Al,0, =
10) andDHM 25 (dealuminated mordenite) is slow and equili-
brium is not reached even after exposing the sample to the
1,3,565-trimethylbenzene vapour for 120 minutes, probably due
to diffusional restrictions, imposed on the bulky 1,3,5-tri-
methylbenzene molecules in the H mordenite pores. On the
other hand, the uptake is fast and equilibrium adsorption is
reached within 20 minutes exposure in HM-33 and DEM~-57. Further-
more,the sorption capacity for the 1,3,5-trimethylbenzene
increases with increasing the Sioz/AlZO3 ratio of the sample,
that is with increasing the degree of dealumination. Similar
results are obtained for the adsorption of 1,2,4-trimethyl-
benzene in the dealuminated mordenite samples. The sorption

capacity for both the TMB isomers follows the sequence
DHMS7 >DHM33 >DHM2S > HM1O0.

The equilibrium adsorption data illustrated in Table 4,7
shows that among the two trimethylbenzene isomers the uptake
of 1,2,4~isoner is very much larger than 1,3,5-igomer

The increasing uptake of trimethylbenzene isomers with
increasing the degree of decalumination of the HM samples
indicates thc channels of mordenite becoming more accessible
to TMB after acid treatment which removes the occluded

amorphous material from the zeolite pores,

-
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TABLE - 467

——————— - — - ———

Sorption of trimethylbenzenes over mordenite

and HZSM-5 blended with morcdenite catalyst

-

Sample Si.og/;algoa Sorbzte uptake mmoles/gram
retic 1,2,4 TMB 1,3,5 TMB

. e be - e - 0% e - —— -~ - - - -

1, o 10 0,85 0.48
o, Dt o5 1.20 0.76
3. DHM 33 1.25 0.76
4. M 57 1.30 . 1.08
. 1ZSN-5 ae 0.35 -
>, 178M-5 36 0.82 -
(80%)
e 225%;5 36 1.0 .
6. 12888 25 © 1,08 =
(2ER)

Sample Wos. ©-8 refer to HISM-S blended with mordenite

catalysts. Sauple/z has been used for blending.
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Fige 4.6 represents the uptake of 1.2.4 TMB in
HZSM-5 and DHM-25 mixtures of variou$ compositions with
Sioz/AlzoaraxioSMSand 26 respectively. As expected, the
rate as well as uptake incrcases with the increasc of the

DHM~-33 content in the blend.

(B): Influence of 8102/A1203 ratio

The influence of SiOZ/Alzoa ratio of dealuminated
hydrogen mordenite for transalkylation rcaction of toluene
with Cg aromatics,mainly trimethylbenzenes,is illustrated
in Table 4.8. The detailed product distribution along with
feed composition is also given. The B/X molar ratio in the
product are lower than unity which indicates that the
transalkylation has occured between toluene and trimethyl-
benzenes. Toluene conversion by disproportionation/trans-
alkylation is found to decrecase from 45 to 29 (% wt.) with
inereasing SiOz/Alzo3 ratio. The lower activity of the
high 810,/A1,0, ratio mordenite c.mparcd to S105/41504 = 10
could be attributed to the decrease in the number of
Bronsted acid sites which are directly related to the
aluminium content in the zeolite framework, since these
reactions (Fig. 4.2) are catalysed by Bronsted acid
sitest1r133, However, the selectivity (defined as B/X
molar ratio in the product) increases with increasing 8102/
A1203. This shows that the acid sites of the lower strength
may be active for the disproportionation/transalkylation
of tolueneysince the strength of acid sites decrcases with

increasing 8i02/A1,04 ratiolaé.



el

181

HZSM-6 O

5 75%
HZSMI

@
- ®
HZSM-3 80C%.

/

) — -l ] 3 | . i
0 20 40 60 80 100 120
TIME ( MINUTES)

ADSORPTION  OF 1 2 4 TRIMETHYLBENZEN® ON HZSMSEHZSM-S BLEND WITH
ODEALUMINATED  HYDROGEN MORDENITE




Sarmple

Product di

Influence of 8105/5:1,04 ratio of H-mordenite

TJ.\BLL - 4.8

— e

on transaliylation of toduenc with C9 aronatics

tribution(% wt.) Feed

~liphatics 0632
Benzene 0.09
Toluene 76,06
E-Benzene 0,20
P -Benzene 2,16
M-Xylene 0,24
0-Xylene 0,73
1,4, E-Toluenc 2,00
1,3, E-Toluene 3.35
1,2, E-Toluenc 1,1&
1,3,5 TMB 2,66
1,2,4 TUB 9,46
1,2,3 TMB 2,31
ClO aronatics 1.2
B/X nole -

% Toluene conversion -
% Cq conversion -

Reaction conditions :

Tempe (K)
Pressure (bar)

WHSV (hr-1)
Hz/foed (nole)
HM DHM
(10) (25)
2,63 2.33
14,41 15.81
41482 44,59
0675 0474
716 6,55

16,03 186.40
7414 6,58

037 0e33

0,79  0.70
0.21 0.18
0,02 1.76
5.37 5.05
0.83 (.72
0.48 0,24
0.65 0475
45,0 41,37

- 673

- Atmospheric.

- 2

- 2

DHM DHM
(33) (87)
1.66 1.57

12.27 8.00

48,68 53.84
0.95 1.02
6.56 5.92

l‘lo‘lg 18.29
6450 5480
Oe419 0+64
1.03 1.34
0.28 0.35
1.63 1.85
4,32 5.01
0069 ; "\.83
0.42 050
0460 D44

35.99 29.21
59,67 62,12

Note - Thc number in bracket below the code refers to
DHM = Decalunminoted nmordenite.

Si02/A1203 ratic.
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It is interesting to note that by leaching out
aluminium with HC1 from the original mordenite (Sioz/
Al5,04 = 10), the diffusivity and sorption capacity for
trimcthylbenzenes increase: . However, the present results
show that toluene conversion decreases cventhough the
diffusivity and sorption capacity increase: indicating
that the toluene disproportionation/transalkylation with
1,2,4~trimethylbenzene is 1independent of sorption and
diffusion over thesc catalysts. The acidity seems to play

a dominant role as in the n-pentane hydroisomerizationl35

and hexanone cracking reactionslas. In contrast, the
conversion of le3e5-trimethylbenzene increases with

incrcasing diffusion and sorption. Henceypore accessibility
secms to be a dominant factor for the occurrence of this latter

reaction137.

The influence of 5102/A1203 ratio on catalyst
stability is shown in Fige. 4.7. To describce the rate of
deactivation of the samples 1-4, (Table 4.9) in the toluene
transalkylation, the activity of the catalyst was characteri-
zed by an apparent first order rate constant K,where

K= L 1n L veee (1)
W

1l-x
where W = weight of catalyst in grams and X = fractional
conversion. The valucs of K derived from the equation (1)
above were fitted to the following equation

- XY
K = Ko e
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REACTION CONDITIONS ¢
TEMP(K)Y - 673.

-3t WHSV(hr ') - 2
| H/HC - 2.
| PRESS . - ATMOSPHERIC
|
L ( \ 1 i
0 02 06 1.0 L4

CUMULATIVE TOLUENE CONVERTED Y (gram/gram catalyst)

FIG. 4.7. INFLUENCE OF Si0, /AL203 RATIO ON THE AGING OF MORDENITE

AND 57 RESPECTIVELY, NUMBER 5REFERS TO NiHM.
(Si0, /AL, 05 RATIO 10 ).

CATALYST . NUMBERS 1-4 REFER T0 ‘BiCz/AL203 RATIOS 10 25 33

2
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where Y is the cumulative amount »f toluenc that has been
converted to products and Ko and € arc constants which are
the initicl activity and aging rate of the catalyst respecti-
velys The value of K, and X for thec samples 1-4 caleulated
by fitting cxperimental data to equation 2 arc given in
Tablc 4.9,

It can be seen that the sample with high alunihium
content deactivates faster due to deposition of coke. It may
be noted that the coke formation on zeolites takes place via
polymerization of olefins that arc formed in the cracking

137,137

process « The formation of gaseous aliphatic products

273

in the samples increases with decreasing S;QZ/Al 0, ratio
(Table 4.9Q) indicating intensive cracking over H-nordenite

(IM~10 , 5105/A1,045 = 10) and results in fast deactivation.

Lg): Activity of HZSM«S-mordcnite blends

The HZSM-5 mordonite blondékHZSM-S,SiOZ/AlZO = 36)

3
samples werc prepared by mixing appropriate amounts of the

two zeolites in distilled water. The well homogenized slurry
was then filtered and dried at 395 K and calcined at 823 K

in presence of air, The resulting mixturec was tested for
toluene transalkylation reaction. The results arec given in
Table 4d0. As expected, on mnixing the mordenitec with HZSM-5
zeolite the trimethylbenzene conversion and xylcne sélectivity

increase . This is duc to the fact that the channels of
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TABLE - 449

Cstalytic dcactivation (X) and initial activity %Kgl

parancter for the hydrogen mordenite, decaluminated

hydrogen nordenite

Sample SiOz/iJZO3 X(g I—QS;ZI;-_—-i;Egé;-IS-_
1 oM 10 2493 0e72
2 DHM 25 Ca77 0e42
3 DHM 33 Oe74 0.32
4 DHM 57 0463 0e24
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TLBLE - 4,10

Tolucine transalkylation with Cg aromatics over

— .

HzZSM-5 blendcd with dealuminated mordenite catalysts

Recaction conditions

Tempe (K) - 673
Pressurc (bar) - Atmospheric
WISV (hr 1) - 2

Hz/fced(mol) - 2

Sample HZSM=-5 HZSM-5 HZSM=-5 HZSM-56  DIM
(100%) (80%) (50%) (25%) (100%)
Product Fecad
(% wt.)
iLliphatics 0432 1.31 1.95 2.49 3.48 2.33
Benzene 0,09 3.20 8445 14.20 18,16 15.81
Toluene 76406 70.28 51444 43429 42,36 44,59
E Benzenec 0420 0,33 0480 0677 0e61 0.74
P-Xylene 0416 1.47 6414  7.06 6.58 6.55
M-Xylene Oe24 3425 13.84 15,92 14,83 15.40
0-Xylenc 0,73 l.41 6,10  7.07 G6.64 6.58
1,4 E-Tocluene 2.0 1.02 0.62 0.37 0e25 0.33
1,3 E-Tolucne 32438 2.08 1.33 0,80 0,52  0.70
1,2 E-Toluenc 1.13 0448 0.36€ 0.22 Cel5 0,18
1,3,5 TMB 2466 2477 2,04 1.79 1,581 1,76
1,2,4 TMB 9,46 9.82 5442 4475 4.26 5,05
1,2,3 TMB 2,31 1,78 C.87 0.89 0.66 0.72
% aromatics g I 0.62 0.60 0.76 0.76 54
B/X mole yatw - 0471 Dedd 0.64 0.88 0.75
% Toluene con- = 7459 32,29 43,08 44,30 41.75
version
% 09 conver- - 14,23 49,16 57485 64,88 58,39
sion

Note - The number below the code refers to the wte &
of HZSM-5 zecolitc in dealuminated mordenitc.
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of mordenite are more zccessible than the channcls of ZSM-5
for the trimethylbenzenes which, in turn, provides more
transalkylating centres. Further incrcasing the amount of
mordenite in the blend,the Cg conversion increascs but the
selectivity for xylene decrcasesy due to cracking and
dealkylation reactions of toluene. This may be due to strong
acid sites of mordenite - * . which are active in crack-

ing and dealkylation reactions.

CONCLUSIONS

(1) It was found that while ZSM-5 based catalysts are,
in gencral, quite suitable for the transalkylation reaction,
problcn might arise if the CQ+ aromatics fraction contains

2 significant concentration of 1,3,5-trimethylbenzenc.

Owing to its larger diameter, this compound is unable to

enter into> the pores of ZSM=-5 zeolite and undergo reaction.

(2) The transalkylation of toluene with Cy aronaties

to yield xylenes occurs mainly on the external surface of
ZSM=5 crystals. The disproportionation of toluenc to yield
benzene and xylenes, on the other hand, takes place predo-
ninantly in the pore system. Among the trimethylbenzenes,
the bulky 1,3,5-isomer does not undergo transalkylation as
recadily as the 1,243 and 1,2,4-isoners. In this respect,

ZSM-5 zeolites differ significantly from H-mordenite wherein
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both the reactions occur mainly in the pore systenm. This

difference is due to smaller diameter in the 2ZSM-5 zeolites.

(3) In contrast to HZSM-5 zeolites, the mordenites and
H4SM-5 blenddmordenites offer good performance for the trans-
alkylation of toluenc with the nmixture »f Co isoners.,

e e taa



SUMMARY




4SM=5 zeolites offer high performance over the
classical shepe-sclective zeolites for a variety/ggactions
like the conversion of alcohol and syngas (CO + H2) to
hydrocarbons, alkylation., issomerization, disproportiona-
tion, naptha reforming etc. The architecture and the size
of the ZSM-5 channel systems which matches with the size of

the benzens molecule is one of the factors responsible for

their superior performance.

A series of ZSM-5 zeolites with varying Sioz/Alzo3
mole ratios have been prepared and characterized by chemical
analysis, X-ray diffraction, DTA/TG, scanning electron
microscopy, infrared spectroscopy, adsorption of hydro-
carbons, tcmperature programmed desorption of ammoniz and

x-ray photoelectron spectroscopy. Thesc zeolites have bhecn

modificd by ion-exchange, thermal activation and incorpora-

tion of suitable modifiers like phosphorous, boron, magnesium,

nickel and platinum. The catalysts thus propared,havo been
further characterized by employing the above physico-
chemical mcthods and their catalytic properties have been
evaluated for toluene disproportionation and transalkyla-

tion reactions.

The diffusion and sorption properties of these
zeolites have becn investigated by adsorption of benzene,

toluene, para-xylcne, cyclohexane, ortho-xylenc and 1,2,4

194
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trirethylbenzene which cover the entire range of products
formed during toluenc disproportionatione. The sorption
and diffusion in the casc of catalysts modified with Ni,
P, B and Mg is reduced as compared to HZSM-5. The re-
duction in the casc of the last threce is very much

pronounccd.

The sorption capacity and diffusivity of HZSM-S
zeolites arc ncarly constant for benzenc, tolucnc and para-
xylene irrcspective of their 3102/A1203 ratio. However,
for cyclohoxanc, ortho-xylenc and 1,244 trimethylbenzene,
the sorption capacity and diffusivity decrcase with
increasing 8'102/;,1203 ratioe, It is suggested that at
highcr ratios a shrinking of the unit cell takes placee.
This, in turn, may impose diffusional restrictions on
molecules like o-xylene, cyclohexane and 1,2,4 trimethyl-
benzene %o causc rceduction in the adsorbate uptake. This
would result in cnhanced selectivity for p-xylcnes)
because its diffusivity is independent of 8102/51203
ratio and disproportionation of o-xylene to trimethyl-
benzencs znd toluene is marginally rcduced, '~ This

is, in fact, observed.

for the cevaluation of number, strength and the
stability of Bronsted acid sites, systematic invesgigations

have becn carried out becausc of their vital rolc in
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rcactions "nd their stability,especially.at higher
tenperaturcs. The techniques of thermogravimctry,
temmerature programed desorption of crmonia and
infrared spectroscopy have been uscd for this purpose.

TG of TEPALTSM=-5 (ZSM=-5 synthesized using triethyl
n-propyl ammoniun bromide as the templating agent)

shows thz deceomposition of approximately 4 occluded
TEPA molecules per unit cell as expected. Two exotherns
in DT4 thernograns observed during the decomposition of
the TEPL-7Z0M=-5 indicates that thc TEPA ions occupy two
different sites within the zenlite channcls. One site
would be at chamnel intcerscection with n» acid sites
nearby while other adjiacent to the aluminiun sites where
TEP,. ions act as counter ions. Thc second stage (at
nigher temperature) decomposition of TEPA ions is in good
agrecenment with the number of aluminium atoms present in
the zeolite indicating thot the acid sites arc located
at channcl intersecctions. HOWchr,[%ﬁc TG thermograms,

the two stages werc not separatcd distinctly.

In the temmerature programmed decomposition of
NH4ZSM-5, 211 the anmonia molccules liberated were
titrated usto 823 K. The TG curve for decomposition of
NHAZSM-S wte. loss upto 823 Kzgiiociated with conversion to

H fern. Further gradusl wte loss due to dehydroxylation of

Brénsted acid sites was observed in the temperature range
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873 to 12728 X. This graduasl conversion of Bronsted acid
sites to Lewls acid sites was also confirncd by acidity
neasurcnents of the calcined sample at 923, 973 and 1273 K
abscence of the weignt loss in the tenperature range 823-
873 K shows that the Bronsted acid sites are stable in this
range and further incrcase in temperature give rise to
formation of Lewls sites via dchydroxylation. anount of NHg
liberatedjwhen plotted against the nunmber of 2luniniun atoms/
unit cell,yielded a straight line. However, the slope of
this straight line was less than unity indicating that all
the aluminium atoms in the zeolite arc not located in the
framework. These results were confirmed by ir and TPD of
the reconstructed NH4ZSM-5. The latter was obtainead by

chenisorption of armonia on HZSM-5. The ir bandsobserved

at 3720 anc 23650 cnt

are attributed to thc OH groups
generated by cxtra framework aluminium atoms and the
terminal silicon atorisdhis corresponds to the TPD peanks
obscrved in the temperature ronge (420-470 and 373-390)

Gduc to desorption of armmonia chenisorbed on these sitess
The third ir band observed at 3600 cm™+ corresponds to the
OH groups gencrated by the frzmework alunminium stoms.i TPD
peak observed in the temwerature range (620-675) is due to
desorption of lifiq chenisorbed at this site. It has been
observed that the concentration of the acid sites gencrated

by the extra franework aluminium atorms also increases with

incrcasc in gluniniun content.
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To investigate the relationship betwcen the
noturc of acid sites and catalytic activity, the tolucne
disproportionation rcaction has been studied as a
function »f coleination temperature of NH4ZSM-5 using
conditions parallel to those usced for the decomposition
of NH4ZSM-5. Toluene conversion is highest in the case
of catalysts calcined at 823 to 873kand decreases with
increasing calcination temperature from 873 to 1273 K
implying that the Bronsted rather than Lewis acid sites
are the seats of catalytic activity. Keecping the calci-
nation temperature constant (823 K),the catalytic
activity for toluene disproportionation for the samples
of different SiOz/Alzo3 ratios was evaluated. It was

incrcases

found that the conversion/with increasing aluminium
which is in agreement with the acidity. IHowever, the
question arises here whethcr it is the e¢ffect of strong
acid sites (generated by framework aluminium atoms) or
a combined effect of weak, medium (generatcd by extra
framework aluminium atoms) and strong acid sites. If
one assumes it is the effect of thrce types of acid sites,
then the activity rer aluminium atom should be atleast equal
to that per strong acid site. However, the activity per
aluminiwa is found to be less than that per strong acid
site which indicates that the acid sites generated by extra
framework aluminium atoms or terminal silicons are

inactive in the tolucne disproportionation.
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In the TPD results it is seen that the strength

of strong acid sites decréases with increasing Siog/Alz 3
ratio and/or modification with nickel, boron, magncsium
and phosphorous. Thc catalysts with Sioz/Alzo3 ratios in
the range 150 to 320 and modified with above clements
convert toluene selectively into one mole of benzene and
one mole of xylcnes (toluene disproportionation) while the
catalysts with SfLOz/é.lzoz3 ratios 36 and 86 convert signi-
ficant amount of toluene into benzenc and gascous products
like methane, ethylene, ethane and so on (toluene
dealkylation/cracking) in addition to toluene dispropor-
tionation. This indicates that the strong acid sites of
higher strength are not suitable for tolucne dispropor-
tionation, but are suitable for toluene dealkylation and
cracking reactions. However, the catalysts modified with
boron, magnesium and phosphorous show a poor performance
in respeet to toluene conversion. On the other hand,

the catalysts modified with nickel offer 2 high performance

in rcespect to toluene conversion as well as sclectivity.

'In the catalytic deactivation of HzSM-5 zeolites,
it has been suggested that the presence of [Si(Ouln)"-A n?;
types of centres which show the property of super acid,
act as coke synthesizing centres. Then the rate »f deactivation
of the ZSM-5 zeolite should increase with increasing

aluminium since these centres arc the results of extra



framewsrk aluminium atomss In the present study the rate

of decactivation of the HZSM-5 zenlites during toluene dis-
proportionation showcd that it 1s directly proportional to
the number of aluminium atoms, consistent with the above modd,
The TPD, ir and toluene disproportionation s tudies have
proved the nresence of extra framework aluminium ions and
support the present results and the concept of super acid.
The rate of internal coking that has becen observed on
account of the above super acid in the ZSM-5 zeolites is

much slower than external surface cokinge.

In contrast to HZSM-5 zeolite the NiHZSHM-5
zenlite shows 2 stable activity over a prolonged period
of timc. The main rolc of nickel is in kecping the surfacc
tclean! by hydr5genating the coke precursors that are formed
during the disproportionation/transalkylation reactions.
This is confirmcd by the data obtained in the absence of
hydrogen. The presence of nickel in the ZSM-5 zeolite
does not confer any additional stability if therc is no

hydrogen in thc reactant stream.

Tolucne transalkylation with a mixture of 09
aronatics over a serics of HZSM-5 zecolites, decaluminated
mordenites and HZSM-5 blencded with mordenites have becn
investigateds The influence of process parameters such as

temperaturc, pressure, hydrogen to hydrocarbon ratio, have

=2

(=g



also been investigated. In contrast to HZSM-5 zeolites,
nordenites and HZSM-5 blended with mordenite transalkylate
toluenc more effectivelys It is found that among the Cg
aronatics that are present in the feed, the cthyltoluenes
are cxtensively deethylated to tolucnes The transalkyla-
tion »f tolucne with 09 aromatics to yleld xylenes ccurs
nainly on the external surface of ZSM-6 crystals. The dis-
proportionation of toluene to yleld benzenc and xylcnes,
on the other hand, takes place precominantly in the pore
systen. Anong the trimethylbcnzenes, the bulky 14345~
isoner does not undergo transalkylation as rcadily as

the 1,2, and 1,2,4 isomers. 1In this respect, ZSM-5
ze-slites Aiffer significontly from H mordenites whereln
both the reactions occur mainly in the pore systemn. This
differcnce is due to the snmaller pore “iameter in the

ZSMeb zenlitese.
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