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Chapter 1: Introduction

1.1. INTRODUCTION

Catalyst synthesis and development have become a wide spread research fidd
because of the increasng globa demand for better systems in chemicad industry. The
successful  exploitation of a maerid as a caadys will give vaue-added products with
better yidlds. Research in this fidd is driven by the effort of the fine chemicd and
pharmaceuticd indudtries to replace wasteful non-cataytic processes by economicd and
eco-friendly (green) catdytic routes. Three mgor areas involving cataysts can be broadly
classfied as (i) petroleum refining (ii) chemicas and (iii) emisson control.

Many new catdysts have been discovered which can be broadly classfied ether
into homogeneous catadyss or heterogeneous catayss sysems.  Though homogeneous
sysems possess severd advantages such as better sdlectivity, activity and reproducibility,
they are associated with severd drawbacks like low thermd dability and short catalyst
life-time, which amplify the cost of production. Hence the synthesis of new heterogeneous
systems to replace the existing homogeneous systems has become a chdlenging task in the
catayssfidd.

1.2 HETEROGENEOUS CATALYSS

Heterogeneous catdyds is gaining increesing importance in the production of fine
chemicds and phameceuticdls due to its definite technical advantages, which gresatly
enhance production processes, competitiveness and  economics. For example,
heterogeneous catdysts employed as main cracking catayds in petroleum refinery, which
is the largest process among the industrid chemical processes. The main advantage of the
heterogeneous catalytic process is that it can be operated continuoudy in a reactor without
interruption.  Since the catalyst is present in a phase different from the reactants and the
products, the separation of the catayst from the fina reaction massis aso quite easy.

Among vaious heterogeneous cadyds, oxide sysems are versdile and widdy
used for many organic tranformations reections like oxideation, hydrogenation ad
dehydrogenation, condensation, cracking, isomerization, dkylation etc. Oxides have an
ability to bring about eectron transfer as well as proton transfer and they can, therefore, be
used in both redox and acid base reactions [1]. Hence oxide catalysts are important from
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commercid point of view and have been used for manufecturing many vaue-added

products.

1.3. OXIDES

Classfying metd oxides as catayds are quite tedious since it involves a variety of
aysd sysems of diffeeent compodtions with a wide range of physico-chemica
properties. Oxide cataysts fal into two generd categories. They are ether poor eectrica
conductors or good conductors. Insulator oxides are those in which the cationic materid
has a sngle oxidation date, so they have stoichiometric M:O ratios. The smple oxides,
MgO, Al,O3 and SO, and the more complex zeolites, which are duminoslicates, fdl into
this category. These materids are not effective as oxidation catadysts and find most use as
solid acids or bases [2,3].

Semiconductor and conducting oxides are most commonly used in oxidations.
They are materids in which the metd ion species is rdatively essly cycded between two
different vaence dates. There can be two different oxidation states under resction
conditions as in Fe0s, V205, TiO2, CuO or NiO, or the interconverson between the
podtive ion and neutral metd as with the more easly reduced oxides such as ZnO and
CdO. Semiconductor oxides can be ether ntype (eg., F&03, V205, TiO,, CuO etc) or p-
type (e.g., NiO, CoO, Cw,0 etc).

In generd, oxides are prepared in sSngle component or in multiple components;
they may be cryddline or amorphous and they may be supported or unsupported. While
gample oxides show activity for some oxidations they are more commonly used as solid
acids or bases. Since single component oxides do not come under the purview of the
present study, to list a discusson of them in detall is beyond the scope of this chapter.
Complex oxides (mixed metal oxides) can act as acids or bases as wel as oxidation
caayds. Complex oxides can range in compostion from binay oxides to the more

complex ternary and quaternary systems.
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1.4. MIXED METAL OXIDES

Oxides of two or more different kinds of cations are known as mixed metal oxides.
They can be further classfied based on whether they are crydtdline or amorphous. If the
oxides are cryddline the crysa dructure can determine the oxide compostion. For
indance, perovskites have the generd formula ABOs, schedites are ABO4, spinds are
AB,0O4 and pdmeirites are A3B,O0s [4].

The common feature of mixed oxide catdyds, irrespective of the mode of mutud
arrangement of their components, is the presence of M,"*- Oy and M;;"*- Oy polyhedra,
where M, and M, ae dfferent cations in their dructure. These polyhedra can be
connected in various ways, eg., corner, or edge sharing, forming chains M-O-M;-O, M-
O-M;-O or M;-O-My;. Various arangements of aloms of a given dement, differing by the
coordination, nature and the next neighboring cation and type of bonding may be then
exposed on the catalyst surface. It could be then anticipated that different environment of
atoms that conditute an active center would give rise to different reactivity towards an
approaching molecule,

For mixed oxide catayds it is not dways evident which of the condituent eements
plays a role of active centers. Although the indudrid catdyss are usudly multiphase
sysems, the presence of one phase, for example spingds, appears usudly to be
indispensable to render the systems active in a given reaction. One of the most important
results of the studies on monophasc systems is the demondration of different cataytic
properties of different crysalographic faces in an oxide, which provided an experimenta

proof for ructure senstivity phenomenon in the oxide systems.

15. PREPARATION OF CATALYSTS

A new catadys can amplify process efficiency, reduce production cost and replace
existing processes with better ones. Recently, a number of fundamentd studies concerning
the influence of preparation procedures on the catdyst performance have been published
[56]. In dl cases it was dated tha the activity and sdectivity of the catdysts were
dependent on preparation parameters, in paticular theemd activation, thereby suggesting
that catalyst preparation is a critical factor. The most common methods used to prepare
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complex oxides are co-precipitation [7,8], sol-gel method [9,10], complexation method [8],
combustion method [11,12] and ceramic method [13].

1.6. TRANSITION METAL OXIDESASCATALYSTS

The high cataytic activity of trangtion metas gppears to be one of the mogt
sgnificant facts of heterogeneous catdyss. It is believed that a mixture of oxides brings
out a combined effect or a sort of synergidic behavior, which is wedl known among
trandtion metd oxides, enhancing the cataytic activity [14,15]. Moreover, trandtion
metd ions exhibit various oxidaion daes, due to intringc oxidation-reduction processes
[16] or by cataytic reaction [14,15] and that can occur at the same or different Stes as a
consequence of fine balance of the respective preference of the ions concerned. Selective
oxidation, ammoxidation and sdective dehydrogendtion conditute the most important
cadytic uses of trangtion meta oxides [17]. Many workers have explained the high
cadytic activity on the bads of the fact that the cations exert an abmnormdly strong
deforming action and that there is a gradua decrease in the potentia of the chemicd forces
in bonds that are formed by d-éeectrons, in comparisons with bonds formed by s and p
electrons.

Due to ther ability to have various oxidation date, trandtion metas form non
gdoichiometric oxides, and they have excdlent potentids for oxidation and reduction
(redox) reactions, because they can both give and accept electrons.

Mn+ = M(n+1)+ + e

M(n+1)+ + e - Mn+

17. TYPES OF INTERACTION BETWEEN ORGANIC MOLECULES AND
OXIDE SURFACES

The man chemicd interactions between the surface of an oxide cadyst and a
molecule are:
1. Add-base interactions (ionic): These can be ether of Bronged or Lewis type involving

proton exchange or dectron par donation, respectively. In acid catdyzed reactions,
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reactants act as bases toward catalysts which act as acids. On the other hand in a base
catalyzed reaction reactants act as acids toward catalysts that act as bases.

2. Redox interactions (electronic): Redox reactions involving the exchange of dectrons
between the solid and the adsorbed molecules.  Such interactions are particularly important
in oxidation catayss.

3. Coordination chemidry interactions. These interactions usudly occur when trangtion

metal ions are present in the catalyst or are anchored at the surface of a support and can go
from the smple coordination of a ligand in the coordination sphere of the trangtion metd
ion to more complex processes involving activation of the ligand molecule by interaction
with ‘d’ orbitals of the metal ion itsdf, such as charge transfer between them.

1.8. SURFACE ANALYSISOF CATALYSTS

Heterogeneous catdysts are sometimes cdled surface catdysts because they
postion the reactant molecules on their very surface. Chemisorption of the substances on
the surface of the catays is the fird sep in heterogeneous catdyss, which is followed by
the reaction of the chemisorbed molecules and the desorption of the products from the
catalys.

The developments in surface science techniques have provided very detaled idea
about the surface dructures, chemical compostion and dectronic properties of the
aurfaces.  In paticular, the advances in indrumentation and experimenta techniques have
made it possble to sudy the chemidry of the interface between the trangtion metd oxide
and the fluid phase in grester detall than ever before.  Among various surface techniques,
X-ray Photoelectron Spectroscopy (XPS) is the most promising technique due to direct
identification of electronic sructure detalls, based on this one can identify three key
concepts gpplicable to the surface chemistry of metd oxides (1) oxidation Sate of the
surface (2) redox properties of the oxide and (3) coordination environment of surface

atoms.
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1.9. SPINELS

Among the mixed oxides, pind-type oxides remain prominent. The spind oxides

have the generd formula AB,O4, where A and B are cations with oxidation dates of +2
and +3, respectively. Although the most numerous and most interesting compounds with
the spinel structure are oxides, some halides and sulphide dso cryddlize in this Sructure.
The spind dructure, named for the minerd spind MgAlL Oy, is face centered cubic with a
large unit cell containing eight formula units [18-20]. It can be described as a cubic close-
packed array of anions (O% ions) with the metd ions located in intersiitidl positions in this
aray. Two types of interstices are available, one formed by four anions at the vertices of a
tetrahedron and the other by sx anions a the vertices of an octahedron; these interstices
are commonly cdled the tetrahedrd (Tg) or A sStes and the octahedrd (Op) or B Stes,
repectively.  The preference of the individua ions for the two types of lattice dtes are
determined by [21-24] ionic radii of the specific ions Sze of the interdices, temperature
and the orbitd preference for specific coordination.

The cation didribution aso depends on the method of preparation of the
compounds [25] as wdl as the processng parameters therein, such as the thermd history
of the sample which includes, processing temperature, method of anneding etc [20, 26-28]
and dso on the compostion [26,29]. The digtribution of cations in different coordinations
in severd phases of spind dructure as a function of equilibrium temperature has been
quditatively demonstrated by Datta and Roy [27]. When the various factors as mentioned
above are counter balancing one ancther, there can be a completely random arrangement of
meta ions among the eight Ty and sixteen Oy, Sites.

In the unit cell of 32 oxygen ions there are 64 Ty sites and 32 O, dtes. Of these, 8
Ty holes and 16 O, holes are occupied by cations. In other words, 1/8 of the Ty interstices
and 1/2 of the Oy interstices are occupied by catiions. The unit cdl of an ided spind
dructure is shown in Figure 1.1. From the figure, it is evident that there are two types of
cubic building unitsingde a big focc O-ion lattice, filling al 8 octants.

The pogtions of the ions in the spine lattice are not perfectly regular and some
distortion does occur. The Ty Stes are often too smal for the metd ions so that the oxygen

ions move dightly to accommodate them. The oxygen ions connected with the Oy Stes
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move in such a way as to ghrink the sze of the Oy cdl by the same amount as Ty Ste
expands. Thus the pogtion of the metd ions are fixed by the symmetry of the structure but
the anion pogtions are varidble and are specified by the parameter ‘u’, caled the oxygen
parameter, which is the distance between the oxygen ion and the face of the cube edge
aong the cube diagond of the spind sub cdl. In dl ided spinds the parameter ‘U has a
vaue in the neghborhood of 0.375. But in actud spind lattices this ided pettern is
dightly deformed, usudly, corresponding to u > 0.375 [18-20], in such a way tha the
oxygen tetrahedron in the A-cubes is somewhat expanded and the oxygen octahedron in
the B-cubes is dightly contracted. Accordingly, in that case the octahedrons formed by the

6 oxide ions directly surrounding the postive ions in these Bcubes deviate somewhat from

regular octahedrons.
®
o=

| () Oxyge

[ ] B-atoms
D_! octahedral sites

ST A atoms
CJ = O tetrahedral sites

Figure 1.1: Theunit cel of anided spind dructure.

Each anion (O ion) in the spinel structure is surrounded by one A and three B
caions. If ‘a denotes the cdl edge of the spind unit cell, the AX distance is a(u-1/4) and
BX digance is a5/8-u) for smdl deviations from the ided latticee Where AX is the
distance between anion (0%) and A cation and BX is the distance between B cation and
anion. Theangle AXB isabout 125°, the angle BXB about 90°.

AX = a(u-1/4)
BX = a(5/8-u)
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For anided spind, ‘U’ =0.375

Hence, AX =a(0.375-1/4) = 0.125a

BX = a(5/8 -0.375) = 0.25a

This difference in the bond length of two types of cations with the anions is an important
factor in determining their eectrica and cataytic properties [20].

Further, the spind dructure is very flexible with respect to the cations it can
incorporate. There are two end-member cation digtributions in the spinds, cdled normd
and inverse spinds.  Origindly, in accordance with classica principles of crystdlography,
in the spinds of the type ABO,, if the less abundant A cation is redtricted to Ty Sites (also
called Adtes) and the more abundant B cation is restricted to the G, sites (dso called B
gtes) the spinds are caled normad spinds. But Barth and Posenjak [30] pointed out a
second possihility, in which hdf of the B cations occupy the Ty dtes and dl A cations
together with the other hdf of the B cations in the Op dtes.  This type of spind
configuration is cdled ‘inverse spinds.  Barth and Posenjak, who based their conclusions
up on a detalled discusson of the intendties of x-ray diffraction pictures, have dready
given a number of examples of both groups. In addition to these two arrangements, there
ae posshiliies for some intermediate arangements with an averaged didribution of 4l
ions about al spind cation postions. Recent work such as that of Datta and Roy [27] and
Hafner and Laves [31] have shown that there are many ‘intermediate€ or ‘random’ spinels
which are in between the norma and inverse arangements. These intermediate spinels are
normaly labeed in terms of the percent inverse character that they exhibit. Table 1.1

illustrates some of the examples of normd, inverse and intermediate spinels.

Table 1.1: Examples of some normal and inverse spinels

Type Sructure Examples
Normal (A™)[B."]04 ZnFe04, ZNCrFe04, ZNCr04, MgCro04
Inverse (B*®)[A**B**|04 MgFe;Os, NiFe;O4, CoFe,O,

Random (A?By®)[A™21.4B™,.,]04 | MgCrFeO,
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Devidions from the ided dructure with orthorhombic and tetragona symmetry are
known, dthough they are scarce and poorly characterized [20]. The distorted Structure
may exis a reatively low cdcinations temperature, but it transforms to the cubic structure
a high temperature. There are two origins for these distortions, viz. the Jahn-Tdler effect
and supergtructure formation. CuFe;O4 is a classcd example of spind, which exigs both
in cubic and tetragond form [28].

1.10. FERROSPINELS

Spind oxides containing iron (Ill) ae cdled ferrospinds.  The interesting
eectrica, magnetic and cataytic properties of these compounds are governed criticaly by
ther chemicd compostion. Simple ferosgpinds (A'"Fe,04), as wel as mixed ferrite
spinds of the generd formula A''.,B"'\Fe,0,4 are known.

1.11. COPPER AND COBALT FERRITES

Neutron diffraction reveds that cobdt ferrite, CoFe;O4, is completdy inverse and
has cubic structure [32]. Smit and Wijn reported a lattice congtant of 8.38 A for CoFe;O4
[33]. The measured magnetic moment is 4 ng, even though the theoretical vaue is 3 g
[34]. In CoFeOq4, the faric ions preferentidly fill the tetrahedra stes, but there is room
for only hdf of them (eight). The remaning eght go on the octahedrd dStes as do the
eight Co** ions. The arangement of Co®" and Fe** soins in Ty Sites are antiparald and
leads to antiferromagnetic interaction. The Fe** ion moments will just cancd, but the
moments on the Co ions give rise to an uncompensated moment or magnetization.

Copper ferrite spinds show an interesting magnetic, eectric, and crystalographic
[35-38] properties, which are induced by the mixed vaencies of copper and iron atoms in
the two crystdlographic sub lattices. Single crystds of CuFe,O4 are prepared by heating
stoichiometric amounts of Fe;Os and CuO at 950°C in air for several hours [39]. CuFe;O4
has a transformation from cubic to a tetragonal structure [28,40]. In the cubic phase, the
Cu ions are dtuated both in the Ty and Oy, Stes so that cubic copper ferrite has neither

normal nor completely inverse structure [41].
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1.12. ACID-BASE AND REDOX PROPERTIES

Two important properties of ferites directly related to catalytic performance and
are (i) acid-base property and (ii) redox property. Since the surface of ferrites may be
primarily related to their cataytic properties, the naure and concentration of the surface
gtes can be evaluated by andyss of the interactions of suitable probe molecules and the
surfaces of these oxides. Acid stes in ferites have been investigated by adsorption of a
basic molecule such as pyridine where as basc stes have been evaduated by adsorption of
acidic molecules such as carbon oxides. On the other hand, the donor-acceptor properties
of ferrite surfaces can be evduated by adsorption studies of eectron acceptors such as
7,7,8,8- Tetracyanoquinodimethane (TCNQ), 2,3,5,6-tetrachloro- 1- 4- benzoquinone
(chloranil) and p-dinitrobenzene (PDNB).

Redox property exhibited by trangtion metd ions is another important factor that
determine the high catdytic performance of ferrites towards many of the organic reactions
/ trandformations. Robugt structurd features of the ferrospinds enable them to withstand even
reducing atmosphere and the lattice configuration remains unchanged even under the reduction
of Fe** to Fe?* [42]. Origind state can be regained by simple oxidation. This demonstrates that
Fe** can be esily replaced between Ty and O, sites by varying the concentration of other
cations.

113. CATALYTICACTIVITY OF SPINELS

The ample diversty of properties that the spind compounds exhibit is derived from
the fact that the posshility of synthess of multicomponent spinels by partid subditution of
cations in position A and B giving rise to compounds of formula (AxA’1.x)(ByB’2.)Oa.
This accounts for the variety of reactions in which they have been used as cadys.
Moreover, partid subdtitution of A and B ions giving rise to complex oxides is posshle
while keeping the spind structure.

Spinds usad in cataytic gpplications are generdly synthesized by low temperature
co-precipitation methods [43-48] are sufficient to overcome the drawbacks such as low
aurface areg, varying morphology, inhomogeniety a atlomistic leve and large paticle with
gran boundary, which are generdly associated with high temperature preparation [49).

10
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These methods have resulted in tailor-making of materids having desred morphology,
microscopic homogeneity, texture, chemical purity etc. Further, co-precipitaion methods
generae Bronded acid Stes in different cationic environments in addition to Lewis Stes,
which makes the caldys active and effective for many of the organic transformations like
aromatic akylation, acylation etc [43-48].

The interesting cadytic properties shown by spinds are controlled by various
properties such as, nature of ions, their charge and sSte distribution among Ty and Q, Stes.
Differertid Neutron Diffraction (DND) dudies on spinds reveded that the surface of
norma spind condsts of a mixture of (110) and (111) planes [50]. Beaufils and Barbaux
have compared the experimentd results from DND with some modes involving argon
oxygen anions and concluded that these planes contain only Oy, cations and oxygen anion,
respectively [50]. Later Ziolkowski and Barboux theoreticaly predicted the same [51].
Additiondly, Jacobs et d [52] in a study, usng LEIS (Low energy ion scetering, a
technique sendtive to the outer most atomic layer), reveded tha spind surface dStes are
manly Oy, and, hence, the O, cations are mainly exposed on the surface.

Spinds are reported to be themaly sable and they maintain enhanced and
sudained activity for a variety of indudridly important reactions such as decompostion of
N2O and H>O» [53-56], hydrodesulphurisation of petroleum crude [57], oxidation of CO,
H,, methane and methanol [58-62], oxidative dehydrogenation of hydrocarbons [63-68],
hydrogenation of organic compounds [69,70], treatment of automobile exhaust gases
[71,72], and dehydrogenation of ethyl benzene and acohols etc [42,73-77]. In addition to
the above mentioned reactions, a variety of organic transformation reactions are carried out
over spind oxides. For example, Roesky eta [78] reported an improved synthesis method
for indenes (from indanones) and styrenes (from acetophenones) by use of a ZnO/Al,Os
Sind catalyd.

Cobat modified MgAlLO4 used for the production of ethene and other industria
gases by diesd fud pyrolysis [79]. Spine catdysts are dso employed for reducing NO by
usng NHz and propane as reductants [80,81]. Another syntheticaly important reaction is
the synthess of methyl formate. Recently Saio e d [82] reported the vapour phase
dehydrocoupling reaction of methanol to methyl formate usng CuALO,; catays.

11
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Reactions such as hydrogenation of maec anhydride to gbutyrolactone and
tetrahydrofuran [83], oxidation of benzoic acid to phenol [84], reduction of faity esters into
higher acohols [85], methanation of CO and CO, [86,87], synthess of higher adcohols
[88] etc were successfully applied over various types of spindls.

Among the spind compounds, ferrites have been used as effective catdyds for a
number of indudridly important resctions as those mentioned above. The caadytic
effectiveness of ferrites for many such reactions arises because of the ease with which iron
can exchange its oxidation state between 2 and 3. Another important attribute of these
materids, from commercid dand point is ther dability under extremey reducing
conditions, which is due to the spind sructure.  Thus the reduction of Fe** to Fe?* takes
place without dtering the lattice configurations so that up on reoxidation, the origind dae
Is retained [42]. In contrast to the spind ferrites, the catdyst Fe,O3 loses its activity asit is
reduced to FeO and metallic iron.

Among vaious reactions, the most widdy dudied reaction usng spine type
cadys is perhaps the catdytic selective oxidation of carbon monoxide. Selective remova
of CO from CO/H, mixed gas is a key sep for fud cdl or sensor technology [89).
Tamaura and Tabata [90] have found that a a reaction temperature of 300°C, oxygen
defident ferrites can be used as an efficient materid for decomposing CO, gas (since there
is need to reduce CO, emissions to the atmosphere by decomposition to C and oxygen in
order to reduce the greenhouse effect).

Among various ferrites, Co- and Cu- ferrites are found to be very active and have
been used widdy for many indudridly important reections such @ as
hydrogenation/dehydrogenation, CO oxidation etc. For example, it is reported that both
CoFe;O4 and CuFe,O4 are highly active for the converson of butene to butadiene [68].
Surface and lattice oxygen aoms participae in the reactions.  Sdectivity for the
dehydrogenation reaction was strongly dependent on the presence of gaseous oxygen in the
case of CoFe;Q4, dthough the sdectivity over the Cu catayst was not a strong function of
gaseous oxygen. The copper cadyst was more active, but sdectivity of the oxidation

reaction to butadiene was much poorer on the copper ferrite. A probable reason, as
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suggested by the authors, for the difference in activity of two cadyds is the greater
reducibility of the copper ion relative to the cobdlt.

CuFe;0O4 shows an excelent performance towards the catalytic remova of NOx
and diesdl soot particulates than any other ternary AB>O4 Spind-type oxides [72]. Among
the metal oxides, spind type cobdt oxide (CozO,) is the most active catdys for oxidation
of CO [89]. CoFe0O; shows excdlent activity towards the chemicd decompogtion of
H,O, [55]. Several workers reported the catalytic properties of CoFes.xO4, NiFes xO4 and
CuFesxO4 (0 £ x £ 3) for HO, decompostion [53,54]. According to them the catdytic
activity followsthe order Co > Cu > Ni and that Coy sFe; 504 isthe most active one.

Recent reports reved that ferrospind systems prepared by low temperature
coprecipitation methods ae highly efficient for aomeatic dkylation and acylation
reactions. For example, CuCr-ferrites are found to be active for Friedd-Crafts dkylation
to form diphenylmethane [48]. Ni, Co- and Cu-ferrites have been recently applied for
benzoylation of toluene [91]. Apat from acylaion, modified ferrospinds are Sable
cadyds for aromatic akylation as wedl. One of the dmplest ferrospings, magnetite,
(FesO4), exhibits cadytic activity in production of important intermediates, eg. in
akyldion of phenol with methanol to 2,6-xylenol, to the monomer of the thermoresstant
poly-(2,6-dimethyl)-phenylene oxide resn [92]. To improve the catdytic performance of
ferrites, modifying cations can be introduced into the structure.

Recently Sreekumar and Rao etd invoked the idea of usng single phase ferrites
based on Ni, Co and Zn for vaious aromatic dkylation reactions such as aniline
methylation [46,93-95], pyridine methylation [44,45] and phenol methylation [96,97].
Soind sydems with different goichiometry among divdent ions ae extendvedy <udied
for this reaction. In akylation processes the activity is primarily attributed to the presence
of Lewis acid dtes, as on Brongted Stes deactivation occur [98]. The dtructure of catdyst
may change Smultaneoudy while catdyzing a reaction. For example in a sngle-
component iron oxide catays the active magnetite phase developed from hematite in the
course of the dkylation of phenol [92]. In other words hematite, FexOs, with iron
exclusively in ferric state, was converted to FesO4 with partid reduction, containing Fe?**
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mixed vdent ions in the [B] sublatice of octahedrd stes. Hence, a pat of Lewis acid
centers were modified during reaction.

1.14. ALKYLATION OF PHENOL

Alkyl phenols are compounds having the akyl group subdtituted or replaced ether
in the phenyl ring or in the OH of the dde chan. These compounds ae indudridly
important, ether used as directly or as chemicd intermediates in the manufacture of
pharmaceuticas, pedticides, herbicides, plastics, specid grade pants and a variety of
chemicas [99]. The important gpplications of some of the akyl phenols are represented in
Table 1.2. The dringent specifications and the demand of these chemicas necessitate the
development of cataytic systems and the processes for the selective production.

Conventiondly, akyl phenols can be prepared by Friedd Crafts dkylation reaction
[99]. Friedd Craft's dkylation reaction has got severa disadvantages such as poor
sdectivity, high capitd cost, reactor corrosgon, formation of byproducts and difficulty in
catalyst regeneration [100]. Recently, much attention has been paid to the development of
environmentdly friendly cadyds for the production of indudridly important akylated
phenols. Solid acid catdysts are very important aternatives to protonic acids or Friedd
Craft's type cadyss. The acidic and basc nature of solids provides a fascinaing
opportunity to study these reactions by varying thelr cadytic characteritics.  Numerous
reports on the production of these akyl subgtituted phenols are available in literature, some
of which are patents.  In the prior at, the catdysts used for the dkylation of the reactions
ae ranging from ceramics through zeolites to semiconducting meta oxides and mixed
metd oxides.  Alkylating agents such as C;-C4 dcoohols, various olefing  dimethyl
carbonate etc are widdy employed for akylation. The reaction is sendtive to acidic and
basc properties of the catayds, reaction parameters such as temperature, mole ratio of
reactants and type of dkylating agent.

Meta oxides are good dternative to both zeolites and duminium phenolate for
sdective ortho dkylation usng olefingdcohols snce with former undesred para dkylated
products can be brought down consderably [99]. On zeolites dkylation results a mixture
of O- and C- dkylated products [101-105]. Among various meta oxides, trangtion metd
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oxides done or in combination with other metal oxides are found to be the most active and
sective for ortho akylation [106-108].

Table 1.2: Industrial applications of various alkyl phenols

Alkyl phendl Applications

0-Cresol In the production of novolak resns, 4,6-dinitro — 2 — methyl
phenol (a herbicide) and antioxidants. o Cresol is a component of
ayslic acids, which are used as solvents in a number of coating
gpplications.

2,6-xylendl Poly(phenylene oxide) resin, epoxy resin.

Anisole Additives in gasoline to boost octane, used for the production of
dyes, agricultural chemicas and antioxidants.

2-Ethyl phenol Stating materid for photochemicas. Intermediate for the

2-1sopropy! phenol

synthess of benzofuran.
An effident antiskinning ad in ar-drying coatings.

2-tert-butyl phenol Sating maeid for the synthess of antioxidants and
agrochemicals.

2,4-di-tert-butyl In the manufacture of its triphosphite that is employed as a co-

phenol dabilizer for poly (vinyl chloride), and of its benzotriazole
derivatives that are used as UV absorbersin polyolefins.

2,6-di-tert-butyl An indigpensble building block in the synthess of higher

phenol molecular mass antioxidants and  light-protection resins  for

plagtics, epecidly polyolefins.

1.15. PHENOL METHYLATION

Phenol methylation has got great indudrid importance, as methyl phenols ae
largdy used as chemicd intermediates for the production of vauable industrid products.
2,6-xylenol obtained by dkylaion of phenol with methanol, is an intereting intermediate
in the gynthesis of poly (2,6-dimethyl) phenylene oxide, a polymer used in the production
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housings for dectricd equipment and of pipes resistant to high pressure and temperature
[109,110].

Severa papers and patents have been published on the dkylation of phenol with
methanol in the presence of different catdyst sysems varying from MgO [111-118], Al,O3
[98,119-122], metdl oxides [123,124], mixed metal oxides [125-127] and zeolites [101-
105]. The commercid process for the synthess of o-cresol and 2,6-xylendl is based
mainly on MgO [117,118] and supported vanadium-iron mixed oxide [128]. Vapour phase
methylation of phenol has been investigated over various mixed metal oxides such as
MgO-based [115,116], Al,Os-based [129-131], Fe,Os-based [92,107,132-137], V20s-
based [108,125,126], TiO»-based oxides [111,138] and Al containing hydrotacites
[139,140] and various other oxide systems [141-148].

A literature survey suggests that phenol methylation over both modified and
unmodified zeolites mostly results in a mixture of methylated products (both O- and C-
methylation), of which anisole is the predominant product. These are less sdlective for 2,6-
xylenal, the most demanded methylated product. The poor sdectivity of ortho dkylates,
especidly for 2,6-xylenol, due to pore condraint and fast deactivation due to coking made
indudgtrid chemig to do move work on phenol methylation over promisng metd oxide
cadyss. Oxides either done or in combinaion with other oxides are so far the best for
sdective formation of 2,6-xylenol. A variety of oxides have been used for studying phenol
methylation and among which ether one of MgO, AlLO3; and Fe&,O3 ae mosly used as
one of the component. Oxides of transition metals based on Mrf*, C/?*, Co*, Ni¥*, V®*,
Cr¥* and Ti**, SO, various phosphates, CeO. etc were used as second component.

Oxides based on MgO and Al,O3 are two classic examples and have been widdy
employed for phenol methylation. These two oxides are different in ther acid-base
properties; MgO is basc and AlLOs is addic in naure.  Ther acid-base properties
congderably affect the product distribution. Considerable amount of anisole is observed
adong with ortho akylated products on dumina againg predominant orthoakylation over
MgO. This is due to the difference in nature of mode of interaction of phenol molecules

over these surfaces due to the difference in their acid-base properties. Hence it is proposed
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that addition of any oxide component to MgO or Al,O3 modify their acid-base properties
and accordingly product selectivity.

It has been reported that the vapour phase reaction of phenol with methanol over
MgO gives 2,6-xylendl in an excdlent yidd. In the US patent 4, 933, 509, GE, USA
clams 92.7% converson with 76.9% sdectivity to 2,6-xylenol over MgO cadyst and by
the US patent 4,661,638 the clam is that the converson could be improved to 97.0% by
promoting MgO with Mn oxide. ~ Vgpour phase synthetic method usng TiO,-MgO
[111,115], MgO-CeO, [116], MgO-CuO [149], MgO-MnO [150] and MgO-Mn,O3 [150]
has dso been reported. This demongrates that MgO is most favourable in the synthesis of
2,6-xylenol as compared with other catdyds that are used in the methylation of phenal.

1.15.1. Efficient methylation through synergism

It has been observed that both MgO and AlO3 in combination with a trangtion
metal oxide component show better orthosdectivity than either MgO or Al,Os; done.
Trangtion metal oxide itsdf or in combination with other trangtion metal oxides are found
to be effective for ortho methylation. Inoe and Enomoto [151] described liquid phase
dkylation udng trangtion metd oxides incduding ZnO, Fe,0Os, Cr,O3 and TiO, and
obsarved predominant formation of orthodkylates.  Alkylation of phenol on V,0s
[108,125,126] and TiO, systems [111,138] are found to be more active than MgO and
S0O,. Addition of V,0s to titania [108] helped to increase 2,6-xylenol sdectivity and
reduced the formation of undesred products. The dkylaion activity and dabilities of
vanadia was improved by the addition of chromia, which by itsdf is a poor dkylation
cadys [125,126]. Smilaly TiO2-ZnO [152] and Al,O3-ZnO [129] produce
predominantly ring akylated products in which the high orthosdectivity is aitributed to a
combination of weekly acidic dtes and songly basic dtes. TiO2-MgO mixed oxides was
found to be more active and sdective than pure MgO for 2,6-xylenal tha has been
atributed to a combined effect of wesk acidity and drong bedcity of the cadyst
[111,115]. Recently Sato etal reported MgO-CeO, mixed oxide sysems are effective for
ortho methylation [116]. Catdyss contaning MgO-MnO or MnO-Mmn,O3 are found to be
more effective for 2,6-xylenol formation [150]. Grabowska et a reported ZnAl,O,4 spinds
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are active for phenol methylation and depending on the method of preparation sdectivity
of ortho products vary [153].

In dl the above cases, there are two disadvantages. (1) the catalyst compostion,
particularly the active phase is not well defined and hence reproducibility is poor, and (2)
there is dways para dkylaion happening to an extent of a leest 4%, thus making the
separation of impurities as an essentid unit process. In the 1970's a new type of catdysts
were developed, the main component being iron oxides (FeOy) sysem. Many
formulations based on this fundamentd sysem were investigated [136]. Iron oxide
possesses acid-base property in between MgO and Al,O3; and hence the addition of iron
oxide to either MgO or Al,O3 results an increase of both phenol converson and 2,6-
xylenol dectivity. Phenol methylaiion on a Fe-V-O/SO, catdys is one of the new
catalytic processes, which have been developed in Japan during the last few years [135].
Grabowska et d studied the akylation of phenol to acresol and 2,6-xylenol with MeOH in
the presence of Fe and Fe-Mg oxides [134]. The cadys displayed high activity and
sectivity towards C-dkylation in ortho pogtion. The active phase in the sudied cataysts
is highly dispersed magnetite or mixed spind of Fe(MgFe)O4 type [134]. Magnetite
containing sdts of Cr, S, K and V ae found to be highly sdective for ortho methylation
[154]. Smilaly FexO3 in combination with other oxides such as CdO, SnO,, CeO,, NiO,
Co0O, Cr03, ZrO, ec show excdlent sdectivity in 2,6-xylenol formation [107,132-136].
Kotanigawa et d carried out phenol methylaion over an MO-Fe,O3 catdyst containing Cu,
Mg, Ca, Ba Zn, Mn, Co or Ni each as M [107]. All these sysems show excellent
sectivity for ortho methylation. Thus a specific rdation between iron and sdective
formation of orthoakylates seemed to exigt.

From the literature survey it is cear that multicomponent oxide systems shows
better activity and sdectivity (for ortho methylation) towards phenol methylation. It is
believed that a mixture of oxides brings out a combined effect, in other words synergistic
behavior, enhancing the cataytic activity. It is generdly observed that multicomponent
oxide systems require relaively low temperature for better catdytic performance than the
individua components. For example, mixed oxides show their cadytic activity a the
temperature range between 300 and 450°C, and they are more sdective for 2,6-xylenol
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formation. Whereas smple oxides such as MgO, CeO2, MnsO4 and ThO» show their
catdytic activities a temperatures higher than 450°C. Kotanigawa et a reported binary
oxides of the sysem MO-Fe,O3 (where M = Mg, Ca, Ba, Co, Ni, Zn and Cu) are active
and sdective for 2,6-xylenol a 350°C, wheress the individud oxide components such as
MgO, Fe,Os etc require more than 400°C for achieving good conversion and high 2,6-
xylenol sdectivity [107]. Thus the synergetic or combined effect of metdlic components
has condderable influence on cataytic peformance. Due to synergism, the individud
metdlic ions show more homogenaty in their property towards a paticular reection. This
is possble only if the vaence band energy of the metdlic ions of mixed oxide sysem have
comparable energy. If VB energy is widdy separated, proper overlapping between the
metdlic orbitas is energeticdly unfavorable and hence reduces the cadytic effectiveness.
For example, addition of vanadia to titania or chromia helped to increase the activity and
2,6-xylenol sdectivity.  Wheress the effect of V,Os addition to MgO or SO, is
indggnificant with respect to phenol conversion and sdectivity paterns. In the former case,
dl the ions have vdence 3d orbitds, energeticdly comparable and favourable for overlap.
Whereas for both Mg™* and Si** involve 3s and 3p orbitals are empty and placed on the
unoccupied orbitas, which has got consderable energy difference with V 3d for any
ovelgp. In another case, cacined magnesum auminium hydrotacites is more active than
either MgO or AlLO3z [139, 140]. Here both Mg?* and AP* ions fdl same vaence leve,
which makes the dtuation more favourable for proper overlgp and hence the catayst
sydem behaves more or less like a single component rather than showing individua
property. This leads to the catdyst system function as an effective catalyst for the reaction.

1.16. OBJECTIVE OF THE PRESENT WORK

From the above literature survey, MgO cadysts promoted by the transtion meta
oxides are the ones providing by far the good converson of phenol to 2,6-xylenol. Later
severd atempts have been made to develop a better catdysts to achieve much better
sdectivity, more converson and to lessen the harsh reaction conditions such as high
reection temperature, the disadvantages existing for convertiond MgO catdysts. Mogt of
the attempts were focused more of iron based oxide systems. Japanese patent 101 13561
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awarded to Asahi based on again a multimetdlic oxide cadyd, with iron oxide as a chief
component, claims 93% conversion and 97% sdlectivity.

Grabowska et a caried out phenol methylation over FexO3 and FesO4 prepared by
different methods [92]. The x- ray and magnetic investigation of these catalysts indicated
highly dispersed magnetite is the active phase. In order to bring down the reduction level
on heamdite and to reduce the cryddlite sze during the reaction, they modified iron
catalysts with various ions such as S, K, Cr or Cs ions [92,154]. Consderably better
results were obtained on introducing Cr and S by cooprecipitation. In this ingance the
increese in cryddlite Sze is minimized after the use.  This is connected with the
advantageous influence of S on the texture of iron catadysts and its action in protecting the
cadys on dntering. A smilar effect is observed with Cr.  On the other hand, K and Cs
ions act as an activator of magnetite.  Thus the following important criteria should be taken
into account while consdering a multicomponent oxide sysems based on iron oxide for
phenol methylation reaction.

(1) High phenaol converson

(i) Good sdlectivity of 2,6-xylenal

(i) The problem of deectivaiion should be tackled while introducing other metdlic
componet to the iron oxide syssem. This can be achieved only by reducing the reduction
level on Fe,O3 and by contralling the crystalite Sze during the course of reaction.

(iv) Explore the possbility of synergism. This is possble only when the energy of vaence
orbitas of involved ions have comparable energy.

Beng Fe,0O3 as chief component, by introducing other first row trangtion metd
ions such as VP*, Ni#*, Co®*, Zrn?*, Mrf* andlor CU/**, the possibility of synergisn can be
exploited. Iron oxides in combination with ether one or more of these oxides are found to
be active and sdlective for 2,6-xylenol [107]. It has been observed that CU** ion has got
promoting influence on sdective formation of 2,6-xylenol [107,155]. For example,
Krighnesamy e a dudied the influence of CuSO, loading on dumina for phendl
methylation in the vgpour phase and found that addition of CuSO, to dumina enhance the
formation of 2,6-xylenol [155]. Copper-magnesum catdysts promote ortho akylation of
the hydroxy aromatic compound in high yidd, minimizing decompodtion of the adkanal,

20



Chapter 1: Introduction

and have long life [149]. In yet another variation, US patent 4048239 describes a process
in which dkylaion of phenol is caried out sdectively a ortho postion usng adehydes
and H, in the presence of a Cu-Cr catayst [156].

Sreekumar et d invoked the idea of using single phase ferrites kased on Ni, Co and
Zn for phenol methylation reaction [96,97]. Spind systems with different stoichiometry
among divdent ions are extensvely sudied for this reaction. All these catdyds are highly
sdective towards ortho methylation. Among these cataysts, CoFe;O, is found to be the
more active and sdective towards phenol methylation and 2,6-xylenol formaion. Reo et d
in a paent dam to meke 2,6-xylenol with high sdectivity and less amount of Sde
products, over a single phase ternary oxide system containing Co and Fe as metds [43].
CoFe,0O4 shows excdlent gability over a long period of time. Recently it has been
reported that CuFe,O; show even better activity and sdectivity towards 2,6-xylendl
formation than CoFe,O, [47]. However CuFe,O4 desctivates in a reasonable period of
time due to dntering and consderable increase of cryddlite sze during the course of the
reaction. Kotanigawa et d [107] reported that over CuO-Fe,Os, the degree of reduction
obtained experimentally exceeds the caculated vaue, which infers that the reduction tekes
place not only in heamatite, but aso in cupric oxide. Additiondly, CU** ion promotes the
reduction of Fe** ion. Whereas in CoFexOy, reaction hardly reduces the compound.
Moreover both CU/** and Co?" ions have got diverse character with respect to its activity
towards reaction involving Ha; the former is dehydrogenating agent wherees the latter is a
hydrogenating agent.  The hydrogenation/dehydrogenation ability of these ions is very
important in reactions involving methanol.  Reaction of phenol with methanol is aways
asociated with unavoidable methanol decompostion.  In other words, the akylaing agent
methanol reacts through two smultaneous pathways, the methylation of phenol and the
decomposition of methanadl itself. The gasification of methanol can be demongrated by
CH3;OH ® CO + 2H; @
CO + 3H, ® CHy + HO (2)
CO + H,O ® CO; + Hy (3
Thus it is recommended to keep methanol/phenol mole ratio more than the required
doichiometric ratio of 2 for 2,6-xylenol production. Hence efficiency of dkylation
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catadyst should be discussed from the rdation between the main reaction and the ability of
these catalysts to govern the undesired side reaction in favour of main reection.

Elucidation of the naiure of Cu and Co interaction in the spind sysem is very
useful to underdtand the sdlective ortho methylation of phenol and in generd to explore the
role of CuCo synergism on the cadytic peformance in various indudrially important
chemica processes. It is dso to be emphasized here that the Cu-Co mixed system can act
as a dud reaction catayst depending on the materia preparation and reaction conditions.
For example, Cu-Co-multicomponent mixed oxide catdyds with different supports, like
ZnO and/or Al,Os, are being used in important indudtrial chemicad processes such as
methanol reforming to H, as wel as low pressure methanol synthesis from syngas and it is
clear from the following equations (Egs. 4-6) [157]:

CH3OH () U 2H, (g) + CO(q); (4)
DH%g9g (DG 208) = + 128.1 (29) KImol-1

CH3OH () +H0(1) U 3H, (g) + CO: (9); (5
DH%95 (DG 208) = + 130.9 (8.9) KImol-1

CO(g) +H0(1) U H2 (g) + CO, (g); water gas shift reaction  (6)

DH%gs (DG’208) = + 2.8(20.1) KJmol-1
Above reactions clearly indicates that irrespective of the support, Cu-Co synergism done
can induce the above reactions, which will affect the course of the reection.

In the present study effects of smultaneous addition of Cu and Co are sudied in a
series of Cu-xCoxFexO4 (x= 0, 0.25, 0.5, 0.75, 1.0) samples. Elucidation of the nature of
Cu and Co interaction in the spind sysem is very usgful to underdand the sdective
orthomethylation of phenol and in generd to explore the role of Cu-Co synergism on the
cadytic performance in various indudridly important chemica processes. Hence, the
following important objectives were taken into congderation:

Preparation of a series of ferrospinds containing Cu and Co having a generd

formula Cu-xCoxFexO4 ( where x = 0, 0.25, 0.50, 0.75 and 1) by co-precipitation

method.
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Characterization of Cu.xCoxFexO4 by physicochemica and spectroscopic methods
such as XRD, XRF, SEM, Surface area (by Nz sorption), TG-DTA, TPR,
Mosshauer and photoemission.

Mog important was the evauation of the cadytic activity of the sysems for
phenol methylation usng methanol as the dkylaing agent and to optimize the
process parameters to achieve the syntheticaly vauable C-akylated products o-
cresol and 2,6-xylenal selectively and in better yield.

Detalled andyss of the fresh and spent catdysts to understand the changes in
dectronic, and dructurd festures that occur during phenol  methylation.
Photoemisson and other characterization techniques such as Mossbauer, TPR,
TPD, TG-DTA etc have been employed for the above purpose.

Add-base properties of the catdysts by in situ FTIR technique using pyridine and
CO, as probe adsorbate. Evauation of donor-acceptor properties of these materias
usng eectron acceptors having different eectron affinity values to understand the
strength and digtribution of eectron donor Stes.

Phenol dkylation by usng vaious akylaing agents such as dimethyl carbonate,
ethanol, isopropanol and isobutene and to compare the catalytic performance
between various acohols or akene as akylating agent.

Adsorption behavior of both reactants and products of phenol methylation such as
phenol, methanol, o-cresol, 2,6-xylenol, anisole and HCHO over the surfaces of
sedlected compogtions of the system Cuy.xCoxFexO4 by in situ FTIR technique to get
an indght on the mechanism of phenol methylation over these catdyst surfaces.
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Chapter 2: Experimental and Physico-Chemical Characterization

2.1. CATALYST PREPARATION

The ferrogping system having the generd formula Cuy-xCoxFexO4 was prepared by co-
precipitation technique as described in the literature [1]. AR grade chemicas supplied by
Qudigens chemicds were used a  supplied, without any further purification.
Stoichiometric amounts of premixed metd nitrate solutions were rapidly added to the
NaOH solution a room temperature under continuous irring. Find pH of the resulting
solution was adjusted between 9.5 and 10. Aging of the precipitate was carried out for 8
hours and then washed wdl with deminerdized water till both Na® and NOs; ions
disappear. The precipitate was filtered and dried at 80°C in an air oven for about 36 h. The
dried materias were powdered and calcined at 500°C.

2.2. CATALYTICACTIVITY MEASUREMENTS

Vapor phase experiments were performed at atmospheric pressure in a fixed bed,
vetica, down-flow, integrd dlica reector placed indde a double-zone furnace
(Geomechanique, France). Schematic diagram of a reactor setup is shown in Figure 2.1.
Three grams of fresh catdyst with a particle Sze up to 20 mesh was charged each time at the
center of the reactor in such away that the catayst was sandwiched between the layers of inert
porcelain beads. The upper portion of the reactor served as a vaporizer cum pre-heater. All
heeting and temperature measurements were caried out usng ‘'Aplad’  temperature
controller and indicator instruments. A thermocouple was postioned a the center of the
catayst bed to monitor the exact temperature of the catayst. Activation of the catayst
conssts of heating in a sufficient flow of dry air a 500°C for a least 6 hours before each
run. The catdyst was then cooled to the desired reaction temperature in presence of
nitrogen. The reactant mixture was fed by a syringe pump (ISCO, Modd 500D). The
products of the reaction were passed through a condenser, circulated with chilled water,
and collected in areceiver.
Anaytica Method

A gas chromatograph equipped with flame ionization detector (detector
temperature = 250°C) and a 30m X 0.32mm X 0.25mm HP — 1 column (model HP 6890)
filled with 5% crosdinked methylstyrene was used to andyse the reaction products.
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Response factors of the products with respect to phenol were determined from GC andysis
usng mixtures of known concentration of each product and phenol. The converson of
phenol and the sdectivities of each product were caculated with those response factors.
Reaction products were further confirmed by GC-MS and GC-IR. Andyticd grade
phenol, methanol, dimethyl carbonate, ethanol and isopropanol from Merck were used in
the studly.

The reproducibility for different samples was checked experimentdly, and the
measurements were repeated two or three times with a relative error of agpproximatey
+2%. The thermd process without catdyst was negligible in dl cases. It is evident from
the following discussion that severd factors contribute to the totd catalytic activity at different
extents. Besdes, the difficulty in determining the specific surface area of any specific dement
and the complex nature of active centers in these materias make it unsuitable to express the

resultsin turn over frequency. Hence the results are given in mol %.
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Figure 2.1: Reactor set-up for reactions carried out in vapour-phase.
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2.3. PHYSICOCHEMICAL CHARACTERIZATIONS
2.3.1. Introduction

The ultimate god of research in heterogeneous catalyss is to correlate the structure
and compostion of a catayst with its peformance. Catdyst performance is judged in
terms of its activity, product sdectivity and life. Catdys characterization is one of the
crucid aspects of cadys desgn dnce it gives information about crysdlinity, surface
dructure, nature of active dtes paticle dgze and morphology, acidity, and other
characterigtic features.

The cdcined samples were characterized by adopting various physico-chemicd
methods such as X-ray diffraction andyss, infrared spectroscopy, surface area and pore
volume meassurements, SEM, TG-DTA, TPR, XPS, adsorption studies of eectron
acceptors and FTIR adsorption of pyridine and CO..

The present chapter gives a brief account of the theory and principle of various
characterization techniques used for the current study. The procedure for each
experimenta  technique is described in this chepter. Though the results of some of the
characterization techniques are presented in this chapter, characterization techniques such
as XPS, Mossbauer, TPR etc, which are extensvely used for comparing both fresh and
spent catdysts are included in chapter 4. The acid-base properties of the catdyst system
are discussed in detall in this chapter.

2.3.2. Theory and experimental procedure
2.3.2.1. X-Ray diffraction analysis

The diffraction patterns can be used to identify various phases in a caayd.
Diffraction can occur whenever Bragg's law nl = 2d sinq is satisfied. The XRD method
involves the interaction between the incident monochromatized X-rays (like Cu Ka or
MoKa source) with the periodic gructures of polycryddline materid. Bragg pesks are
measured by observing the intendgty of the scattered radiation as a function of scattering
angle 2. The interplanar distances or d-spacings are cdculated from the vaues of the
peaks observed from the above Bragg equation, where, ‘n’ is order of reflection and the
vaues are 1,23 ec. The width of diffraction pesks caries information on the dimensions
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of the reflecting planes. Diffraction lines from the perfect crystds are very narow. For
caydds with sze bdow 100 nm, line broadening occurs due to incomplete destructive
interference in scattering directions where the X-rays are out of phase. The Debye-
Scherrer formula[2],
Dnk = 0.91 /B coxq D
is used to estimate the crydalite size, where D, | , B and q are the volume averaged particle
diameter, x-ray wavdength, full width a hdf maximum (FWHM) and diffraction angle,
regpectively. It is possible to find out the symmetry and cell congtant of a given powder by x
ray diffraction technique.

Powder X-ray diffraction (XRD) patterns of the al catalysts reported in this thess
were recorded usng a Rigeku Gegerflex instrument equipped with Cu K, radiation (I =
1.5405 A) with Ni-filter.

2.3.2.2. Diffuse reflectance infrared spectroscopy

Infrared techniques have got remarkable importance in the fidd of heterogeneous
cadyss and in the field of surface chemidry and catdyss over metd oxides. A variety of
IR techniques have been used in order to get informaion on the surface chemigry of
different solids. ~ With respect to the characterization of metal oxide catdysts two
techniques largely predominate, namely, the transmisson/absorption and the diffuse
reflection techniques.

In recent years, the use of IR spectroscopy in the diffuse reflectance mode is grown
grongly since this technique does not need particular efforts in the sample preparaion (the
powder is smply deposited on a sample holder), especidly useful in the case of highly
scatering samples employed in heterogeneous catalyss. The theory of diffuse reflectance
spectrawas developed by Kubelka and Munk [3] and extended by Kortun et a [4]. According
to thistheory,
f(Ra) = (1-Ra)¥2Ra = K/S 2
where Ra is the diffuse reflectance from an ‘infinitdy’ thick sample, K is the extinction
coefficient and Sis a scattering coefficient.
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It is known that dructure plays an important role in the cataytic activity of many
heterogeneous systems. In many cases, the postions of the infrared bands are sengtive to
the changes in the ratio of metd cations in the catdys compogtion. Since, in spinels
meta ions are didributed in two different environments, the spind phase formation can be
very well assgned by the appearance of two broad IR bands.

The IR spectrum of the ferrite samples reported here were recorded through a DR
mode (Shimadzu) in the range 400 cmi* to 1000 cmi™.

2.3.2.3. Surface area determination by BET method

The Brunauer-Emmett-Teller (BET) method is the most widdly used procedure for
the determination of surface area of solid materids and involves the use of the BET
equation (3).

PVa(Po-P) = UVmC + [(C-D/NVnC]*(P/Po) (3
where P = adsorption equilibrium pressure, R = standard vapour pressure of the adsorbent,
Vas = volume a STP occupied by molecules adsorbed a pressure P, Vi, = volume of
adsorbate required for a monolayer coverage, C = constant related to heat of adsorption. A
plot of PV as(Po-P) Vs (P/Py) will yield a sraght line usudly in the range 0.05 £ PIPy £ 0.35.
The dope (s) and intercept (i) of the BET plot ares= (C-1)/VCandi = UV, C. Solving these
equations permits the caculation of V,. Then the specific surface area of the catalyst can be
caculated as,

Specific surface area, nfglcat. =  [(VimNa)/22414*WH]* A, (4)

Am = mean cross sectional area occupied by adsorbate molecule (16.2 A for Np), Wt =
weight of the caldyst sample, Na = Avogadro number, V,,, = monolayer volume in ml a
STP.

To differentiate between the adsorption mechanism in micropore and that occurring
in meso and macropores, the tplot analysis developed by Lippens and de Boer was applied
[5]. The method congsts of plotting the adsorption isotherm in terms of the volume of the
gas adsorbed versus the datistica film thickness, t.  The pore Sze distribution is obtained
from the andyds of the desorption isotherms by gpplying the BJH modd [6] which
involves the area of the pore wals and uses the Kevin equation to corrdae the partia
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pressure of nitrogen in equilibrium with the porous solid to the sze of the pores where the
capillary condensation takes place.

The BET surface area and pore volume of the cataysts were determined by N
adsorption-desorption method a liquid N, temperature (77K) using Quantachrome Nova-
1200 adsorption unit. About 200 mg of sample was degassed a 300°C for about 4 hours
till the residual pressure was <10 Torr. The isotherms were andysed in a conventiond
manner, that includes the BET surface area in the region of the rdative pressure PIPy =
0.05 to 0.3 with the assumption for the nitrogen molecular area in an adsorbed monolayer
of w=0.162 nm?. The pore size distribution were calculated via the BJH method. The totdl
pore volumes were taken a P/Py = 0.95.

2.3.2.4. Scanning electron microscopy (SEM)

Scanning eectron microscopy is conddered to be a powerful tool to get
informations about morphology and particle sze. SEM is carried out by passng a narrow
electron beam over the surface and detecting the yield of ether secondary or back scattered
eectrons as a function of the podtion of the primary beam. The sze and morphology of
the crysds of dl the compogtions were examined usng a JEOL JSM-840A scanning
€lectron microscope.

2.3.2.5. Thermal analysis (TG and DTA)

Thermd andyds incdudes a group of methods by which the physcd and chemicd
properties of a substance, a mixture and/or reaction mixtures are determined as a function
of temperature (or time), while the sample is subjected to a controlled temperature
program. In thermogravimetry, the mass of the sample is monitored as a function of
temperature (or time), while the sample is subjected to a controlled temperature program.
Differentid Therma Anayss (DTA) messures the difference in temperaiure between a
sample and a themdly inert reference as the temperature is raised. A plot of this
differentid provides information on exothermic and endothermic reactions taking place in
the sample, which include phase trangtions, dehydration, decomposition, redox, or solid-
state reactions.
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Thermogravimetry and differentia therma anadyss  measurements were performed
with a Mettler TA-1 apparatus equipped with a control and data acquiston sysem
developed by the Anatech Bv. About 100 mg samples of spent catdysts were measured in
ar a aheating ramp of 2 K min* up to 1070 K.

2.3.2.6. Temperature programmed techniques: TPR and TPD

Temperature programmed reduction (TPR), oxidation (TPO), desorption (TPD) and
reaction spectroscopy (TPRS) form a class of techniques in which a chemicd reaction is
monitored while the temperature increases linearly. The bass set up for TPR, TPO and
TPD consds of a reactor and a therma conductivity detector to measure the hydrogen
content in TPR/TPD or the oxygen content in TPO, of the gas mixture before and after
reaction. The TPR/TPO methods are used for quditative and quantitative analyss.

In the TPR technique the catdys materid is subjected to a programmed
temperature rise, while a reducing gas mixture is flowing over it (usudly, hydrogen diluted
in some inet gas like argon). The reduction rate is continuoudy measured by monitoring
the change in compostion of the gas mixture after passng through the reactor. The
decrease in Hy concentration in the effluent gas with respect to the initid percentage
monitors the reaction progress.

TPD is a technique for studying the kinetics of adsorbates on solid surfaces. The
data are collected under wdl-controlled ultra-high vacuum conditions and after andyss
yield vaues of kinetic parameters as a function of adsorbate surface coverage. The sample
temperaiure is heated (by a variety of means) in a controlled fashion. The mass
spectrometer is tuned to monitor one or more mass fragments smultaneoudy that can be
corrdlated to the sample temperature. The desorption temperature, the shape of the
desorption pesk, and how dl these change with initid surface coverage and hesting rate
ae dl andyzed to provide information &bout the binding character of the
adsorbate/substrate system.

TPR and TPD measurements were peformed by a SORBSTAR apparatus
equipped with therma conductivity detector (TCD) and mass spectrometer (MS) to

37



Chapter 2: Experimental and Physico-Chemical Characterization

identify the desorbed molecules. TPR measurements were carried out in a flow of 1 %

Ha/Ar mixture, TPD studies were performed in pure He stream.

2.3.2.7. MOsshauer spectroscopy

The phenomenon of recoil free resonance absorption of nuclear gamma rays
(MOsshauer effect) has been known to be a powerful tool for investigating the properties of
internd  fidds acting on nucde in solids [7,8]. Due to the presence of surrounding
electronic charges, the nuclear energy levels are perturbed and the scanning of these leves
gives vduable information about the nature of bonding in solids Mosshauer isomer shift
(1S is a paameter by which the nature of different cationic oxidation dates and the
character of chemica entities in a catays may be monitored. The isomer shift (1S) is he
consequence of the Coulomb interaction between the postively charged nucleus and the
negatively charged s-eectrons. The dectric quadrupole splitting is caused by the
interaction of the dectric quadrupole moment with an dectric fidd gradient. Quadrupole
litting data may be used to access the dtructura properties of catadysts and the
digribution of eectronic charge around the probe atoms. Magnetic hyperfine splitting or
the so-cdled Zeeman effect arises from the interaction between the nuclear magnetic
dipole moment and the magnetic fidd at the nucleus. This interaction splits both nuclear
levels and removes dl degeneracy. From the eght possble trangtions only sx ae
dlowed and the spectrum contains Sx equidistant pesks, caled sextet or sextuplet. The
separation between the pesks in the spectrum is proportional to the magnetic fidd a the
nucleus

Mosshauer spectroscopy finds extensive gpplications and has been largely applied
for compounds containing iron. If the iron aloms occupy equivaent lattice pogtions, the
locd fidds at the iron nucle are characterized by a dngle set of parameters.  If they
occupy two nontequivaent sets of pogtions, as in the case of ferrites, one would expect to
obtain a superimposition of two parameters. If, in addition, both Fe?* and Fe** ions are
present in the lattice, the spectra will be more complex. Mdssbauer studies on ferrites
provide valueble information on the ratio of the Fe** in Ty and O, sites, the type of ordering
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(Ned — type or Yafet — Kittd type) and any deviation from stoichiometry leading to mixed
vaence states such as Fe** and Fe**.

Mossbauer spectra were obtained in constant acceleration mode.  Spectra were
fited assuming a Lorentzian line shape none of the podtiond parameters were
condrained. Isomer shift vaues are related to the center of metalic a-iron spectrum at

room temperature. The estimated accuracy of the positiona parametersis+ 0.03 mn/s[9].

2.3.2.8. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy [10-12] is based on the photoelectric effect,
which involves the bombardment of a sample surface with X rays and the measurement of
the concomitant photoemitted eectrons. The photoemitted dectrons have discrete kinetic
enagies tha are characteridic of the emitting atoms and their bonding states. The kinetic
energy, Ex, of these photoelectrons is determined by the energy of the Xray radiation, h,
and the eectron binding energy, &, asgiven by:

Ex=hn-E ®)
The experimentally measured energies of the photoelectrons are given by:
Ex=hn- B - Ey (6)

where E, isthe work function of the spectrometer.

The XPS technique is highly surface specific due to the dhort range of the
photoelectrons that are excited from the solid. The binding energy of the peeks is
characteristic of each eement. The pesk areas can be used (with gppropriate sengtivity
factors) to determine the composition of the materias surface. The shape of each peak and
the binding energy can be dightly dtered by the chemicd dae of the emitting aom.
Hence XPS can provide chemica bonding information as well. XPS and the related Auger
electron spectroscopy (AES) can provide dementa analyss for essantidly the entire
periodic table. Because the eectrons whose energies are analyzed arise from a depth of no
greater than about 5 nm, the techniques are surface-sengtive.

X-ray Photoelectron spectra were acquired on a VG Microtech Multilab ESCA 3000
spectrometer using a nortmonochromatized MgKa x-ray source (hn = 1253.6 €V) on ‘in situ
scraped fresh catalyst pellets and powder samples of spent catdysts at room temperature.
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Selected spectra were recorded with AlK a x-ray (hn = 1486.6 €V) aso to diminate the overlap
between different Auger and core levels. Base pressure in the anadlyss chamber was
maintained a& 3-6 x 10° Torr range. The energy resolution of the spectrometer was
determined from the full width a haf maximum of metdlic gold ad the vaue obtained is
better that 0.8 eV for MgK, radiation and 1.1 eV for AlIK 5 radiation respectively, at a pass

energy of 20 eV. The error inthe BE values[13,14] reported is+0.1 eV.

2.3.2.9. Infrared adsorption studies

The mogt common application of IR in catayss is to identify adsorbed species and
to study the way in which these species are chemisorbed on the surface of the caldyst [15-
17]. More specificdly, IR spectroscopy has been used to study the adsorption of typica
probe molecules like ammonia, pyridine and other bases, hydrocarbons, carbon dioxide
which can monitor either the acidic or basc dtes on oxide catayss [18]. Investigation of
adsorbed gpecies in reation to their behavior in cadytic reactions is the man fidd of
goplication of IR spectroscopy. IR sudies if performed under conditions where some
intermediates are actudly detectable can give vduable information on the cadyss
mechanisms.

2.3.3. Results and discussion

Chemicd compostions (determined by XRF), structurd and textural properties of Cu-
xCoxFex0O4 soind system catdysts prepared in the present study are summarized in Table 2.1.
XRF results display the bulk metd ion concentrationsin line with starting composition.

Figure 2.2a shows the XRD paiterns of cacined catdyss. It can be seen that, the
fresh Curich cadyst (x = 0.0) exhibit diffraction pattern attributed to cubic sping phase
[19] and a consderable amount of CuO and Fe,Os; phases. This indicates the spine
formation is not complete a 500°C for x = 0.0 in agreement with literature reports [19-22].
Subgtitution of Cu by Co incresses the overdl cryddlinity of spind phase and dl the
peaks are indexed as reported in ASTM card (card no. 21121 and 30864, JCPDS card
No: 3-864, 22-1086). However, trace amount of a-Fe,O3 impurity phase was adso detected
in Co-containing catdyds. The lattice congant, a, obtained for CuFe,O, and CoFe;O,4 are
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83898 A and 8.3997 A respectively, close to the literature vaue [19,23,24]. The dight
devidion of the vaue of lattice congtant from the literature vadue may be due to the partid

deformation of the anion sublattice due to the presence of extra phases.

Table 2.1: Chemical Analysis, XRI parameter and textural properties af Cu,, Co, Fe 0y

Catalyst Metal Concentration | o ‘rystallite | a (A) Surface Micorpore lotal Pore Average Pore
Lomposition (We %) Size (nm)" \rea Surface Area Volume Diameter
(x) (m~fg) (m*/ah {celgh 107 {A)

i | b ] B.4051 40 K

.2 1 T 1] 41 8 1%

7 1 ] } 1 B.3082 | 36.6 4 13,6 4
25.1 | 14.1 RB.3997 6.8 | |

ekt
.

The broad pesks seen in XRD indicate the fine particle sze of the ferrite formed
due to co-precipitation in contrast to the sharp pesaks reported for materiads prepared by
ceramic method. It is dso evidenced from the cryddlite sze of 13-16 nm for dl samples
(Teble 2.1) edsimated from most intense pesk (311) using Scherrer equetion [2].  The
results are given in Table 2.1. However the crydtdlite sze caculated by this method is not
possble to separate the contribution from individua oxide phase over the FWHM of the
diffraction maxima, it must be noted that with “crydtdlite sze' we refer to he average size
of coherent domains of diffraction which involve these two contributions.

It is very difficult to establish uniqudly the didribution of cations among Op and Ty
dtes in the Cu-Co-ferite series from the intendty congderation of various hkl planes of
gind phase, since there are three kinds of cations distributed between the A and B gites,
and dl of the three cations have nearly equal scattering powers. The compound CoFe,O4
is reported to be an inverse spind [24] or a patly inverse spind [25,26]. Smilaly the
inverse nature of the CuFe;O4 is dso wdl established in the literature [27]. However, most
frequently spind srurctures are only partialy norma or inverse, with sgnificant disorder
in cation digtribution.
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Figure 2.2: (a) X-ray diffractograms and (b) diffuse reflectance IR (DR-IR) of Cu,CoFe,0,
samples recorded at room temperature after calcination at 500°C. Arrows in DR-IR indicate ny.o of
Tq (710 cm™) and O, (460 cmi') coordinated cations.

IR sudies were carried out to understand the band postions attributed to the lattice
dtes. Figure 2.2b shows the metd ions didributed in two different environments in spind
a 710 cmt (n1) and 460 cmt (n,) (solid arrows), attributed to Ty and Oy coordinated
metd-oxygen bands respectively, and the phase formation can be very well assgned from
the appearance of two broad DR-IR bands [28-31]. The broad absorption bands for Cu.
xCoxFe; 04 indicate the inverse nature of spind for dl the compodtions ~ An examindion
of IR gpectra of calcined samples reved that the postion of the absorption band changes
dightly from one composition to another, the range of vaues being 710+ 10 cm?! and
460+15 cml. However, the change observed in the absorption band postions in the
present case is not very regular and might be due to the differences in the microgtructure of

the different compositions. Because of the differences in Fe**-0? distances for the Q, and
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Ty gtes, the difference in the two band positions is expected. According to Wadron [30],
Tq coordination bonds have the effect of subdantidly increesng Neaion-o, Snce these
cations introduces a supplementary restoring force in a preferentid direction dong the
M-O bond.

The results obtained from surface area adyss of Cu-xCoxFe,O4 are summarized
in Table 21. N isotherms of dl these compositions are of mixed type. N adsorption

desorption isotherms for a representative composition x = 0.50 isshown in Figure 2.3.

N, adsorption-desorption Isotherm

60 —

—— Adsorption

—3— Desorption

40

20

Volume adsorbed, CC/g at STP

0.0 0.2 0.4 0.6 0.8 1.0

P/P,

Figure 2.3: N, adsorption-desorption isatherm curve obtained from surface area measurement
for the composition x = 0.50.

There is a gradud rise in volume depicted by al the curves with increesng reative
pressure (P/Pp). At around P/Py = 0.8, a rapid rise in volume is observed. Thus these
isotherms represent the combination of type IV and type Il nature. The isotherms of type
IV indicate the presence of mesoporosty present in the samples. The pesk-to-peak
diameter of the mesopores is around 33 A for dl the compositions indicating uniformity of
the pores in the mesopore range. The externa surface area obtained from the de Boer t
plots exceeds the 75% vaues of the BET surface area of the individua compostions

further confirming the presence of mesoporosity in the samples.  Fraction d the micropore
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pore volume per totd pore volume is less than 6% for dl the compostions cdcined a
500°C.

Scanning dectron micrograms of cadcined samples showed particles of sSze in the
range 1-6 mm, which confirm the cryddline naure of the material. Figure 2.4 shows the
SEM photographs of a representative sample for x =0.50. Sample dried a 80°C shows fine
paticles of gze in the range »10-50 nm (Figure 2.4Q) againgt larger particles gppeared for
cacined samples (Figure 24b).  Thus the cryddline naure of the materid, as reveded
from the XRD data, is supported by SEM images.

(a) Dried (b) Calcined

Figure 2.4: Scanning eectron micrographs (SEM) of dried (&) and calcined (b) samples of the
compoasition Cug 50C0g s50F€20,.

TG and DTA curves for the dried samples d Cuy.xCoxFexO4 series are presented in
Figure 25. As shown in the figures, in the TG curve, the percent weight loss againg the
temperature is plotted (Figure 2.58). For dl samples there is a digtinct weight loss from
room temperature to 200°C, which is due to dehydration of water. All catdysts displayed
good themd stability above 200°C as indicated by the fairly horizontd portion of the
TGA curves. However DTA curves show two pesks a 105°C and ~ 520°C. As expected,
the peak at 105°C is due to water loss and is an endothermic process (Figure 2.5b).

All the compositions containing Cu show an exotherm around ~520°C. However,
there is no weight gainvlost is observed in the TG curve a ~520°C . From bihiliographic
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data [32] the migration of CU** ions from Op to Ty Sites is responsible for the exothermic
pesk around 520°C. Ohnishi and Tamnishi [32] and Bergstein and Cervinka [33]
conddered the influence of intergte cationic migration on the trandformations. As shown
by Ned [34] and Ohnishi and Tarnishi [32], cupric ions can be digplaced easily from one
type of dte to another by therma treatments. The temperatures of order-disorder
trandformations depend on the content of Op cupric ions and on the nongtoichiometry
[32,35]. When placed in G, sites, the CU?* ions need greater energy to migrate to the T
stes and such a migration occurs above 400-450°C for comparable hesting rates [36].
Absence of such an exothermic pesk in CoFe;O, is a clear cut indication that CuP* ion is
responsible for the exothermic peak observed at 520°C.

G, moss change
=

Figure 2.5: TG and DTA curves for the dried samples of Cu,..CoFe,0,

2.4. ACID-BASIC PROPERTIES
2.4.1. Introduction

The exposed cations and anions on oxide surfaces have been described as acid-base
dte pairs [37,38]. The oxygen anions can act as Bronsted or Lewis base dites; the meta
cations are Lewis acid Stes. Hydroxyl groups bound at certain oxide surfaces may exhibit
condderable Brongted acidity, but by and large we can neglect Brongted acidity of oxide
aurfaces in surface science sudies.  Strong Brongted acidity usudly arises in mixed oxides

rather than pure oxides, due to charge imbaances and/or coordination changes caused by
incorporation of a second cation type [39,40].
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A vaiety of physco chemicad methods have been employed and widely applied to
evaduate the drength and the amount of acid/basc Stes on caidysts. A large vaiety of
probe molecules have been utilized to both quditatively ascertain the acidity and basicity
and provide the measure and nature of these acidic and basic Stes [41-48]. For example,
pyridine was chosen as the base probe molecule to measure the acidity.  When
chemisorbed on a surface possessng acid properties, pyridine can interact with acidic
protons, electron acceptor sites and H from neutrad or weekly acidic hydroxyls [45,46].
CO; has been used to probe basic surface properties because it is amphoteric (but known
by its acidic nature) and therefore it is expected to adsorb both acidic and more strongly on
basc dtes [47,48]. On the other hand, adsorption of certain organic molecules likes
7,7,8,8-Tetracyanoquinodimethane (TCNQ), 2,3,5,6-tetrachloro- 1-4- benzoquinone
(chloranil) and p-dinitrobenzene (PDNB) on the oxide surface will provide insght on the
drength and distribution of eectron donor Stes on the oxide surfaces [49,50]. By probing
the interaction of these molecules with the surface, information can be obtaned on the
oxidation date of the meta ion, the coordination symmetry, the degree of coordination
unsaturation of the surface hydroxy groups and the presence and the nature of surface

Lewis and Brongted acid Sites.

2.4.2. Experimental

FTIR adsorption of CO, and pyridine were operated in drift mode. Calcined
powder sample was taken in a sample holder and placed in a specidly designed cell. The
samples were then heated in situ from room temperature to 400°C a a hesting rate of
5°C/min and in a flowing stream (40 mi/min) of 99.99% N,. The sample was kept a 400°C
for 3 hours and then the hydroxyl region of the spectra was measured. The sample was
then cooled to 100°C and pyridine vapour was introduced for 10 minutes in the N flow.
The low concentration of gas-phase pyridine was necessary in order to decrease the
background pyridine signds in the IR spectra. The temperature was then dowly increased
under the Ny flow and IR spectra were recorded at different temperatures up to 400°C. A
resolution of 2 cm' is ataned after averaging over 500 scans for dl the IR spectra
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reported here. For CO, adsorption, 99.99 % CO, (Linde Air) was introduced for 1 hour in
N> at aflow rate of 40 mi/hr a room temperature after thein situ activation.

Adsorption studies with EA molecules were carried out over various compositions
of Cu;-xCoxFexO, as described in the literature [49-51]. Adsorption studies were carried
out over 0.5g cdcined sample placed in a cylindrica glass vessd fitted with a mercury
seded dtirrer.  The cadysts were activated a 500°C for two hours prior to each
experiment. Before seding, the sample was out gassed at 10 torr for one hour. 10 ml of a
solution of an dectron acceptor in acetonitrile was then admitted to the catalyst.  Stirring
was continued for 4 hours in a mechanicdly driven siirrer a 28°C in a thermostated bath,
and the oxide was collected by centrifuging the solution. The amount of eectron acceptor
adsorbed was determined from the difference in the concentration of eectron acceptor in
solution before and after adsorption, which was measured by means of a Shimadzu UV-
VIS spectrophotometer (| max Of eectron acceptors in solvent: 393.5 nm for TCNQ, 288 nm
for chloranil and 262 nm for PDNB). The amount adsorbed was caculated from the
difference in the absorbance before and after adsorption.

2.4.3. Results
2.4.3.1. Hydroxyl groups on Cui.xCoxFe;O4

FTIR gpectra of surface hydroxyl groups of Cu-xCoxFe,O, ae presented in
Figure 2.6. The most intense band is found spread in the 3735-3710 cm' range and
intengty of OH bands, in generd, increases with increasng Co content. The above band
comprised of termind OH over Ty coordinated Fe**, Co®* and Cu?* ions and coordinatively
unsaturated Fe** (Oy,) ion [52-58]. In addition to the above the spectra show other broad
bands centered approximately at 3695, 3680, 3660 and 3635 cmit is atributed to termind
OH over O coordinated Fe**, Co** and Cu?* ions. Many of these bands are well
documented in the literature for various oxides such as g-Fe;Os3, a-FexO3 [52-54], MgFe;O4
[52], ZnFe;O4 [52], CoAlO4 [55,56], CoO [57], CuO [58] etc. A rdevant lig of the most
intense npoy bands associated to different cations having different coordination number,

oxidation state and cationic environment on various oxides are presented in Table 2.2.
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Figure 2.6: FTIR spectra of OH groups on Cu,.,Co,Fe,O, after in situ activation at 673 K.

Table 2.2: Assignments of the bands of surface hydroxyls on various oxide surfaces

Material | Postion of | Assgnments References
Non (cm™)

gFe0; | 3725 Termina OH bonded to tetrahedra Fe™* 52
3675 Terminal OH bonded to octahedrd Fe**
3640 Bridging OH

a-Fe,O3 | 3720, 3680, | Vibrations of three types of isolated OH group each 52-54
3635 liganded to asingle Fe**

MgFe,0, | 3690 Termina OH over octahedra Fe™* 52

CoAlLO4 | 3725 Termina OH bonded to ,yCo** 55-56
3580 Triply bridging OH or due to H bonded or more

perturbed OH groups

ZnFe,04 | 3680 Terminad OH on tefrahedrd Zn™ 52
3650 Termind OH on octehedral Fe**
3610 Bridging OH’s

CuO 3690 Termind OH 58

CoO 3680, 3658, | Termina OH 57
3639
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2.4.3.2. Pyridine adsorption

The IR spectrum of pyridine adsorbed on Cu-xCoxFexO4 at 373 K was recorded
and shown in Hgure 2.7. Four important pyridine ring modes occur approximately at
1606, 1573, 1485 and 1446 cm* termed Nga, Ngb, N19a @nd Nigp respectively [59,60] and
ligedin Table 2.3.
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Figure 2.7: FTIR spectra of pyridine adsorbed on Cu,.,Co,Fe,O, surfaces at 373 K, after in situ
activation at 673 K.

Table 2.3: Position of thevarious|R bands (in cm™) of pyridineand pyridinium ion adsor bed

at 373 K over various compositions of Cu,,Co,Fe,0,

Composition Nga Ngp Npyridiniumdon | N1ga N1ob
CuFeO4 1606 1573 1541 1485 1446
Cuw.75C0g.25Fe,0O4 | 1608 1575 1541 1485 1446
Cup5C0og 5Fe204 1608 1573 1548 1485 1446
Cup.25C0og 75Fe204 | 1608 1573 1543 1483 1446
CoFe,O4 1604 1575 1541 1487 1446
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Note that the pyridine molecule can be retained on the surface of oxides in following three
different modes [43] namdy, (1) interaction of the N lone pair dectron and the H atom of
OH group, (2) trandfer of a proton from surfface OH group to the pyridine forming
pyridinium ion (Brongted acidity), and (3) pyridine coordination to an dectron deficient
metal atom (Lewis acidity). Predominant IR bands, nga and nigp, confirm the mgor
contribution of acidity is due to Lewis acid Stes on dl compostions. Among the above
four vibration modes, ng, IS very sengtive with respect to the oxidation state, coordination
symmetry and cationic environment [45]. A broad ng, band at 1606 cmt at x = O decreases
in width a higher ‘X’ values and indicates a decrease in the disorder of cation digtribution
in these spinels. ngp at 1575 cmt is found to be very labile and its stebility on the surface is
temperature dependent [52,55]. When the temperature increases above 373 K, ng, band
completely disappears and confirms its labile nature. Hence, it is concluded that these
species are bound to the termina OH groups via H-bonding. This coordinative interaction
is very wesk and the molecule bound in this way gets desorbed a high temperature. A
weak band centered at ~1540 cm'! is attributed to pyridinium ion [45,61].

2.4.3.3. Temperature dependence of pyridine adsorption

FTIR spectra of pyridine adsorbed Cu;.xCoxFexO4 samples were recorded between
373 K and 673 K. Above results for three selected compositions, x = 0, 0.50 and 1 are
shown in Figure 2.8. Important changes in the spectra features are highlighted: (1) The
bands corresponding to ngs, N19a and Nigp Modes display broad and intense pesk for dl the
compositions up to 573 K. Presence of certain pyridine bands is observed even a 673 K on
CoFe;O4 in contrast to no bands on Cu containing samples; (2) The bands correspond to
Nga Shifts to higher n as the temperature increases for dl compostions, (3) nNiga @d nNigp
bands are shifted to lower n as the temperature increases for dl the compostions. An
apparent single band centered a 1446 cm® a temperaure 373 K is split into two
components a intermediate  compositions (0<x<1) a higher temperatures; (4) On Al
compositions a band centered at ~1352 cmi’ incresses in intensity as the temperature
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increases up to 573 K, and (5) A weak band observed at ~1541 cm due to pyridinium ion

increases in intengty and width as the temperature increases to 473 K.
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Figure 2.8: Temperature dependent FTIR spectraof pyridine adsorbed Cu,.,Co,Fe,O, ufacesonthree
selected compositions x = 0, 0.50 and 1 between 373 K and 673 K.

Figure 2.9 shows the difference IR gspectra of pyridine adsorbed a 373 K and
corresponding  activated compostion of Cu-xCoxFe,O4.  Difference  spectrum  shows
negative bands corresponding to a lower intensity of the OH groups due to a perturbation
by pyridine adsorption.
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Figure 2.9: Difference IR spectra of the hydroxyl regions of Cu,..Co,Fe,O, between pyridine
adsorbed and calcined surfaces at 373 K.

2.4.3.4. Basicity

2.4.3.4.1. CO;, adsorption
IR spectrum of CO, adsorbed on Cu.xCoxFeO4 at 298 K is shown in Figure 2.10.

Asymmetric dretching of adsorbed CO, and carbonate vibrations are observed at 2400
2300 cmt and 1800-1200 cmi respectively [48,62-67]. The IR spectrum of adsorbed CO,
demonstrates three different types of adsorptions as follows (1) two sharp bands are
observed at 2359 and 2341 cm* (corresponding CO, gas phase bands [68] are at 2358 cmit
and 2338 cmt) resulting from the coordination of CO, on the surface Lewis acid sites. GO,
retain its linear shape due to this mode of adsorption [62, 69]; (2) the intendty of various
bands observed between 1700 cmit and 1260 cmit (symmetric OCO stretching of bidentate
and unidentate carbonates at 1430-1260 cm!, asymmetric OCO stretching of unidentate
carbonate and symmetric OCO  dtretching of bicarbonate a  1580-1435 cmi' and
asymmetric OCO dretching of bicarbonate and asymmetric OCO dretching of bidentate
carbonates at 1680-1600 cmi') [64-67,69,70] generaly decresses with increasing X,
indicates a decrease in badicity from x = 0 to 1, and (3) the width and intengty of the
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carbonate vibrations suggests the bidentate mode seems to be the dominant adsorption
state on Cu-xCoxFexO4 and indicates the presence of coordinatively unsaturated ions. No
other bands in the 22701700 cmi* range suggests the absence of bridged CO, species on
the oxide surface.
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Figure 2.10: FTIR spectra of CO, adsorbed on Cu,.,Co,Fe,O, a room temperature (298K).

2.4.3.4.2. Adsorption studies of TCNQ and chloranil

Adsorption sudies of three EAs, namdy, TCNQ, chloranil and PDNB with
electron affinity vaues 2.84, 240 and 1.77 eV, repectively, were performed on Cu-
xCoxFex04 [71,72]. Langmuir type of adsorption isotherms obtained on catalysts activated
a 500°C is shown in Figure 2.11 for (8) TCNQ and (b) chloranil and (c) the difference
between TCNQ and chloranil for each compostion. Since TCNQ is a strong EA it forms
anion radicals upon adsorption from strong to wesk donor Stes. However, chloranil can
accept €electrons from both strong and moderately strong donor Stes. Negligible adsorption
of PDNB (results not shown) in al systems indicates the absence of very strong donor
gtes. This demongtrates that the adsorption sites on Cu-Co ferrites act as electron donors to
the adsorbed molecule with eectron affinity vaues >1.77 eV. EA adsorption studies
indicate that the badcity of the Cu.xCoxFexO, sysem decreases with increesing X. The
difference between the limiting amounts of TCNQ and chloranil adsorbed (Figure 2.11c)
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indicates that Cu-rich compositions possess large number of strong and moderately strong
donor sites. Nonetheless with increasing X, the strength of the donor Sites decreases.

Adsorption isotherms of Electron Acceptors
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Figure 2.11: Adsorption isotherms of (a) TCNQ and (b) chloranil in acetonitrile on Cu, ,CoFe,0,
system calcined a 500°C. The difference between the limiting amounts of TCNQ and chloranil
adsorbed at each composition is shown in (C).

2.4.4. Discussion
2.4.4.1. Composition dependence of hydroxy species on Cu;-xCoxFe;O4

Various OH bands seen in Figure 2.6 are due to terminal and bridging OH bonded
over metd ions in Ty and Oy coordination and the drength of various OH bands is in the
following order (Table 2.2): Ty coordinated termind OH > Q, coordinated termind OH >
bridging OH. Although OH bonded over various ions are present on the surface, the
contribution from each ion towards any specific band is different in terms of intensty and
grength. It is clear that unlike CuO [58], oxides based on iron show a variety of OH bands
and indicates a condderable role in the formation and sable exigence of OH on the
surface. Nevertheless, as the Co content increases the intendty of various OH bands

increases indicating a direct influence in number and drength of the surface OH groups.
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However, it is very difficult to isolate the contribution of each meta ion as the overlgp is
too large towards any OH bands by al the metalsions.

2.4.4.2. Acidity of Cu;.xCoxFeyO4

From Table 2.3 and Figure 2.7, it is clear that both Lewis and Bronsted acid sSites
are available on the Cu.xCoxFe,O4 surfaces, but dominated by Lewis acid Stes (1ga). Nsa
depends on the drength of the Lewis Ste, which in turn depends on the type of metd,
coordination number, oxidation dtate, redox behavior and the presence of other metd ions
surrounding to it [45]. The pesk maxima of nga bands lie a 1606+2 cm® for dl
compositions suggest that pyridine preferably coordinate on dl trangtion metd ions in Oy,
symmetry (Table 2.3). This is further supported from the temperature dependent IR studies
of pyridine adsorbed surfaces on CuFe,O4 containing deliberate excess 0.5 mol CuO or 0.5
mol Fe0s, where Cu¥* and Fe** have On symmetry, and the results are shown in
Figure 2.12.
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Figure2.12: Temperature dependent FTIR spectraof pyridine adsorbed on CuFe,O, containing excess
0.5 mol CuO (A) or 0.5 mal Fe,O5 (B) between 373 K and 673 K. Note an increase in intensity and
width of severa features at high temperatures.
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This experiment was dso performed with other Cu containing compositions. Though
the Ty coordinated Fe** ions are diluted by Q, ions in these systems, dl the compositions
exhibit nga band remains a 1606 cm?, exactly smilar to CuFe;Os. Similar results were
obtained with excess 0.5 mol CoO or 0.5 mol Fe,O3 with CoFe,O4 (Figure 2.13). Thisagain
indicates the predominant contribution of O, ions to the ng, band upon pyridine adsorption than
Tq ions. The above concluson is supported by Jacobs et d [73] usng low energy ion
scattering, and reveded that manly Op cations are exposed on the surface of spines. The
above discussons leads to a concluson that the contribution toward pyridine adsorption is

larger due to Oy, cations than from Ty ions.
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Figure2.13: Temperature dependent FTIR spectraof pyridine adsorbed on CoFe,O, containing excess
0.5 mol CoO (A) or 0.5 mal Fe,O; (B) between 373 K and 673 K. Note the stability of adsorbed
pyridine even a 673 K.

Congdering the polarizing power [45] and datidtical digtribution of cations, it can
be assumed that, among these surface Oy, sites, Fe** prevails over Co?* and Cu** and

consequently contribute more towards the pyridine adsorption and imparting Lewis acidity.
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This is further supported by increasng Fe/((Cu+Co) surface atomic ratio from 0 to 1,
cdculated from XPS andysis (See chapter 4, Table 4.7). Neverthdess, Ci** and Co**
indirectly influence the nature of surface active Stes is explained as follows. Upon pyridine
adsorption there is dectron flow from pyridine to spind surface results in the reduction of
highly vulnerable cations, like C#*, and the extent of reduction incresses a high
temperature. Consequently, the charge density around Fe** is dso modified and leads to a
decreased interaction between pyridine and oxide surface and hence a less stable adsorbed
complex. Contrarily, Co?* is robust and no reduction is observed on pyridine adsorption,
even a high temperature. Hence Co®" acts as a structure stabilizer and stabilizes Fe** state
in higher proportion, probably exceeding the stoichiometric 1:2 ratio corresponding to the
A and B stes in spinds. Thus Co** and CU?* ions affect the surface state of Fe** upon
pyridine adsorption, in an exactly opposite manner. An increase in Co content decreases
the reducibility of Fe** ions and consequently strengthens the Lewis acidity of ferrites.
Smilar results are obtaned from adsorption Sudies of n-butylamine followed by
thermogravimetry by Ramankutty and Sugunan [74].

Pardld to the above reported spectral changes, pyridine adsorption causes
decreases in intengty of various surface OH groups, seen as negative absorbance bands in
the difference IR gpectrum (Figure 2.9). Since the pyridinium ion is Smultaneoudy
detected on dl these samples, it is likely that the reduction of the OH band intengity is due
to the transfer of some protons of these OH groups to the adsorbed pyridine. Hydrogen
bonded and bridged OH groups are expected to be less reactive than isolated termind OH
groups [53]. The large negative band observed at ~3720 cmi® (Figure 2.9) indicates thet,
isolated OH groups bonded to Fe** and Co?** ions are likdy to be involved in pyridinium
ion and a-pyridone formation. An increase in intendty of bands correspond to pyridinium
ion and a-pyridone with increese in temperature up to 473 K (Figures 2.8 and 2.9)
indicates that high temperaure is essentiad to overcome the activation energy barrier for
the formation of these species. Further, a-pyridone and bipyridyl formation is evident from
the observation of a moderately intense band at 1352 cm* and unusud broadening of other
bands with high intendgty together with other minor features a high temperatures (Figure
2.8). Such bipyridyl species are observed on semiconducting oxides such as Fe,O3 and
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SN0, and is formed via pyridine dimerization by heating [75,76]. The band observed at
1352 cm* corresponds to a-pyridone [77] and occurs through a nucleophilic attack of
surface OH group at ~3720 cmi* on to the 2-position of the aromatic ring [77,78].

2.4.4.3. Basicity of Cu;.xCoxFexOq4

The formation of carbonate like structures upon CO, adsorption reveals the surface
basicity. Bicarbonates formation causes perturbation of OH groups in the 3800-3500 cmt
range and formation of certan new OH bands (not shown). Additiondly, a weak band
observed a 1220 cm’ is atributed to the C-O-H bending vibration of bicarbonate [67].
Broad IR bands in the 1800-1200 cm'! range indicate bidentate species are predominant on
the oxide surface due to CO, adsorption. On a-Al,O3 [79] and MgO [66, 80], where the
entire cationic coordination is due only to Oy, bidentates are, by far, the most prevailing
gructure. The large formation of bidentate carbonates indicates the Cu.xCoxFeO4 surface
possess mainly Oy, coordinated ions and reiterates our earlier concdluson.

Adsorption studies with EA reveded that Cu-rich compostions possess maximum
number of strong basc Stes and the same decreases with increesng x consderably. We
propose that the basic drength of a surface oxide ion is stronger with more coordinative
unsaturations and weeker with greater polariang power of the caions to which it is
bonded. The polarisng power increases when there is a rise in charge and size declines and
vice versa Strong or moderately strong basic dtes would arise from structures where
surface oxide ions bridge over two or more bivaent ions, while wesk basc sSites are
expected on oxide ions bridge over Fe** ions. Also the O, coordinated cation is bigger than
that of Ty and hence the polarizing power of the latter is higher than that of the former. Due
to the above points, it is highly plausble that coordinatively unsaturated Oy cations,
preferably divalent cations, offer strong basic dtes and hence adsorbents like TCNQ,
chloranil and CO, preferably adsorb on these Stes. It is reasonable to conclude that
adsorption of EA occurs mainly at the Q, stes. From these dso it is clear that the Q, cation
plays a sgnificant role in determining the acid base properties of the syslem. The extent of
sinel inverson decreases with increesng x on Cu.xCoxFe;O4 indicates less divadent

cations go to Oy, Stes and hence basicity decreases with increasing x.
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Ferrospinds ae generdly n-type semiconductors, which lose latice oxygen on
heating, causng anion vacancies. The released eectrons are accommodated by reduction
of Fe** to Fe** ions and, in the case of Cu containing samples, by conversion of CU/** to
Cu" (due to the high reducibility of CL?* ion). The presence of free eectrons in defect sites
causes an increased badcity and this is maximum for CuFe;O4. This can be due to the
higher susceptibility of CuFe,0O4 to the creation of defect dtes with cacination, imposed
by the high themd ingability [81] and the specid coordination described as (4+2)
coordination of Cu (I1) oxide[82].

2.4.4.4. Correlation between theoretical and experimental results

In the following an atempt has been made to corrdate experimenta results with
theoretical (empiricd) quantities.  According to Lewis definition, acidity and basicity are
electron accepting and dectron donating properties that could contribute to the formation
of a covdent bond. Larger the dectronegativity, the stronger the electron accepting power
can be conddered as a first gpproximation [83]. According to Sanderson [84] the
electronegativity of the meta ion would be expected to change linearly with its charge.
Later Zhang [85] has proposed a numericad scde for the acid strengths (Z) of cations and
he defined it as
Z=P-77Cz+8 .ccoeeiiinn, (7)
where P and c are the polarizing power and eectronegativity of the ion respectively. The
advantage of such a scde is the predictive power for thermochemica and physca
properties that obvioudy depend on the nature of the chemica bond established between
the acid cation and the basic anion. In the case of inorganic compounds, this bond is called
iono-covaent, meaning that this bond involves smultaneoudy eectrodtaic force (ionic
pat) and covdent forces resulting from the combination of aomic orbitds To express
this dudity, for a given cation, Zhang took into account (a) the polarizing power and (b)
the eectronegativity for the covdent part. He cdculated the polarizing power,
electronegativity and acid strength of various cations [85] and it is noted that the acid
srength of cations relevant to our compositions are in the order Fe**>Fe?*»Co?*>Cu?* >
Cu'.
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When an organic molecule like eectron donating pyridine adsorbs on the surface,
cations get reduced due to charge transfer.  Thus the easily reducible metd ions like CU**
undergo fast reduction to Cu” and hence the dability of metd ion-pyridine complex
decreases.  From the acid strength of various cations it is clear that reduced Cu" has very
poor acidity. In other words, for a given ligand, corresponding stability condants of metd
ions are in the order Fe**> Co** >Cu?* and hence the acidity of these ions dso follow the
same order, as shown earlier.

Recently Lebouteilller and Courtine [86] have developed a new theoretica approach
to caculate the bulk optica basicity vaue for mixed oxide sysems. The éttractive fegture
of this method is that it includes both vaence and coordinaion number of the ion present
in the compound. The optical badcity (L) of various cetions in different oxidetion state
and coordination environment is caculated and is available in their paper [86].

L vdue of dl the compostions can be cdculated for both norma and completely
INverse case using equations 8 and 9.

L normal IvAZiB350, = 2/8* L(,vA*") +6/8* L (vB*) (8)

Linverse VB> WIAZ*ViB¥ 04 = 3/8* L(1yB>") + 2/8* L(viA™) + 3/8* L(uA®) ©)
The results are tabulated and presented in Table 2.4.

From the table it is clear that as the Cu content increases basicity increases and thus
CuFe,04 is most basc and CoFeO4 is the least. The results corrdate well with the
experimental results (as shown in Figure 4.29, Chapter 4). This suggests that the basic
drength is dominated by globa properties with respect to the chemicad nature of the
various compodtions. Moreover, from the table it is clear that for a given compostion,
completdly inverse dructure has maximum bascity than the corresponding norma
sructure.  CoFe,O, is the leest inverse and hence it should be the least basc and
experimental results confirm the same.
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Table 2.4: Calculated values of Optical Basicity (U) for various compositions

of Cu.,CoFe,O,

Compostions Structure Coordination U
CuFe04 Normal wCuand v Fe’™ 0.805
Inverse |vFe3+, V|Cu2+and Vi Fe3+ 0.811
Cuy 75C0g.25Fex04 Normal |VCUZ+, |VCo‘+and VI F65+ 0.796
Inverse |VF83+, V|CU2+, Vi C02+and VI F83+ 0.804
Cuy 50C0g.50Fex04 Normal |VCUZ+, |VCOZ+8ﬂd VI Fe5+ 0.788
Inverse |VF83+, V|CU2+, Vi C02+and VI F83+ 0.796
Cug 25C0og.75Fex04 Normal |VCU2+, |VC02+and VI F63+ 0.779
Inverse |vF63+, V|CU2+, Vi C02+and VI Fe3+ 0.789
CoFe,04 Normal wCo”and v Fe’* 0.770
Inverse e, viCo?*and v Fe®* 0.781

2.4.5. Conclusions

A sies of ferrospings having a genera composition of Cu-xCoxFexO4 (X = 0,
0.25, 0.50, 0.75 and 1) were prepared by co-precipitation method and characterized by
FTIR for acid-base properties. The FTIR spectra of ferrospinels revedl Fe** and Co?* ions
are primaily responsible for various OH groups between 3740 and 3620 cmi?. Further an
increase in X increases the number and strength of OH groups. The FTIR spectrum of
pyridine adsorbed Cu-xCoxFexO4 surfaces at 373 K demongrates that the predominant
modes of adsorption are ng; and Nnigp, and bolstering the dominant Lewis acid character.
Pyridine adsorption on Cu-xCoxFe;O, and deliberaidly added excess metd oxide to the
spind phase revedls that Q, coordinated ions occupy predominantly on the surface and acts
as centers of pyridine adsorption; further the contribution of various ions to the ng, band is
in the following order Fe** > Co?* >CU?* in terms of its intensity and position. From the
temperature dependent studies of pyridine adsorbed surfaces of Cu.xCoxFe,O4 and
deliberately added excess oxide to the spind system, it is clear that both Co?* and Cu**
ions influence towards the stability of adsorbed pyridine complex in an opposite way that
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Co®* impat the dability to the surface In generd, the totd intrinsic acidity of Cup.
xCoxFexO4 increases with cobdt content. The formation of pyridinium ion indicates the
presence of Bronsted acidity too, however it is wesk.

CO, adsorption on Cu-xCoxFexO4 indicates the predominant bidentate complex on
the surface, which requires coordinatively unsaturated Oy, ions on the surface. Adsorption
sudies of eectron acceptors indicate that basicity of the system decreases with increasing
X. CoFe;04 and CuFe,O4 shows inverse trends in their acidic and basic behaviour and for
0.253 x£0.75 there is some compromise between the acidic and basic behavior.

The acidity of the cadyds corrdated with the acid strength (Z) of the involved
cations proposed by Zhang, where the polarizing power and dectronegativity of the cations
are considered. The acid strength of the cations are in the order of Fe** > Co?* > Cu**. On
the other hand, badicity corrdlated with the optical basicity (U) of corresponding oxides
proposed by Lebouteller and Courtine, where both vaence and coordination number of
the cation present in the compound are considered.
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Chapter 3: Catalytic Activity Sudies and Mechanism of Phenol Methylation

SECTION |

3.1. INTRODUCTION

Phenol can be akylated with methanol in the liquid or gas phase. Liquid phase
phenol methylation is generdly caried out in the presence of Lewis acid catalyst and it
gives ortho and para subdtitution with low sdectivity [1,2]. Further, it gives numerous sde
products and their separation is difficult. Moreover, it is technologicaly unfavourable due
to long reaction times, high pressure, high consumption of catadys and troublesome
regeneration [1-3].

Among vaious methylation agents methanol is the mogt promisng and
economicaly demanded than DMC and conventiond methylaing agents such as dimethyl
ulphate and methyl chloride [1,3]. Conventiond processes are atom inefficient and
generate large amount of waste.  For example, if one were to dkylae cresol
goichiomericaly with dimethyl sulphate and neutrdize the H,SO,4 with sodium carbonate,
the atom efficiency (AE) would be just 0.58. On the other hand, the direct methylation
with methanol will have an AE of 0.87, the only byproduct being water. Besides,
methanol is far cheaper and easer to handle than methyl sulphate.  Though DMC is more
environmentd friendly than methanol, with the former less sdectivity is achieved towards
ortho methylation.

Vapour phase nethylation of phenol with methanol usng solid acid cadydsts is the
most recommended process for Gakylaion. Gas phase methylation of phenol by CH;OH
was reported by Ipatieff as early as 1925 [4]. Later, solid catdysts of the mixed oxides
type containing basic Stes, or acidic and basic Stes, were found to catalyze efficiently the
methylation of phenols with methyl dcohol with high sdectivity for ortho methylaion.
Usudly in the gas phase, methanol and phenol vapours react in a flow reactor under
amospheric pressure in the temperature range of 300-420°C. The cadyst used forms a
dationary bed. Often water is added to the feed in an amount of 515 % by weight of the
totad amount of phenol and methanal.
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3.2. RESULTSAND DISCUSSION OF PHENOL METHYLATION
3.2.1. Effect of MeOH:PhOH molar ratio

Phenol methylation was carried out a 350°C on x = 0.50 using MeOH:PhOH molar
ratios between 3 and 7 (Figure 3.1 — bottom pand) to obtain the optimum reactants

compostion for detailed sudies; time dependence of phenol converson for dl catayst
compositions are dso shown in Figure 3.1 (top pandl).
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Figure 3.1: Time dependence of phenol conversion on Cu,.,Co,Fe,O, catalysts at 350°C isshownin
top pand. Bottom panel shows the methanol:phenol composition dependence of phenol conversion and
ortho products selectivity on CusCoesFe,0s, t = 3 h at 350°C.

Phenol converson gradudly increases with the above ratio and a maximum of 98 mol%
converson is achieved a 35. Sdectivity of mgor products, o-cresol and 2,6-xylendl,
show a linear dependence but in an opposte direction with increesng MeOH. Although,
converson leved is congant 35, a margind increese in sdectivity of 2,6-xylenol was
observed a high molar ratios. These facts reveded that 2,6-xylenol is produced at the
expense of o-cresol. Besdes, a decrease in total ortho sdlectivity was observed a high
MeOH:PhOH ratios (2 6) due to an increase in the formation of other methylated products
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dtogether to the leve of 55 mol%. Excess methanol also causes more deactivation due to
coking and it is confirmed from the large weght loss due to carbon burning in ar in
thermogravimetric andysis (data not shown). Above results demondrate the MeOH:PhOH
ratio of 5 is preferred from the converson, desred sdectivity and less desctivation point of
view. Similar trend was observed a x = 0 and 1, suggests the MeOh:PhOH ratio to be 5:1,
irrespective of catalysts composition.

It is clear that excess methanol is necessary, even though reaction stoichiometry
suggests a MeOH:PhOH ratio of 2 for 2,6-xylenol. Since the reaction is peformed in
vgpor phase st up, some amount of methanol will be lost due to unavoidable sde
reections such as methanol reforming and smple gasfication. Acidic nature of the catayst
might help to avoid the above Sde reactions to some extent. In view of the above we have

sudied the influence of water in the feed over an extended reaction period of 50 h on x =
0,0.5and 1 (Figure 3.2).

;
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Figure 3.2: Effect of water on phenol methylation over three selected compositions x = 0.0, 0.50

and 1.0. Phenol methylation is carried out with phenol:methanol:water composition of 1:5:2 a
350°C and at WHSV of 0.869 h™.
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PhOH:MeOH:H,0 rdtio of 1:5:2 was used in this study. Generaly, a prolonged gability is
observed with consderably low deactivation compared to the feed without HO. Needless
to say the advantage of RO in the feed is that the steam will suppress coke formation by
water gas shift reaction and will maintan catdytic activity for longer period. Further,
methylation carried out in Hy amosphere showed fast deectivation of the catdyst with low
PhOH converson demondrate large reduction of catalyst suppresses the methylation and
hints the metdlic species ae not the methylaion centers. Besdes test reactions were
caried out with MeOH aone on ferrospinds shows typical reformate products and after
about 5h methanol dated condensing additiondly. Thermogravimetric andyss of the
above catalyds clearly exhibit the amount of ®ke is comparable to that of treated with 1.5
ratio of PhOH:MeOH. This hints the coke formation is modly due to MeOH
decomposition and other routes like phenol-resn polymerization is less likdy under our
experimentd conditions.

Figure 3.1 (top pand) shows decrease in phenol converson, in generd, with
reaction time at any catayst compostion. Comparable high phenol converson is observed
a x = 05 ad 075 and dl other compostions show rdatively lower converson leves.
Phenol methylation gave predominant (397.5 mol%) ortho methylated products viz. o-
cresol and 2,6-xylenol over Cu;-xCoyxFe,O4 (Figures 3.3 and 3.4). Minor products such as
anisole, 24-xylendl, p-cresol and 2,4,6-trimethyl phenol (TMP) etc. were also produced
atogether in 0.5-2.5 nol% range (Tables 3.1 and 3.2) irrespective of the compostion and
temperature. However, 3375°C a dight increase in sde products up to 5 mol% was

observed. Detailed results are presented in the following.

3.2.2. Effect of catalyst composition

Figure 3.3 shows the sdectivity of (@) o-cresol and (b) 2,6-xylenol and (c) phenol
converson as a function of cadyst compodtion a different temperatures. The product
digribution obtained from phenol methylation reaction over Cu-xCoxFe,O, under the
optimized conditions (Temperature = 350°C, PhOH:MeOH mole ratio = 1:5, WHSV =
0.869 ' and TOS = 3) is presented in Table 3.1.
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Conversion and Selectivity on Cu, Co Fe O,
Catalyst Composition Dependence; Time =3 h I
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Figure 3.3: Composition dependence of selectivity of ocresol (a) and 2,6-xylenol (b) and phenal
conversion (c) is shown between 280 and 400°C on Cu,,Co,Fe,0,. It is to be noted that 2,6-xylendl
selectivity increase at the expense of o-cresol and indicates the sequential methylation.

Table 3.1: Influence of catalyst composition on product distribution over Cu,,Co,Fe,0,4

(x=0,0.25,0.50,0.75and 1). Phenol methylation iscarried out with phenol:methanol =1:5
at 350°C and at WHSV = 0.869 h™.

Product distribution Catalyst composition, x
0 0.25 0.50 0.75 1

Arométics 0.07 0.55 0.21 0.15 0.04
Anisole 0.14 0.21 0.15 0.68 0.56
Unreacted phenol 19.07 13.15 259 5.64 22.09
o-Cresal 4866 4831 2234 3629 40.28
2,6-xylenal 3174 3714 7231 5593  34.77
p-Cresol 0.03 0.16 0.20 0.14 0.21
2,4-Xylendl 0.24 0.41 1.08 0.65 1.57
2,4,6-TMP 0.04 0.08 0.96 0.26 0.37
Other dkyl phenols 0 0 0.15 0.25 0.11
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The influence of Cu-Co combination is an important factor to phenol converson and 2,6-
xylenol sdectivity is evident from the following results liged beow: (1) phenol converson
increases from end compositions (X = Oand 1) to intermediate compositions (0<x<1) up to
350°C and comparable conversion is observed 3375°C a dl x vaues though overal
converson decreases, (2) large sHectivity of o-cresol found a x = 0 and 1 gradudly
changes towards 2,6-xylenol a O<x<1, (3) 2,6-xylenal is produced at the expense of o-
cresol, and (4) a genera decrease in phenol converson and a change in product sdectivity
pattern is observed 3375°C. x = 0.5 composition displays large phenol conversion and
sdective towards 2,6-xyleol a 350°C, dthough other compositions too exhibit high
conversion, 390 mol%, but not sdective. This indicates an equa amount of Cu and Co is
necessxy in the bulk for the effective ortho dimethylation. A deviation from the above
trend is observed a 400°C with high 2,6-xylenol sdectivity a end compositions and an
increase in atogether secondary products selectivity to >20 mol% at O<x<1.

3.2.3. Reaction temper atur e dependence

The effect of reaction temperature on phenol methylation is shown in Fgure 3.4 for
x=0,05and 1.

e
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Figur e 3.4: Temperature dependence of phenol conversion and products selectivity for x =1.0(a), 0.5
(b) and 0.0 (c). Linear increase in phenol conversion and 2,6-xylenol selectivity with increasing
temperature indicates the first order dependence of phenol conversion.
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Table 3.2 summarizes the effect of reaction temperature towards product distribution over
X = 050 a a temperature range between 280 and 400°C. These results have been
presented above, but are displayed in a new way here to highlight the corrdation between
converson and sdectivity. Figure 34 and Table 3.2 demondrates. (1) Phenol converson
increases linearly with temperature up to 350°C and a concurrent increase (decrease) in
2,6-xylendl (o-cresol) sdlectivity is observed a any given x. (2) Podtive and negative firgt
order dependence on phenol converson for 26-xylenol and o-cresol  sdectivity,
respectively, for al compostion up to 350°C, (3) Decrease in o-cresol production is
compensated by an incresse in 26-xylenol Hectivity explans the mehylaion is
sequentid and methylation rate aso increases with temperature up to 350°C, and (4)
Importance of 1:1 ratio of Cu:Co combinaion in x = 05 a 280°C by displaying
comparable catalytic activity as that of end compositions a T3 350°C.

Table 3.2: Effect of temperature on product distribution over Cugs0C050F€.04. Phenol
methylation is carried out with phenol:methanol = 1:5 at 350°C and at WHSV = 0.869 h™.

Product Digtribution Temperature

(Mol %) 280 300 325 350 375 400
Aromdics 0 0 0.13 0.21 1.34 18.79
Anisole 0.08 0.15 0.16 0.15 0.40 0.09
Unreacted phenol 2083 1410 7.26 2.59 1482  21.80
0-Cresol 4892 4241 2704 2234 4649  37.16
2,6-xylenol 2947 4228 6400 7231 3410 18.29
p-Cresol 0.20 0.32 0.14 0.20 0.27 0.25
2,4-Xylenol 0.22 0.20 0.81 1.08 1.16 1.09
2,4,6-TMP 0.23 0.38 0.28 0.96 1.00 1.05
Other dkyl phenols 0.05 0.17 0.16 0.15 0.37 0.98
Biphenyls 0 0 0 0 0.05 0.53
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3.2.4. Discussion

An important aspect of the methylation reaction to the discusson presented here is
related to the dependence of the product sdectivity on phenol converson. High phenol
converson (98 mol%) and 2,6-xylenol sdectivity (75 mol%) is achieved & x = 0.5
composition between 325 and 350°C. However on moving ether sde of the above
conditions, in terms of reaction temperature as wel as catdys compositions, increases the
sectivity of o-cresol with decreasing phenol converson (Figures 3.3 and 34). A linear
relaion is shown between increesng phenol converson and 2,6-xylenol sdectivity a
temperatures upto 350°C in Figure 34. Hence high phenol converson becomes a
prerequidite for dimethylation to produce 2,6-xylenol. However this is not he case with ¢
cesol, as its sdectivity declines with increesng phenol converson. These two points
actudly suggests the gepwise methylation of PhOH to 2,6-xylenol through ocresol at high
phenol converson. Near totd ortho products formation below 350°C a dl x vaues
indicates, in generd, the desorption of ortho products are high. At high MeOH:PhOH
ratios (2 6) high methylation capacity with low phenol on the catdyst surface leads to more
secondary products.

Low sdectivity of 2,6-xylenol observed a x = 0 and 1 is attributed to high
gadfication of MeOH than its decompostion. This is clearly supported by the low carbon
content on the spent catalysts at x = 0 and 1 compositions (Chapter 4, Table 4.7 and Figure
4.6). Better sdectivity of 26-xylenol and high C content observed clearly suggedts the
methanol decomposition is increesing a O<x<l1 (Figures 3.3 and 3.4). This is further clear
from the very high 2,6-xylenol sdectivity (380 mol%) observed a x = 0.5 with high
MeOH:PhOH ratio of 6 and 7 Figure 3.1). Mixed metd oxides of CuO-Fe,Os; and CoO-
Fe,03 shows about 68% methanol gasification [5] at 350°C supports our findings and the
necessty of high methanol in this reaction on ferrospings. Although x = 0 and 1 shows
decreasing phenol conversion a T>375°C, an increase in 2,6-xylenol sdectivity indicates
an increase in methanol decompasition and dimethylation capacity.

Introduction of Co in CuFe04 system (at x = 0.25) shows an increase in phenol
conversion to 62 mol% from 35 mol% a x = 00 a 280°C (Figure 3.3). Contrarily,

introduction of Cu in CoFe0O4 (X = 0.75) digplays an increase in phenol conversion five
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times and 2,6-xylenol sdlectivity to 22% from no xylenol a 280°C. Further, high phenol
conversion achieved a 350°C at x = 0.75 is 94 mol%, whereas the same is 87% in x = 0.25
case. Thisunderscores the role of Cu is rdatively higher than Co in phenol methylation.

3.2.5. Thermodynamic aspects of phenol methylation

The following pathways are possble with respect to the reaction mechansm of

phenol methylation on mixed oxide cataysts based on mixed oxides of trangtion metds.

(1) Theformation of 2-methyl phenal is due mosly to the direct methylation of phenal.

(2 Formetion of anisole is negligible and anisole in turn, if a dl formed, is scarcely
methylated to form o-methyl anisole.

(3) Dimethyl phenol isomers are formed by a consecutive methylation of 2-methyl phenal,
where upon it tends to form 26-dimethyl phenol dominantly rather than 24-dimethyl
phenal.

(4 Dimethyl phenol isomers can dso be formed by the smultaneous addition of two
methyl groups a a time, i.e, by pardld reection. Here dso it tends to form 2,6-dimethyl
phenol predominantly rather than any other dimethyl phenol isomer,

(5) And 2,4,6-trimethyl phenol isformed by further methylation of dimethyl  isomers.

For sudying the thermodynamic aspects of the reaction between phenol and
methanol leading to the formation of 2-methyl phenol and 2,6-dimethyl phenol as man
products, the following reaction scheme are considered, based on the above pathways.

1. Main reaction (Reaction |): Single methylation of phenal to 2-methyl phenal (o-cresol).

OH OH

2. Consecutive reaction (Reaction 11): Consecutive Methylation of 2-methyl phenol to 2,6-
dimethyl phenol (2-6-xylenal).
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OH OH

CH
* CcHoOH . + H,0 (2
A2 BZ C2 D2

3. Pardld reaction (Reaction I11): Simultaneous addition of two methyl groups at atime.

OH OH
Kk, HC CH,

+ 2CH,OH — =, + 2H,0 (3)
A3 B3 CS DS
The comparative results of experimenta and theoretica equilibrium rate congtants
K1, K2 and K3 for reactions 1, Il and 111 are presented as Figure 3.5.
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Figure 3.5: Theoretical and experimental comparison of reaction equilibrium rate constant for

various compositions of Cu, ,Co,Fe,0;.
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There are three possible types of reaction occurring on catdyst surface.  In order to
minimize the complexity, the activity coefficent condant, g assumed to be 1. This
assumption does not affect the theoreticd equilibrium congant, as the equilibrium congant
vaues modly depends on the mole fraction of the individud compound.  The
thermodynamic equilibrium congant or the thermodynamic equilibrium rate congtants for
the above three types of reaction in the vapour phase is consdered and for a non-ided
system, it can be described as follows,

The thermodynamic rate constant [6-9] for reaction | can be written as

K1=[(%1. @)/ (@aa- @1)] = [(Xe1- Xar)r (Xax. Xp1)] * [(Ze1- Zan)r (Zaa- Z1)] = Kxa Koz (4)
%1= %m= %m= "

where K- = congtant based on activity coefficients

The thermodynamic rate constant K, can be written as,

K2=[(ac2 -ap) / (Ga2 -@2)] = [(Xe2 - Xa2)/ (Xa2 - X62)] * [(Go2 - G)/(G2e . G2)] = Kx2Kgz  (5)
2= = Pw= %

And thermodynamic rate constant K3 can be written as,

Ks = [(aca-aw)/(Baa&ba)] = [(XcaX’e)/(Xea-&ha)] * [(Gha-Taa)/( G- oa)] = KxaKgz  (6)
Oc3=0d3= Ga3 = Qb3

The prediction of the equilibrium reaction rate congtants Ki, K, and Kj at each temperature
was done by integration of Van't Hoff equation [6-9],

dinKy23)/dT = -?H/RT? 7)

where R is the gas congant and ?H is the reaction etthdpy a temperature T. A generd
expression for the hest of reaction [6-9], in the vapour phass, is given by

?2H = 2H° a08k) + 208 7 ?Cp° (298K) dT 8
with
?2H% = 2n; 2 HY; (9)
and
2C% = 72n C%; (10)

where n;, Cp and ? H%; are the stoichiometric coefficient, molar hest capacity and the
standard heat of formation at 298 K of component i in the vapour phase respectively.
By definition,
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?2G°% = 2 n G’ = - RTInKg (11)
or
Keq= exp(-?G/RT) (12)

where, G is the standard free Gibbs energy of formation of component i. The standard
formation of enthdpy, molar heat capacity and free Gibbs energy for reactions I, Il and 1lI
were calculated by equations 9,10 and 11 and is presented in Table 3.3.

Table 3.3: Standard formation propertiesfor phenol methylation at 298 K for reactionsl, 11
and 11 in vapour phase.

Component ?H{° (K cal/mole) ?2GY% (Kcal/mole) ?2C%; (cal/mole’K)
Reaction | -17.43 -16.8 3.9

Reaction |1 -64.32 -34.99 14.56

Reaction 111 -52.11 -51.79 185

The reection equilibrium rate congant can be evaluaed a any temperature by subgtituting
vaues from Table 3.3 in egs (8) and (12), giving following expressons.

Reaction |

?H1= -17.43 + 2987 (3.94) dT (13)
and Kagg = 111K (14)
Reaction I

?2H, = -64.32 + 5987 (14.56)dT (15)
and Koog =1.24 Kt (16)
Reaction Il

? Hy = -52.11+ 5087 (18.5) dT (17)
and Kaoge= 1.37 %k? (18)
After subgtitution of equation 13-18 in equation (7).
Reaction |

In(K4/1.11) = - ?H/R (UT - 1/298)  (19)
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Reaction 1

In(K2/1.24) = - ?H/R (UT - 1/298)  (20)
and

Reaction 111

In(K3/1.37) = - ?H3/R(UT - 1/298) (21)

The comparison between experimenta vaues and those predicted by egns. 19, 20
and 21 is shown in Fgure 35, for different compostions of catdyds. At 623 K,
experimentaly 26 dimethyl phenol formation increases by both consecutive and pardld
path. As per the theoretica prediction both the path should increase margindly or amost
congant with respect to temperature in the range of 570-650 K. In Figure 3.5, the
experimentad vaues of thermodynamic equilibrium congant K, K2 and K3 for reaction I,
[1 'and 111 for the composition x = 0 are not in agreement with the theoretica vaues.

The formation of 2,6-dimethyl phenol increases up to 623 K and it approaches more
towards the theoretical vaues of K;, Kz and Ks. As the Co concentration increases from
25% to 50%, the 2,6-dimethyl phenol formation observed to be increased by the
consecutive path. This increment in 2,6-dimethyl phenol is dmog 3.5 folds higher than the
theoreticd one. A further increase in the Co content decreases the 2,6-dimethyl phendl
formation observed experimentaly, but it is higher than the theoreticd vdue. This may be
due to the favoring of pardld reaction dong with consecutive reection, decrease in the
methanol concentration over the catdyst surface. This decrease in methanol concentration
reduce the 2,6 dimethyl phenol formation by consecutive path. So, the further increase in
% of Co from 050 to 0.75 does not show any improvement in activity. Similar
obsarvation is found for the compostion x = 1. Thus from the thermodynamic study it can
be concluded that at 623 K, the consecutive reaction equilibrium rate congtant K together
with K> is more favoured than Ks, sgnifying high feeshility of consecutive pathway for
formation of 2,6-dimethyl phenol from phenol through 2-methyl phenol over its direct
dimethylation.

The curves of reaction equilibrium rate congants K1, Ky and Kz for cadys
Cuy.50C00.50Fe204 are more comparable with theoretical one, in the working temperature
range of 553 — 673 K for a reaction period of 3 hrs. The vaues of K;, K, and K3 for other
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sudied catdyst are not closdly comparable. This study thus dlows us to compare the
different spinds for reaction equilibrium rate congant, both by theoreticaly and
experimentaly.

3.3. PHENOL METHYLATION USING DIMETHYL CARBONATE (DMC)

Dimethyl carbonate (DMC) has two carbon centers a which a nucleophile may attack
the carbonyl and the methyl group. When a nucleophile attacks carbonyl carbon of DMC, the
cleavage of acyl-oxygen bond results in a methoxy carbonyl product. When the attack is on
the methyl carbon of DMC, the methylation product is produced by the CHs-O bond cleavage
[10]. An important advantage of DMC is that it is non-toxic in nature. Alkylation of phenaol
with methanol is well established. However only a few reports are avalable on phenol
methylation usng dimethyl carbonate as methylating agent [11-17] and leads to the very
selective O-methylation of phenol to anisole[12,15-17] in contrast to methanol.

The methylation of phenol over Cu.xCoxFe;O4 is sudied usng a feed mixture of
phenol and DMC (2:5) at 350°C to understand the catalytic performance of this system.
Figure 3.6a and Table 3.4 shows the influence of compostion towards phenol conversion
and sdlectivity of various products a 350°C.
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Figure 3.6. (8 composition dependence of phenol methylation over Cu,,CoFe,0,4 (b) Time
dependence of phenol methylation on Cug 50C0o 50F€,04; Phenol methylation is carried out with
phenol:dimethyl carbonate (DMC) composition of 2:5 at 350°C and at WHSV of 0.869 h*.
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The data thus obtained correspond to third hour time on stream (TOS = 3 h). From Table
34 and figure 3.6a it is clear that compogtions containing both Cu and Co ae highly
active towards phenol converson and among which x = 050 shows maximum activity.
All the compostions are susceptible to form both O-dkylated (anisole) and C-akylated
(ortho dkylated products such as o-cresol and 2,6-xylenol). None of the compostions
show high sdlectivity towards a particular product. However, among dl the compositions,
X = 050 shows maximum sdectivity towards 2,6-xylenol, the most demanded product.
Figure 3.6b shows the catdytic peformance of x = 050 as a function of time. An
important observation can be made from the data is the continues incresse of anisole
sectivity astime progresses. Similar trends are observed for other compositions aso.

Table 3.4: Influence of catalyst composition on phenol conversion and product distribution
over Cu.CoFe,04. Phenol methylation is carried out with phenol:dimethyl carbonate
(DM C) composition of 2:5 at 350°C and at WHSV of 0.869 h™.

Product distribution Catalyst composition, x
0 0.25 0.50 0.75 1

Anisole 16.25 2019 1831 3637 11.01
Unreacted Phenol 43.04 1212 314 10.2 31.23
o-Cresol 3290 4294 2586 2152  47.02
2,6-xylenal 6.79 2392 5129 3094 989
p-Cresol 0.10 0.16 0.03 0.15 0.19
2,4-Xylendl 0.68 0.23 0.94 0.42 0.31
2,4,6-TMP 0.53 0.44 0.44 0.40 0.35
Phenol conversion 56.96 8788 96.86 89.8 68.77
0-Cresol selectivity 57.76 4886  26.7 2396  68.37
2,6-Xylenol sdlectivity 11.92 2722 5295 3445 1438
Totd ortho selectivity 69.68 76.08 79.65 5842 8275
Anisole Hectivity 28.53 2297 1890 4050 16.01
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34. CATALYTIC ETHYLATION OF PHENOL
3.4.1. Introduction

2-ethyl phenal resulting from the ethylation of phendl is a vauable chemicd and it
IS used as a dating materid for photochemicas [1]. It is ds0 an intermediate for the
gynthesis of benzofuran, which in turn together with indene is the raw materia used for the
production of indene-coumarone resins [18]. Numerous studies have been devoted to the
dkylation of phenol with ethanol or ethylene for the synthess of mono and diethyl phenols
[1,19-25]. 2-ethyl phenol and 26-diethyl phenol ae produced indudtridly by ortho
ethylation of phenol with ethylene in high-pressure autoclaves at 320-340°C and 20mPain
the presence of 1-2 % auminum phenolate. Various types of cataysts have been reported
to prepare 2-ethyl phenal, incuding THAI oxides, Fe-Si-Mg oxides, phosphoric acid-SO.,
Fe,O3, Cr,0O3, magnetite, hydrotacites, zeolites and Al,O3; oxides [1,19-25]. However
these catalysts possess one or more of the drawbacks such as, low converson, severe
operative conditions, poor sdectivity due to number of sSde products and lack of
reproduci bility.

3.4.2. Results

Reaction of phenol with ethanol provides ortho ethylated 2-ethyl phenol (EtPhOH)
as mgor product over Cu-xCoxFexO4. Side products such as para ethylated phenols, ethyl
phenyl ether (phenitole), ethyl methyl phenols, cresols eic are dso formed in very smadl
quantities. Formation of 2,6-diethyl phenol occurs to an extent of 10-15 % sdectivity at
high temperatures.

3.4.2.1. Effect of Ethanol:Phenol mole ratio on Cu;.xCoxFexO4

In order to choose an optimum feed mix, phenol ethylation on x = 0.50 was carried
out a 350°C using molar ratios of EtOH:PhOH between 3 and 7 (Figure 3.7a). PhOH
converson varies in a volcano shape with increasing EtOH:PhOH ratio with a maximum
conversion observed a a vaue of 5. PhOH converson decreases above and below 5.
Above trend hints the amount of EtOH is too less a a ratio of 3 for a better PhOH
converson. Neverthdess, low converson a high EtOH:PhOH ratio might be due to excess
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ethanol in the feed mix causes the decompostion of EtOH as one of the mgor reaction
leaving little room for PhOH ethylation over the catdyst surface. Thus, it is gpparent that
ethanol is consumed in other Smultaneous reactions, such as ethanol reforming, to form
gaseous products such as Hy, CO, CO, and hydrocarbons. Formation of above gaseous
products was confirmed by GC and GC-MS andyss. Hence EtOH:PhOH mole ratio of 5:1
was gpplied for al reaction results reported in this paper, unless otherwise stated. The ratio
of 51 is optimd from the point of view of the converson exceeds consderably the vaue
desred by the goichiometry to form both EtPhOH and 2,6-diethyl phenol. EtPhOH
sectivity remains a a condant high vaue of 81+2% irrespective of feed ratio a time on

dream =3 h.
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Figure 3.7: () Ethanol:phenol composition dependence of phenol conversion and 2ethyl phenol
sdectivity on CuysCopsFe,0,4, TOS=3 h at 350°C. (b) Time dependence of phenol conversion and
2-ethyl phenol sdectivity a 375°C; conversion and selectivity is denoted by solid and open
symbols, respectivly and x values are indicated. Note increasing product selectivity with
increasing TOS and decreasing phenol conversion on Co-rich compositions. (¢) TOS dependence
of product yield a x =0, 0.5 and 1, shows high and stable yield with Cu-containing compositions.
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3.4.2.2. Effect of time on stream

The dability of the cadyss were dudied from the time on dream (TOS)
dependence at 375°C for 50 (10) hours on compositions namey, x = 0, 0.5 and 1 (x =0.25
and 0.75) and shown in Figure 3.7b. From the results it is clear tha an increase in PhOH
converson is observed initidly up to 5 hours for x£0.75; dmost congant selectivity of
EtPhOH is observed during the above time period with considerable amount of secondary
products. Initid TOS up to 5 h is conddered to be a transent date (TS). As the time
progresses, PhOH converson and EtPhOH sdectivity reaches apparently to a steady state
(SS) with a fluctuation of less than few percent up to 30 to 40 hours and theresfter
deactivation darts very dowly. However large decresse in activity pattern with time is
observed on CoFe,O,4 from the beginning. x = 0.0 and 0.5 shows an excdlent sability over
the entire period of time dudied with low deactivation above 30 h; however catdytic
activity above 30 h is better or comparable to the TS activity. Moreover, progressive
improvement of EtPhOH sdectivity is observed on dl compostions as time increases. This
IS due to the progressve suppresson of secondary reactions with incressing TOS towards
the formation of aromatics, akyl phenols etc observed consderably a low TOS.

A better picture about the TS and SS can be seen in Figure 3.7c with EtPhOH yield
againg TOS for catalys compostion of x = 0, 0.5 and 1. Almost an invarigble EtPhOH
yidd of 46+1% and 56+1% is seen in the SS for x = 0.0 and 0.5, respectively. No such SS,
but a continuous decline in yidd is seen a x = 1.0 and indicates the poor activity and
gability of CoFe;O4 towards ethylation. Nonethdess, an equa bulk combination of Cu and
Co a x = 05 digplays a high and dable cataytic activity hints the combination is better
than end compositions. Further, a product yield a 50 h is comparable or gresater than that
obtained at 1h is observed for x = 0.0 and 0.5, demondtrates their superior ability. TS and
SS obsarved in the above indicate a considerable modification of the surface from the
initia catdys sate to highly reactive state during SS.

3.4.2.3. Effect of catalyst composition

Figure 3.8 displays the influence of catayst composition on PhOH converson and
EtPhOH sdlectivity at different temperatures and a TOS = 3h.
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Figure 3.8: Composition dependence of phenol conversion (a) and 2ethyl phenol sdectivity (b) is
shown at temperatures between 300°C and 400°C on Cu,..Co,Fe;0,. Reatively large phenol
conversion with x = 0.5 and high sdlectivity with x = 0.0 is observed at all temperatures.

The product digtribution obtained from phenol ethylaion reaction over Cu-xCoxFe,O4
under the optimized conditions (Temperaure = 375°C, PhOH:EtOH mole ratio = 1.5,
WHSV = 0.869 h' and TOS = 3) is presented in Table 35.  The influence of Cu+Co
compogition is an important factor towards PhOH converson is evident from the
comparatively large PhOH converson a intermediate compositions (0<x<1) compared to
end compositions (x = 0 and 1). x = 0.5 composition shows maximum PhOH converson at
al temperatures studied. However, CuFe,O4 shows the maximum sdectivity for EtPhOH
a al temperatures and the sdlectivity decreases with increase in x up to 375°C. However,
a 400°C sdectivity of EtPhOH fdls off a intermediate compositions compared to end
compostions. Also from the product analyss, it is found that O<x<1 produce consderable
amount of aromatic hydrocarbons such as benzene and toluene in contrast to end
compositions at 400°C.
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Table 3.5: Influence of catalyst composition on phenol conversion and product distribution
over Cu,.,CoFe,0,4. Phenol ethylationiscarried out with phenol:ethanol moleratio of 1:5at
375°C and at WHSV of 0.869 h™.

Product distribution Catalyst composition, x

0 0.25 0.50 0.75 1
Aromdics 1.15 2.92 2.03 4.02 2.31
Phenylakyl ethers 0.67 1.64 1.95 2.67 2.61
Unreacted Phenol 41.13 36.22 2850 3755 47.20
0-Cresol 0.62 0.63 1.62 3.50 3.35
2,6-Xylendl 0.02 0.04 0.17 0.24 0
2- Ethylphenol 4510 4823 5132 4271 3578
Ethylmethyl phendls 0.84 2.59 2.08 2.60 1.84
2,6-Diethyl phenol 8.91 6.29 9.73 4.86 6.25
Other dkyl phenols 1.55 1.43 2.60 1.87 0.66
Phenol conversion (%) 58.87 63.78 71.50 62.45 52.80
2- Ethylphenol sdlectivity (%) 76.62 75.62 7178 6839  67.77
Totd ortho ethyl sdlectivity 91.75 8548 8539 76.17  79.61

3.4.2.4. Effect of reaction temperature

The reaction temperature dependence of PhOH converson and EtPhOH sdectivity
were investigated on al five compostions and displayed in Figure 3.9. These results have
been presented above, but are digplayed in a new way here to highlight the correation
between converson and sdectivity. (&) All the compostions show an increase in PhOH
conversion linearly up to 375°C and then decresses with further increase in temperature for
0<x<1, but increases margindly for x = 0 and 1. However, x = 0.5 ill shows large PhOH
conversion a 400°C. (b) As the temperature increases the selectivity of EtPhOH decreases
lineerly for al compostions, with highest sdectivity & x = 0.0. () Podtive and negative
firs order dependence of PhOH converson and EtPhOH sdectivity, respectively, for dl
compositions up to 375°C. (d) At low TOS, high temperature tends to an incresse in above
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mentioned side products, due to which the EtPhOH sdlectivity decreases. First and second
point indicates the importance of Cu+Co combination in PhOH converson and Cu-species
in ethylation.
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Figure 3.9: Temperature dependence of (a) phenol conversion and (b) 2-ethyl phenol sdectivity is
shown for al compositions. Linear increase in phenol conversion and a decrease in 2ethyl phenol
selectivity with increasing temperature indicate the first order dependence of reaction.

3.4.3. Discussion

From the catdytic activity data (Figures 3.7-3.9), it is clear that compostions
containing both Cu and Co are found to have better cataytic performance than the end
compositions and x = 0.50 shows high catalytic performance. Nonetheless, CoFe,O4 shows
poor activity. Second important aspect is the sdectivity of EtPhOH decreases with
decreasing bulk Cu-content and increesng temperature. This is due to the formation of
vaious C-dkylated products and aromatics. Third is the PhOH converson shows a
volcano type peformance with x a dl temperaiures (Figure 3.8) and a maximum
converson dways & x = 0.50. Above points hints the ethylation activity is mainly due to
Cu+Co combination and among them Cu is highly active towards ethylation.
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Ethylation leads to O-adkylation dso to a margind extent. However with the
present series of cadyds, sdectivity of O-akylated product was found to be <5%
irrepective of temperature and compostion. Again C-dkylation can take place ether by a
direct route or by the rearrangement of the ethyl phenyl ether (dso caled isomerization).
To decide between these two routes, phenitole vapour was passed over the catayst on x =
0.50 at 375°C. No isomerized products were observed and hence the present catalyst can be
consgdered to cadyze the C-akylation of PhOH directly without the rearrangement of
akyl phenyl ether as reported by Filla et d [26]. However, this observation is in contrast
to the behavior of dumina [19], on which akyl phenyl ethers undergo isomerization to
akyl phenols.

Two important aspects of the ethylation reactions to the discusson presented here
ae (@ an increexe in the sdectivity of EtPhOH with increasng TOS, and (b) constant
EtPhOH yidd during SS for x<1. An increase in EtPhOH sdlectivity is observed as time
progresses (Figure 3.7b) with simultaneous decrease of other sde reactions. Above
observations are dtributed to the redigtribution of active cations from the fresh catdyst
aurface to the surfaces a SS, is srongly supported from a good change in surface
composition (Chapter 4, Table 4.10). XPS analyss demonsdtrates the above changes are
necessary from the reaction point of view is discussed later.

TOS sudies of x = 0 and 1 in Figure 3.7b clearly illustrates the importance of Cu in
ghylaion. Same initid activity is observed for both x = 0 and 1. A continuoudy
decreasing activity with x =1 with TOS is in sark contrast with high and stable activity a
x = 0. However a high EtPhOH sdectivity with x = 1 indicates that phenol converson is a
limiting factor. A careful look at the surface atomic ratio of x = 1 in Table 4.10 (Chapter 4)
indicates the initid Fe-rich surface converted to Fe:Co ratio of 1:1 after reaction a 375°C
for 10 h. This indicates the large surface segregation of Co leads to lower activity.
Replacement of 50% Co (x = 0.5) by Cu leads to an enhanced and stable ehtylation activity
acertan that it is the combination of Cu+Co that works better than any single meta-ion
enriched surfaces.

The kinetic parameters were evaluated from the PhOH converson data in the
temperature range between 300°C and 375°C in an Arrhenius fashion to highlight the
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nature of ethylation reaction. Experimenta results showed that PhOH ethylation over Cuy.
xCoxFex0O4 follows firg-order kinetics with respect to PhOH conversion and hence the rate
isassumed to be:

Rae=In(g/1-g9) = InAg - (E4RT) (22
where In Ao is the gpoparent Arrhenius frequency factor, which includes contact time and
intid PhOH concentration, q is the PhOH converson and E; is the apparent activation
energy. The representative Arrhenius plots for PhOH converson employing Eq. (22) for
the catdysts composition of x = 0, 0.5 and 1 and the values of E and In A, are plotted in
Figure 3.10 aand b, respectively.
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Figure 10: (8) Arrhenius plots shows a linear increase in phenol conversion with increasing
temperature and (b) activation energy against frequency factor. Note the low activation energy
associated with intermediate compositions compared to end compositions of catalyst.
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From the kinetic parameters it is clear that compositions containing both Cu and Co exhibit
relaively low E, towards PhOH converson than end compostions. There are hardly any
reports available regarding the kinetic parameters for phenol ethylation. However, the E;
values for the PhOH methylation have been reported in the range of 20-130 KJmol over
MnO [27], anions loaded AIPO;-Al,O3 [28], HZSM-5 [29] and Mg-Al hydrotdcites [30].
The E; evaluated in the present study varies dmogt in the same and close range (94-113
KJmol) supports the vaidity of the modd assumed for the evauation of kinetic
parameters.

It has been shown by severd authors that a good correlation exists between E, and
In Ao for different reactions taking place over one catalyst [31-33]. Such a corrdation is
termed as ‘compensation effect’ or 'isokinetic effect’ and can be written as:
E. = a+b-InA (23
where a and b are congtants caled correlation parameters [33]. A plot of E versus In A
for the Cup-xCoxFexO4 (X = 0 to 1) series shows a draight line (Figure 3.10b) with a very
high linear regresson coefficent of 09999 indicating the exigence of a good
compensation effect and hints the mechanism of PhOH ethylaion remains the same over
the entire Cw-xCoxFeyO4 series. Vdue of a and b evduated from this plot are 10.83 and
5.80 KJmal respectively. In A, for the various compositions can be related to the entropy
of activation of the reactant species [34], and it is found that the intermediate compositions
offersless entropy of activation than x =0and 1.

3.5. ISOPROPYLATION OF PHENOL
3.5.1. Introduction

An extensve dudy of the dkylaion of phenol, both with propanol and
isopropanol in the presence of adumina has been published [3536]. Indudridly, 2-
isopropyl phenol is produced from phenol and propene usng g-Al,Os as the catalyst a a
temperature 250-300°C and 10Mpa pressure [1].  Alkylation of phenol with propene
resulted isopropyl acohol due to the formation of more stable 2° carbocation intermediate
[1,37]. Kannan etd [35] observed that, in the akylation of phenol with 1-propanol over g
AlO3, O-dkylation takes place without any isomerisation of the propyl moiety while a
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mixture of n-propyl and isopropyl phenols were noticed in the Gakylation. On the other
hand, no such isomerisation was observed by Karuppannasamy etd over thoria [26]. In
the dkylation of phenol with propanol, many akylated products were observed over Al,Os
[35:36] and Al-containing hydrotalcites [23, 38]. Other catalysts used for propylation
involve Cr,O3, condensed phosphoric acid-kieseghur, zeolites and MgO-CeO,, [19, 39].

3.5.2. Resultsand discussion

Reection of phenol with isopropanol (iPrOH) provides ortho akylated product,
viz., 2-isopropyl phenol as mgor product over the Cu.xCoxFe,O4 catadyst sysem. Trace
amount of lower akylated products such as o-cresol and 2,6-xylenol and 2,6-diisopropyl
phenol are aso formed.

In order to choose an optimum feed mix, phenol isopropylation on x = 0.50 was
carried out at 350°C using molar ratios of iPrOH:PhOH between 2 and 6 (Figure 3.114).
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Figure 3.11. (&) Isopropanol:phenol composition dependence of phenol converson and 2-
isopropyl phenol sdlectivity on CuysCopsFe,0s, TOS = 3 h a 350°C. (b) Time dependence of
phenol converson and 2-isopropyl phenol sdectivity on CuysCoosFe,0, a 350°C  with
isopropanol:phenol mole ratio of 1.5.
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PhOH converson vaies in a volcano shape with increasing iPPrOH:PhOH ratio with a
maximum converson observed at a value of 5. PhOH converson decresses above and
below 5. Above trend hints the amount of iPrOH is too less a a ratio of 3 for a better
PhOH converson. Nevertheess, low converson a high iPrOH:PhOH ratio might be due
to excess isopropanol in the feed mix causes the decompostion of iIPrOH as one of the
maor reaction leaving little room for PhOH isopropylation over the catdyst surface. Thus,
it is gpparent that isopropanol is consumed by its own decompostion to form gaseous
products such as H,, CO, CO,, acetone and hydrocarbons. Formation of above gaseous
products was confirmed by GC and GC-MS andyss. Hence iPrOH:PhOH mole ratio of
5:1 was applied for al reaction results, unless otherwise dated. The ratio of 5:1 is optimd
from the point of view of the converson exceeds condderably the vaue desred by the
goichiometry to form 2-isopropyl phenol (iPrPhOH). The dability of the cataysts were
studied from the TOS dependence a 350°C for 10 hours on x = 0.5 (Figure 3.11b). From
the results it is clear that both phenol converson and 2-isopropyl phenol remains amost
congtant during the above time period. Thus the catalyst is quite stable towards phenol
isopropylation reaction.

The reaction temperature dependence of PhOH converson and 2-isopropyl phenol
selectivity were investigated on x = 0.50 and displayed in Figure 3.12b. The products were
collected after TOS = 3 h by usng fresh cadys in each run. A linear dependence on
phenol conversion with temperature is observed up to 350°C. However, further increase of
temperature causes a decrease in phenol converson.  High temperature causes the
decomposition of isopropanol a faster process that reduces the availability of isopropanol
for dkylation. As the temperature increases the sdectivity of 2-isopropyl phenol
decreases.  Higher temperatures tends to an increase in the formation of lower akyl
phenols such as o-cresol and 2,6-xylenol due to which sdectivity of 2-isopropyl phenal
decreases.

Figure 3.12a and Table 3.6 digplays the influence of catalyst composition on PhOH
conversion and 2-isopropyl phenol selectivity at 350°C and at TOS =3 h.
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Figure 3.12: (a) composition dependence of phenol conversion and 2isopropyl phenol sdectivity
over Cu,.,CoFe,0, at 350°C with isopropanol:phenol mole ratio of 1:5 and WHSV of 0.869 h* (b)
Temperature dependence of phenol converson and 2-isopropyl phenol  sdectivity on

CuysCoysFe,0, at 350°C with isopropanol:phenol moleratio of 1.5.

Table 3.6: Influence of catalyst composition on phenol conversion and product distribution
over Cu.Co,Fe 0, (x =0, 0.25,0.50, 0.75 and 1). Phenol isopropylation iscarried out with
phenol:isopropanol moleratio of 1:5 at 350°C and at WHSV of 0.869 h™.

Product digtribution Catalyst composition, x
0 0.25 0.50 0.75 1

Unreacted phenol 9482 9149 7253 89.87 957
o0-Cresol 0.17 0.20 0.82 0.34 0.17
2,6-xylenal 0.21 0.44 121 0.53 0.15
2-isopropy! phenol 4.66 7.68 2424 9.02 3.84
2,6-diisopropy! phenol 0.11 0.13 1.03 0.13 0.10
Others 0.03 0.06 0.17 0.11 0.04
Phenol converson 5.18 8.51 2747 1013 4.30
2-isopropyl phenol selectivity 89.96 9024 8824 89.93 89.30
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Though dl are less active towards phenol isopropylation, compositions containing both Cu
and Co show comparatively high activity. Among Cu-Co mixed compostions, x = 0.50
shows consderably large phenol converson.  Irrespective of the compostions, dl are
highly sdective towards ortho adkylation and show ~90% sdectivity in 2-isopropyl phenol

formation.

3.6. TERTIARY BUTYLATION OF PHENOL
3.6.1. Introduction

Tetiary butylation of phenol has been dudied extensvely owing to indudrid
interest in the production as antioxidants, in the synthess of various agrochemicas,
fragrance compounds, ultraviolet absorbers, thermoresstant polymers and heat Stabilizers
of polymeric materids [1]. Both tertiary butyl dcohol and isobutene used extensvely for
this purpose. Various catalysts reported for this reection involve, Cr,Os, ion exchange
resns, zeolites, zirconia and sulphated zirconia [19,2340-47]. It is reported that the
molecular seve based catdysts like SAPO-11, HY, Ho, AIMCM-41 and FeMCM-41 were
proved to be potentid catayds for the tertiary butylation of phenol among the various
slid acid cataysts [43-47]. However, unlike other phenol akylation the reaction of
tertiary butylation of phenol gives numerous products depending on the nature of the

catalysts aswell as on the reaction conditios.

3.6.2. Resultsand discussion

Tertiary butylation of phenol was carried out with isobutene (gas) a 200°C. The
main products of t-butylation of phenol on Cu.-xCoxFe, O, are 2-tertiay butyl phenol (2-
TBP), 4-tetiary butyl phenol (4-TBP) and 2,4-di tetiary butyl phenol (2,4-DTBP). 2,6-di
tertiary butyl phenal is dso formed, but in trace amount. Figure 3.13a shows the results of
dkylation of phenol with isobutene over x = 05 a 200°C with various isohutene:phenol
ratio (1 to 7). It can be seen that an increase of phenol conversion is observed as the
isobutene/phenol mole ratio increases to 5 and theresfter decreases. However,
comparaively high yidd for 2-TBP was noticed a 1.3 feed ratio. Hence, this feed ratio
was maintained throughout the study. Figure 3.13b shows the change in phenol converson
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and sdectivity of various products with TOS over x = 05 a 200°C. The conversion of
phenol was 31.89 a TOS = 1 h. It is then sharply decreased to 4% at 10 h. Moreover, the
sectivity of 2TBP remains more or less same over the entire period of time studied. The
effect of WHSV on the catalytic performance is studied in the range 05 — 2 H' usng
x=0.50 catalyst at 200°C (Figure 3.13c). It can be seen from the data that both high and
low vdue of WHSV is not hdpful for high cataytic peformances Maximum phendl
conversion with a reasonable good selectivity of 2-TBP is achieved at WHSV=L1.
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Figure 3.13: (a) Isobutene:phenol composition dependence of phenol conversion and selectivity of
various butylated phenols on CugysCopsFe,0,, TOS = 3 h at 200°C (b) Time dependence of phenol
conversion and butylated phenols selectivities on CuysCopsFe,O, a 200°C with isobutene:phenol
mole ratio of 1.3 (c) The effect of WHSV on the cataytic performance for phenol butylation at
200°C with isobutene:phenol mole ratio of 1:3.
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Figure 3.14a shows the effect of reaction temperature on the converson of phenol
and sdectivity of various products over x = 0.50 at a space velocity of 1 and TOS = 3 h.
Maximum phenol conversion is observed at 200°C. Phenol conversion increases from 3.19
% to 29.62 % as the temperature was changed from 175°C to 200°C. However, rise of
temperature causes gradua decrease in phenol converson. Further, sdectivity of 2-TBP

decreases as the temperature increases.
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Figure 3.14: (d) Temperature dependence of phenol conversion and various butylated phenol
selectivities over Cu,,CoFe,0, at 200°C with isobutene:phenol mole ratio of 1:3 and WHSV of 1
h*. (b) composition dependence of phenol conversion and various butylated phenol sdectivities
over Cu,,CoFe,0, a 200°C with isobutene:phenol mole ratio of 1:3 and WHSV of 1 H' .

The results of the butylation of phenol with isobutene over Cu-xCoxFe;Oy4 is presented in
Table 3.7 with al side products.
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Table 3.7: Influence of catalyst composition on phenol conversion and product distribution
over Cuy,CokFe, 04 (x =0, 0.25, 0.50, 0.75 and 1). Phenol butylation is carried out with
phenol:isobutene moleratio of 1:3 at 200°C and at WHSV of 1h™.

Product digtribution Catalyst composition, x

0 0.25 0.50 0.75 1
Unreacted phenol 86.60 84.08 70.38 89.66 93.63
0-Cresol 0.17 0.21 0.38 0.13 0.08
2,6-xylenal 0.04 0.03 0.07 0.03 0
2-tirtiary butyl phenol 6.49 8.25 1276 397 1.50
4-tirtiary butyl phenol 4.38 5.83 8.19 4.46 4.37
2,6-ditirtiary butyl phenol 0.17 0.13 0.48 0.12 0
2,4-ditirtiary butyl phenol 2.08 141 7.49 1.59 0.34
Others 0.08 0.06 0.25 0.04 0.08
Phenol converson 1340 1592 29.62 1034 6.37
2-TBP sdectivity 4843 5182 4308 3839 2355
4-TBP sdectivity 3269 36.62 2765 4313 68.60
2,4-DTBP sdectivity 1552 8.86 2529 1538 534
Totd ortho selectivity 49.70 5264 4470 3945 2355

The important observations are:

(1) Cu rich samples show high phenol converson than Co rich samples  Phenol
conversion increases from x=0 to x=0.5 and then decreases with further increase of x.

(2) 2-TBP sdectivity decreases as the Co content increases whereas reverse is true for 4
TBP sHectivity.

(3) Among various compostions x = 050 shows maximum activity towards 24-DTBP
formation.
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SECTION I

3.7.INTRODUCTION

IR technique is idedly suiteble for invedtigaing the nature of adsorbed surface
intermediates on the oxide surface during catalytic reactions. The gspectra of adsorbed
oecies can provide information about the chemistry occurring on the surface.  In the
following we have atempted to study the adsorption behavior of phenol, methanal,
mixture of phenol and methanol, formic acid and various methylated phenols separately to
get an indght on the mechanism of phenol methylaion on the surface of Cu-xCoyxFeOs.
FTIR of above adsorbed molecules was recorded in drift mode and the experimenta
procedure is as described in chapter 2 (Section 2.4.2).

3.8.RESULTS
3.8.1. Adsor ption of methanol

The IR spectra of methanol adsorbed a different temperatures on three sdected
compositions x = 0, 0.50 and 1 were recorded in the region 1000-1800 cmi* and 2700-3100
cmit are shown in Figure 3.15 and Figure 3.16, respectively.

Figure 3.15: FTIR spectra of methanol adsorbed on Cu, .CoFe,O, for three selected compositions
x = 0.0, 0.50 and 1.0 in the range 1000-1800 cm* at different temperatures.
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Figure 3.16: FTIR spectra of methanol adsorbed on Cu,..CosFe,0, for three selected compositions
x = 0.0, 0.50 and 1.0 in the range 2700-3100 cm* at different temperatures.

The spectra obtained from the chemisorption of methanol on Cuy.xCoxFe,04 at £100°C are
composed of the superimposed spectra of surface methoxy and formate groups. Methanol
adsorption causes strong absorption bands spread in the range 1020-1100 cmt, 1340-1390
cmt, 1550-1600 cmit, 2810-2850 cmit and 2915-2960 cmit. Bands approximately at 2950,
2924, 2816, 1460, 1440 and 1070 cm’ characterize the surface methoxy groups [48-60].
The various bands and their assgnments correspond to methoxy vibrations due to
methanol adsorption on x = 0, 0.50 and 1 are summarized in Table 3.8 dong with the
literature data.  The bands due to methoxy vibration observed a ~2950 cmit (ns CH3) and
at 2816 (2ds (CHs)) are in fermi resonance with each other [49]. The presence of adsorbed
methoxy species during methanol oxidation is aso indicated by GO dretching mode at
1070 cm?! [49-52]. Other low frequency —OCHs; modes include symmetric and
asymmetric methyl bends at ~ 1440 cmi* and ~ 1460 cmi, appear aslow intense shoulders.
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Table 3.8: Bands corresponding to methoxy species obtained from the FTTR adsorption of methanol on
Cuy, Co, Fey Oy and variety of supports (from literature).

Assignment | Methanol gas | ALO; | V-Ti-O | TiD, Fe(); | Present study
(ref. 58, 72) (ref. 51) | (ref. 60) | (ref. 49) | (ref. 48) [x=0.0 [ x=050 | x= 1.0
[ Vas (CH3) 2663 3970 2965 2965 2950 | 2948 2949
v (CH;) 2055 2935 2930 2920 2924 2024 2926
28, (CH3) 2844 2844 2830 2830 | 2815 2816 | 2816 2818
Bas (CH3) 1455 1472 1452 1462 1460 1460 | 1456 1460
8, (CH3) 1458 1438 1436 1440 1443 1441 1440
r (CHa) 1150 1200 1150 1151
v (CO) 1034 1095 <1080 1125 106% 1067 1072
| & (COH) 1340 | 1370 1370

Vibrations due to formate species are observed at 2975, 2890, 2867, 1580, 1375
and 1365 cmt [48-60]. All these bands are well assigned and in good correspondence with
the literature values, summarized in Table 3.9.

Table 3.9: Bands corresponding to formate species obtained from the FTIR adsorption of methanol on
Cuy, Co, Fe Oy andd different supports (from literature).

Assignment | ZnAl(, Zn0 V-Ti-0O Ti, Fex(dy Present study l
(ref. 69) | (ref. 69) | (ref. 60) | (ref. 49) |(ref. 48) [x=00[x=050 |x=1.0
Vo (COOT) | 2970 2960 3972 3970, 976 | 2976 2975
+8(CH) 2950
v(CH) 2900 2883 7883 2885, 2880 J887, | 2889, | 2891,
2870 2868 | 2867 2873
v (COO) 2770 3740
+ & (CH)
B (COO) 1590 1580 1365, 1575, 1555 1583 | 1585 1575, |
1540 1560 1562
& (CH) 1395 1382 1378 1390, 1376 1375 [ 1378 1377
1380
v, (COON) 1375 1365 1370, 1372, 1348 1364 | 1367 1357
1358 1360 |
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The band observed a 2975 cm! is due to the fermi resonance vibration of both asymmetric
COO" dretching and CH deformation [49]. Separate adsorption of formic acid on x = 0.5
enables the differentiation of formate and methoxy species formed on the surface of these
oxides. Adsorption of HCOOH on x = 0.5 display bands at 2974, 2877, 1576, 1373 and
1365 cm* (Figure 3.17).

Figure 3.17: FTIR spectra of formic acid adsorbed on Cuy 50C0o 50F€,0, at different temperatures.

These species can reedily be identified as formate ions, assgning the maximum of 2877,
1576, 1376 and 1365 cm* respectively to GH stretching, COO™ asymmetric stretching, G
H deformation and COO symmetric dretching vibrations [48-50]. Surface formates were
aready detected after adsorption of formic acid on FeOs [48,53], usng IR reflectance
spectroscopy, as well as on a number of other oxides by different research groups [49,54-
57]. Thus the spectroscopic features of formate species produced by adsorption of formic
acid are quite Smilar to those detected after oxidation of methanal.

In addition to the above, comparatively strong bands are observed at 1645 and 1309
cm! on x = 0, that may be assgned to adsorbed formaldehyde [48,50]. These bands
persist even & high temperature and whose intensity increasses from 100°C to 200°C and
thereafter decreases at > 200°C. However as the ‘X’ increases, the intensity of these bands
decreases considerably. A wesk band observed at 1622 cmi* (on Cu containing samples)
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can be assgned to a species coordinatively bonded through the carbonyl oxygen to Lewis
acid Stes [48].

Heat trestments under N, atmosphere and above 100°C cause considerable decrease
in intendty of the bands associated with methoxy species, however, the species responsible
for formate grows in intensty (Figures 3.15 and 3.16). Thus, the absorbances appear as
high intense pesks a 2950 cmt, 2923 cmi* and 1067 cmi* have become low intense pesks
as the temperature increases to 200°C. On the other hand, the bands appear as low intense
peaks at 100°C at 2976, 2887, 2868, 1645, 1583, 1375 and 1364 cmi* have become high
intense peaks with minor changes in their podtions as the temperature increases. These
bands correspond to those, which appear after adsorption of formic acid on the same
surface and can be assgned to surface formate ions obtained by oxidation of methoxy
groups. Similar observations have dready been detected on various meta oxides such as
Fe,O3 [48], TiO2 [49,52], SnO, [57], ZrO2 [59], V205 [59,60], Cr,O3 [61] etc. However
the shifts observed on Cu-xCoxFe,O4 in comparison with the sSngle component oxides are
dgnificant enough to conclude that species formed on Cu-xCoxFe,O, are indeed
characteristic of a mixed phase and not due to the adsorption on one component, CuO,
CoO or Fe0Os. Further increase in temperature causes splitting as well as reduction in
intendty of several bands indicate the adsorbed methanol species are ungable on the
surface.

The adsorption behavior of methanol over Cu.xCoxFexO4 shows dight differences
between Cu containing samples and pure CoFe;O4. The important difference between x =
1 and Cu containing compositions towards methanol adsorption are;

(1) The amount of methanol adsorbed a 100°C (in terms of intensity) on x =1 is relaively
low in comparison with Cu containing samples indicates comparatively high temperaure is
needed for the activation of methanol on x = 1.

(2) The concentration of methoxy species is high and it persists even a 300°C on x = 1
where as on Cu containing samples, methoxy species are quite ungtable and it is evident
from the very low concentration of these species even a 200°C. Pardld to this the
concentration of formate species increased to consderable extent at this temperature.  This
dearly shows methanol is highly susceptible to oxidation on Cu containing samples.  For
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example on CoFe,O,, irreversible adsorption of CH3OH at 100°C led to two sharp bands at
2949 cm' and 2926 cmi' characteristic of methoxy species, whereas on Cu containing
samples band due to 2949 cm! appear only as a shoulder. Also the band due to GO
stretching of methoxy group persiss even a 200°C on x = 1, wheress it is completdly
disappeared on Cu containing samples from 100°C to 200°C.
(3) Both methoxy and formate species have stable existence on x = 1 even a 350°C;
wheress both these species are hardly found on Cu containing samples even a 300°C,
indicates methanol is completely reacted on Cu containing surfaces to CO,, CO and Ho.

All these bands are in good correspondence with the bands arised due to methanol
adsorption, thus confirming formate species are the intermediate before converting to COg,
CO and Ha.

3.8.2. Adsorption of phenal

FTIR spectra of phenol adsorbed on Cuy-xCoxFe,O4 samples were recorded between
100°C and 350°C. The results for three selected compositions, x = 0, 0.50 and 1 are shown
inFigures 3.18 and 3.19.

Figure 3.18: FTIR spectra of phenol in the region of aromatic ring vibrations adsorbed on
Cu,.xCosFe, O, for three selected compositions x = 0.0, 0.5 and 1.0 at different temperatures.
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Figure 3.19: FTIR spectra of phenal in the region of C-H and O-H stretching vibrations adsorbed
on Cu,.Co,Fe,O, for three selected compositions x = 0.0, 0.5 and 1.0 at different temperatures.

IR adsorption of phenol resulted strong adsorption bands at 1587 cmit, 1485 cmt and 1256
cml. In addition, there is a series of bands in the range 1000-1800 cmi', which are
approximately spaced by 20 cm'.  Among these minor components, pesks at 1775, 1745,

1700, 1650, 1540, 1460, 1396, 1370 and 1165 cmi* are quite evidenced.

The band at 1587 and its shoulder a 1595 cm can be assigned to the 8a and 8b
deformation vibration of the aromdic ring [62-63]. These bands are dightly displaced to
lower wavenumbers as compared with phenol in CCly solution where they occur at 1596
and 1604 cm! [63]. The single broad intense band occurred at 1485 cmi? is resolved into
two components a higher temperatures having pesk vaue a 1475 and 1485 cm' are
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ascribed to norma modes 19a and 19b of the ring. The intensive broad absorption band at
1255 cm’ is due to C-O dretching vibration. The low intense broad bands having
components at 1360 and 1375 cm* and the broad band at 1396 cmt are mainly atributed
to the in-plane GO-H bending vibration of phenol. The presence of series of bands in the
region 1650-1800 cm* is an indication of its perpendicular orientation of phenol over these
oxides as reported in the literature [64]. The spectrum in the C-H dretching region
depicted in Figure 3.19 shows absorption maxima at 3068, 3028 and 2943 cmi* is typica
of the C-H dretching vibration of the aromatic ring of phenal.

Figures 3.18 and 3.19 shows the effect of therma trestment in N> flow on the IR
spectrum of phenol adsorbed on x=0, 0.5 and 1. Heating to 200°C and high temperatures
leads to depletion of band intensty of main pesks a 1587, 1485, 1255 cmt. All these
three bands looking single and quite broad at 100°C are resolved into severa components
as the temperature increases to 200°C and higher. The band a 1587 cmit is shifted to 1575
cm? and the shoulder associated with this band is well resolved a 200°C and appear at
1590 cm. The band observed at 1485 cmi® at 100°C is an gpparent single component,
started splitting at 200°C into two components at 1475 cmi* and 1485cmit. As the sample
is further heated to 300°C, the band at 1485 cm' dissppears and the components
corresponding to 1475 cmi* and 1485 cmi* grow as separate pesks.

The broad band at 1255 cmi® corresponding to nc.o vibration is dearly split in to
lower and higher frequency components whose bands occur at 1207, 1251, 1260 and 1294
cml.  This dearly indicates, phenol on Cuy.,CoxFe:Os results different phenolic species.
The appearance of GO stretching bands at 1270 and 1294 cm* after heating to 200°C is
indicative of deprotonated phenal, in which the C-O bond is further strengthened. A high
frequency shift of the nc.o vibration to 1270 cmi* has been reported for phenolate in basic
agueous olution [65,66]. However increase in temperature causes rise in intendgty among
pesks at 1541, 1521, 1651, 1701 and 1370 cmi'. The H* ion thus deprotonated from
phenol is adsorbed on nearby oxygen atom and agppear as surface hydroxy groups as
evidenced from Figure 3.19.
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3.8.3. Adsorption of Anisole

In the Figure 3.20, spectra of anisole on x = 0.5 is given at different temperatures,
as difference spectra from anisole adsorbed and pure compound. In the region of ring
vibrations prominent pesks are observed a 1600 and 1496 cmit. Corresponding peaks for
liquid anisole are a 1601 and 1498 cm’, which shows that adsorbed anisole is less
strongly bonded on the surface of x = 0.5. The major peak observed at 1247 cmit is nc.o
vibration. In addition to this, several minor features are observed a 1570, 1550, 1530,
1460, 1309, 1180, 1076 and 1041 cm*. No bands are detected in the range 1650-1800 crmi
! neglects the perpendicular aientation of benzene ring. Bands at 3062 cmi® and 3010 cmt
are due to C-H dretiching of the aromdic ring of the phenol molecule.  Additiondly,
vibrations due to CHz group of anisole are observed at 2952, 2922 and 2837 cmt.

[} WAVE MUMBER

WALV ERMUMBER Som

Figure 3.20: FTIR spectra of anisole adsorbed on x = 0.50 at different temperatures. Top panel
represents the spectra in the region of aromatic vibrations. Bottom panel represents aromatic C-H
and O-H stretching and CHj; vibrations.
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Figure 3.20 aso shows the effect of temperature for the adsorption of anisole on x
= 05. On vaying the temperature of adsorption from 100°C to 200°C, some minor
vaiation of these pesks are observed, which imply that interaction of anisole to surface of
oxide is not only through p dectrons of the aromaic ring but through oxygen lone par
dectrons dso. High temperature causes shift of bands as well as negative bands confirm
its weak interaction with the surface and desorb fast from the surface as the temperature

increases.

3.8.4. Adsorption of o-cresol
In the region of arométic ring stretching vibrations, o-cresol adsorbed on cu;.
LCogFe;0, at 100, 200, 300 and 350°C are presented in Figure 3.21.

Figure 3.21: FTIR spectra of o-cresol adsorbed on Cu,,Co,Fe,O, at different temperatures. Top
panel represents the spectra in the region of aromatic vibrations. Bottom panel represents aromatic
C-H and O-H stretching and CHj; vibrations.

Spectra are dmost smilar to those of adsorbed phenol with some minor changes. The
spectra show major bands at around 1615, 1593, 1483 and 1450 cm* due to aromatic ring
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vibrations.  However the intengty of above peaks due to aromatic vibrations are quite low
in comparison with phenol indicate its comparaively lower interaction with cadys
surface. The broad band observed at 1248 cmit is due to the stretching vibration of GO
bond. The low intense band observed a 1379 cmi’ is due to the symmetrica bending
mode vibration of CHz group. Unlike phenol, adsorption of o-cresol on x = 0.50 didn’t
produce any bands in the range 1650-1800 cmt. However, at 300°C a new band develops
a 1744 cm®. All these observations lead to a conclusion that the benzene ring of o cresol
is dightly tilted towards the surface. The bands observed at 2965, 2925, 2860 and 2730 is
attributed to the various vibrations of —CH3 group of o-cresol.

Increase in temperature causes smultaneous depletion of al bands clearly indicate
the orientation of ccresol on the surfaces of these oxides is more or less same irrespective
of the temperature. Also it indicates combined interaction of p dectrons of aromatic ring
and lone pair of dectrons of OH dde chain. However the intensty of GO bond is dightly
higher than the intendty of various arométic ring vibrations. This indicates the interaction
of ocresol on the surface is mainly through OH sde chain. Though the intensity decreases
as the temperature incresses, magjority of the bands persist even a 350°C suggest o cresol
aso isreasonably well bound to the surface.

3.8.5. Adsor ption of 2,6 —xylenol

The IR spectrum of 2,6-xylenol adsorbed on x = 0.50 at different temperatures is
shown in Figure 3.22. Adsorption of 2,6-xylenol on x = 0.5 produces mgor peeks in the
aromatic region at around 1615, 1573, 1483 and 1450 cmi’. The band produced at 1483
and 1450 cm! can be atributed to the aromatic ring stretching vibrations nisza, Nisp
respectively. The band a 1371 cmit is prominent in this case compared to o-cresol. This
IS due to the symmetric bending vibration mode of CHz group. Unlike phenol and o-cresol
the intengity of band due to nc.o stretching is decreased considerably and observed a 1242
cmt. Again, the intensity of 1615, 1573 and 1371 cmi* bands incressed very much. These
results can be understood, considering that 2,6-xylenol interacts on the surface mainly
through aromdic ring and its orientation is amos pardld to the surface. Its interaction
through C-O is comparatively less on the surface. Irrespective of temperature, no bands
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are observed in the range 1650-1800 cm’ suggests the benzene ring of xylendl is highly
pardle to the catalys surface than o-cresol. This might be due to the steric hindrance of
two methyl groups forces the benzene ring to orient pardld to the oxide surface.  The
bands due to —CHz groups appear at 2960, 2954, 2870 and 2733 cm'. Moreover the
intensity of 2870 cmi* is higher than that of due to the CHs group of o-cresol.

Figure 3.22: FTIR spectra of 2,6-xylenol adsorbed on x = 0.50 at different temperatures. Top
panel represents the spectra in the region of aromatic vibrations. Bottom panel represents aromatic
C-H and O-H dtretching and CH; vibrations.

Increase in temperature causes reduction of band intengty of dl pesks indicates its
interaction with surface decreases repidly as the temperature increases. Thus, 2,6-xylendl
desorbs quite fast from the surface as temperature increases.  Increase in temperature does
not cause any change in pesk podtion of C-O dretching vibration confirming its negligible
interaction with the surface. However it causes change of pesk postion for vibraions due
to both aromatic sretching and CHs dretching. This again confirms the interaction of 2,6-
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xylenol on the surface is manly through aromatic p eectrons and hence its orientation is
more or less pardld with respect to the surface. Unlike phenol and ocresal, the intengty
of various bands arised due to 2,6-xylenol adsorption decreases considerably above 300°C.
This indicates 2,6-xylenol desorbs fast as the temperature increases. The IR observations
of o-cresol and 2,6-xylenol dearly hints longer resdence time of the former leads to
second methylation and leads to the latter and its subsequent fast desorption at reaction

temperatures.

3.8.6. Coadsor ption of phenol and methanol
Fgure 3.23 demonstrates IR spectrum of phenol coadsorbed with methanol. 1t was

obtained after adsorption of phenol and methanol (using phenol:methanol moleratio 1:5)
at 100°C and subsequent hesting to 350°C.

L8000 240 3000
WAVE MUMBER o |

Figure 3.23: FTIR spectra of phenol and methanol coadsorbed on Cu,..Co,Fe,O, at different
temperatures (phenol:methanol = 1:5 mole ratio is used for coadsorption).
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Apparently, the decompostion as well as oxidation of methanol is retarded in the
presence of phenol. Remarkably, the intensty of GO dretching bands of methoxy moiety
a 1067 cm’ is sgnificantly decreased when methanol was hedted in the presence of
phenol. The aromatic ring vibration of phenol a 1585 cm! is shifted to 1591 cmi* and
exhibits a shoulder a 1570 cm®. The narrow band a 1481 cm* observed on phenol
adsorption is shifted to 1487 cm' and overlapped with an additiona band at 1472 cmt.
Above four bands are characteristic bands of o-cresol and 2,6-xylenal. It is important to
note that the bands due to formate species observed at 1580, 1375 and 1365 cm! when
methanol was sole resgent is ether lost or decreased in intendty when methanol is
coadsorbed with phenol.  Another important change to be noted is tha the methyl
vibrations observed at 2950, 2924 and 2816 cmi’ is lost when methanal is in coadsorbed
state.

Number of bands dissppeared in the phenolic region when phenol is coadsorbed
with methanol in contrast to adsorption of phenol done. Additiondly a number of bands
observed in the GH region of aromatic at 3114, 3099, 3070, 3051, 3033 and 3026 cmt.
This hints coadsorption leads to some sort of interaction between phenol and methanal.
The bands exhibited on phenol adsorption in the range 1650-1800 cmt is disappeared
when phenol is coadsorbed with methanol.  This behavior is smilar to the behavior
exhibited by o-cresol and 2,6-xylendl.

As the temperature increases from 100°C, the band at 1591 cmt is shifted to 1585
cm?. The band at 1560 cm* appear as a shoulder aong with the band at 1591 cmi* grows
in intensity as the temperature increases to 200°C and is dightly split from the main band.
The two separated bands observed at 1487 cm' and 1471 cmi® a 100°C decrease in
intensity and merge together (whose center is a 1465 cmit) as the temperature increases to
300°C. The broad band at 1253 cm* at 100°C further broadens when the temperature
increases.  Above 300°C, the intensity of various bands decreases considerably indicates
the products formed during the reaction desorbs fast. This behavior is smilar to that
exhibited by ether o-cresol or 2,6-xylendl.
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3.9. DISCUSSION
3.9.1. Reactivity of methanol

A comparison of the IR spectrum of pure Cu.xCoxFeO4 with that of the same
oxide adsorbed with either CH3OH or HCOOH indicates methoxylation as wel as
oxidation of methanol occur on these oxides. Methoxy species are observed a 100°C
adong with the oxidation products of methanol. Two most likey mechanisms are proposed
for methoxy formation on the surface of oxides:
(i) edterification

MOH + CH,OH ——= MOCH;  +  H0

(i) dissocietive chemisorption

In the present system, only trace amount of Bronsted acid dtes are observed during
pyridine adsorption and no molecular water is produced during the methanal
chemisorption  process. This suggests the most likdy mechanism is dissociative
chemisorption. A gSmilar type of mechanisn has been proposed for the formation of
methoxy groups on MgO [67] and ShO [57]. This agan is confirmed from the formation
of series of surface hydroxy groups with change in band postion on the surface of these
oxides during methanol adsorption. However these bands are quite broad indicating the H
bond interaction of surface methoxy group with neighboring OH group.

Above 100°C methoxylated oxide surfaces are progressively converted to formate
soecies indicate, irrespective of the compodtion, al these oxides ae highly reective
towards methanol. Moreover such formate species were not thermaly very stable and even
a 300°C it transform into CO,, CO, as Kotanigawa reported on ZnFe;O, [68].  Formate
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concentration in the case of Cu containing samples is higher than tha on CoFeOq4
indicating the presence of Cu has a promoting role in their formation. The promoting
action of Cu on methanol decompostion has been reported in the literature [69]. However
it is very difficult to detect bands due to methanol adsorption on Cu ions of such a complex
cadys sysem. The only concluson that can be drawn is a decrease in the therma
dability of methoxy and formate species adsorbed on Cu containing ferrites due to the
presence of CU#* ion. Though dl the compositions show generd trend towards methanol
adsorption, the methoxy and formate species formed on x = 1 is quite stable even a 350°C
suggest methanol seems to be activated only at high temperature.

3.9.2. Reactivity of phenol and phenolic products

IR adsorption of phenol on Cu.xCoxFexO4 shows sgnds of both undissociated
phenol and phenolate like species. Phenolate species are formed due to the dissociative
adsorption of phenol on an acid-base pair dte.  Phenolate ion is adsorbed on meta cation
(Lewis acid site) where as the dissociated H adsorbs as a H on a nearby O aom. Thus a
series of O-H bands are formed in the region 3500-3800 cmit (shown in Figure 3.19).

Examinaion of bands in the region 1600-1800 cm for phenol and methylated
phenol reveds a number of low intensty out of plane combination bands [64] a 1650,
1700, 1745 and 1775 cm* for phenol; however these bands are either hardly detected, or
the intendty is amdl on methylated phenols. Also these bands are practically disappeared
for the phenol in the coadsorbed state with methanol. Karagounes and coworkers [70,71]
have interpreted a decrease in the intendty of out of plane GH vibrations of chemisorbed
aomatic molecules to indicate that these molecules are adsorbed with the plane of the
aomatic ring padle to the adsorbent surface. Applying a Smilar interpretation to the
above observatiions leads to the concluson tha the chemisorbed phenol molecule is
adsorbed through O aom to the Lewis acid dte whose aométic ring is amost
perpendicular to the plane of the oxide. On the other hand, Stuation is quite different in
the case of co-adsorption of phenol and methanol. Methanol is adsorbed onto the protons
released by phenol, which in turn interact to the ortho postion of the phenolic oxygen.
This interaction govern the orientation of aromatic ring of phenol and from the abosence of
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bands in the IR spectrum in the range 1650-1800 cm?, it is possible to suggests that,
aomatic ring of phendl tilts dightly toward the surface while interacting with methanal.
This is again confirmed from the adsorption state of methylated products of phenol such as
o-cresol, anisole and 2,6-xylenal. In al these cases, the chemisorbed phenol molecule dso
has its benzene ring more or less coplanar with the surface such that interaction with the
surface results in a lack of bands in the region 1650-1800 cmi®. Though the phendlic ring
is more or less coplanar, it is tilted upward such that the para postion is more removed
from the surface than the ortho.

The C-O dretching band for chemisorbed methyl phenols found in a rdatively
wide region between 1220-1320 cm! in comparison with phendlic C-O stretching band.
Same inference can be made from phenal in the presence of methanol where it is found
that the nature and appearance of C-O band is amilar to that observed in the case of o
cresol.  Moreover, as the methyl group incresses the intengty of C-O dretching band
decreases, which indicates the interaction through phenolic oxygen to the surface decreases
from phenaol to o-cresol to 2,6-xylenol. Thus it is highly plaugble that the arométic ring of
these phenolic compounds have become more pardld, but tilted upward as the number of
methyl groups increases. Also as the temperature increases the intensty of various bands
decreases tremendously as goes from phenol to o-cresol to 2,6-xylenol. Above detals
leeds to a concluson that the methylated phenols have got week interaction with the
surface and are highly susceptible to desorb from the surface as the temperature incresses.
This is an essentid requiste for achieving efficient methylation. However for x=1, it
requires relatively high temperature than the Cu containing samples. Kinetic data aso
leads to the same concluson and it is found that unlike Cu compounds, CoFe,O, shows

maximum conversion and sdlectivity at 375°C where as for other compoundsit is at 350°C.

3.9.3. Mechanism of phenol methylation

IR studies clearly showed that surface bound akoxides or strongly polarized O-H
bands were formed when methanol is adsorbed to Cu.xCoxFe,O4. Smilaly phend is
dissociaively adsorbed on nearby acid base pair Ste as phenoxide ion and proton. The
dissociated proton has a governing role on the fate of methanol molecule, which facilitates
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the formation of carbocation quite eadly by protonating methanol. Thus the chemisorption
of phenol on the oxides undoubtedly facilitates the protonation of methanol. It has been
reported that methylation of phenal is initiated by the protonation of methanol with the ad
of a Lewis acid base pair [68]. Probably the protonation of methanol occurs on the oxides
by accepting protons released from the adsorbed phenol and the protonated methanol
attacks at the ortho position of phenol to form the ortho methylated products.

There are two potentid stes for methanol adsorption: OH groups and Lewis acid
base center. Since the hydroxy group of present caidyst sysem are incgpable of
protonating even such srong bases like pyriding it is improbable that they could not
interact with methanol, being a wesker base. Hence, Lewis acid-base sites are the most
probable stes for methanol chemisorption on Cu.xCoxFeOs. This is true when methanol
is a sole reegent. However the gStudtion is quite different when methanol co-adsorbs with
phenol. Both reactants may adsorb competitively on the same active center.  Since phenol
is cgpable of reeasing its proton fagter, it comparatively adsorb on nearby acid-base pair
dte.  Since the protons released from phenol is quite mobile is capable of protonating
methyl molecule leading to CH** cation (Figure 3.24). Thus the methanol molecule is
directed to adsorb on H" released from phenol rather than on dready exising surface
hydroxy group for causng methylation. Thus the active center for the ortho methylation is

an acid-base pair Ste.

o- H
"

OH
w+©—»w

H3C\
~’ o—H
) + __ » [activated complex] ——» M* O + Reaction products

o +

H
M+ (0]

Figure 3.24: Mechanism of phenol methylation.
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C-dkylation can take place either by a direct route or by the isomerization of O-
akylation product. To decide between these two routes, anisole were passed over the
catayst under optimum condition. No isomerized products were obtained. Thus these
compounds do not have any activity for the transformation of anisole into o-cresdl in the
catalytic converson of anisole a 350°C. Therefore, they have no acidic sites that catdyze
the methyl migration of anisole. It may be recdled tha this is in contragst to the behavior
of dumina, on which akyl phenyl ethers undergo isomerization to C-akyl phenols[19].
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Chapter 4. Characterization of Spent Catalysts and Co-Cu Synergism

SECTION |

4.1. INTRODUCTION

Properties of the fresh and spent catalysts are compared to understand the changes
that happened in bulk and on the surface due to the reaction. Various physcochemica
characterization techniques are used for this purpose with specid emphasize on XRD,
Mossbauer, TPR and TPD, TG-DTA and XPS. Mog of the characterization results clearly
demongrate that the changes that occurred to the cadysts surfaces are smilar and
irregpective of any dkylaion. Due to this methylation spent catayss are given in detal.
For higher dkylation catdysts, important and new results are highlighted.  Irrespective of
the dkylaing agent, compodtion x = 050 shows maximum activity in terms of phendl
converson and corresponding ortho akyl sdectivity. Hence the andyss of the spent
cadys dafter various phenol akylations with x = 050 compostion is given a specid
congderation.

42. METHYLATION OF PHENOL

Specificaly, the spent (methylation) catadysts were obtained after 10 h of reaction
a optimized conditions for 2,6-xylenol formation (methanol to phenol ratio of 5, reaction
temperature 350°C). In corrdlation with the cataytic performance, (shown in vapour-phase
methylation — chapter 3), attention is focussed to eectronic and dructurd changes, in
particular the following four aspects (i) any changes in the oxidation date of metd ions
and the surface atomic raio of metad ions remain the same during reaction (ii) any phase
separation CupO + FesO4 that might occur in the mixed Cu-Co ferrites, (iii) there is any
vaidion in the Fe*" to Fe*"’3" ratio and redistribution between (A) and [B] sites, and (iv)

formation of carbonaceous deposits.

4.2.1. Bulk characterization (XRD and Surface area)

Diffractograms of the fresh and the spent caidysts are shown in Figure 4.1. The
spent cataysts are crystalline and all the pesks are indexed. It can be seen that a x = 0.0 few
lines are observed in contrast to the same fresh catdyst and ‘d’ vaues are the same in both

119



Chapter 4. Characterization of Spent Catalysts and Co-Cu Synergism

cases. Some pesaks disappear corresponding to CuO and a-Fe>O3, however new peaks appears
matching to Cu and Cu,O (JCPDS card No: 5667) and their intensity decreases at higher x.
Furthermore, wesk reflections of zerovdent iron phase (carbidic and/or metdlic - hard to
distinguish) are dso detected in x = 0.25, 0.5 and 0.75 samples. This indicates that the 10 h
reaction treatment results in the reduction of catdysts to some extent. The lattice congtant,
‘a, on dl the spent samples are consstently larger than those found on the fresh samples
and supports the reduction of the catalysts. No dgnificant changes in the XRD pattern of
fresh and spent CoFe;O4 are observed.

XRD patterns from Cu,_Co Fe O, System
(b} Spent

5 - Spinel Phase

f- r.;:-l"l:_,f'l‘_1

¢ - Culd
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Figure4.1: X-ray diffractograms of fresh (a) and spent (b) Cu, «Co.Fe,O, catalysts. XRD from spent

catalysts are after phenol methylation reaction a 350°C for 10 h with 1:5 composition of
phenol:methanal.
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Surface area decreases on spent cataysts due to carbon deposition compared to fresh
cataysts, however a x = 0.5 and 0.75 an increase in surface area indicates segregation of
active species on the surface.  The results obtained from XRD and surface area andyss of the

soent samples are summarized in Table 4.1.

Table4.1: XRD parameters, surfaceareaand porevolume of fresh and spent Cu, .Co,Fe,O,

catalysts.

Catalyst | Crystallite Size a(A) Seer (MF/g) | Pore Volume

Composition Ay Spent (Fresh) Spent (cclg) (10°%)
(X) Spent? (Fresh) (Fresh) Spent (Fresh)

0.0 18.68 (15.25) | 8.4060 (8.3898) | 23.0(28.8) | 3.4(5.1)
0.25 14.49 (13.85) | 8.4120 (8.4051) | 32.8(34.0) | 5.7(6.7)
0.50 15.78 (13.17) | 84082 (8.4012) | 53.2(43.8) | 7.1(10.9)
0.75 19.72 (14.77) | 84029 (8.3982) | 43.4(36.6) | 6.0(6.4)
1.0 19.48 (14.13) | 8.4020(8.3997) | 27.6 (36.8) | 4.7 (5.9)

*Spent catalysts are after phenol methylation at 350°C with 1:5 composition of
CH3;0H:CzHsOH for 10h.
®Obtained from Debye-Scherrer analysis.

4.2. 2. Infrared spectr oscopy

IR of the spent catdydts is shown in Figure 4.2 recorded by drift mode. This study
reveds that the absorption band around 460 cm?® is split and hints that the cadytic
reaction caused severe changes on Oy dtes. Thus the presence of reduced ions such as
Fe**, Cu" etc is on Q, ste is evidenced by its band splitting. On the other hand reaction
did not cause any litting of Ty band on CoFeO4 even though its band intendty is
decreased which indicates reection hardly affects the overdl daus of the Ty dtes.
However this does not mean that migration of ions between Ty and Q, sites did rot occur
during the course of the reaction. For example reduction of Fe** ion might occur on both
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Tq and Q, sites, however, the reduced Fe?* ion preferably occur on Q, sites by considering
factors such as crysd field stabilization energy, Madeaung constant etc [1].

DR-IR Spectrum of Spent Cu, Co Fe O, System
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Figure 4.2: Drift IR spectrum of spent Cu,.,Co,Fe,O, catalysts. DR-IR from spent catalysts are
after phenol methylation reaction at 350°C for 10 h with 1:5 composition of phenol:methanol.

4.2.3. M Gssbauer spectr oscopy

Mossbauer spectra were recorded both on the fresh and spent samples (Figure 4.3).
Data extracted from the fits are compiled in Table 4.2. For interpreting the data the
detailed reviews on iron spinds and oxides can be used [2,3]. To digtinguish the Ty (A)
gtes of iron from the Oy [B] pogtions in ferrispings, it can be mentioned that the internd
maegnetic hyperfine fidd (MHF) experienced in the (A) dtes is dways smdler than that
exerted in the [B] dtes The oppodte is vdid for most of the ferri/fferro-spinds the
contribution of Fe?* to the internd magnetic fidd is usudly sgnificantly smaler thet that
of ferric ions (see eg. magnetite). Furthermore, the isomer shift (I1S) vaues for ions located

in (A) gdtes are ggnificantly smdler than those charecterigic of [B] gdtes (indicating that
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Fe** ions are in (A) sites wheress in [B] sites Fe** and Fe** ions formally dternate, referred
as Fe***" in the text throughout).

Mossbauer spectra of Cu,_Co Fe O,

(a) Fresh 0.0 (b) Spent — ¢

VYWV ey
RLAAMAA il
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Figure 4.3: Mosshauer spectra recorded on fresh (left) and spent (right) Cu, ,CoFe,O, catalysts.

The assgnments presented in Table 4.2 correspond to the previous notes. In fresh
catdydsts feric iron is present in both the (A) and [B] dtes. The reduction of iron in the
octahedra dtes is clearly manifested in each sample upon the exposure to the reaction
mixture for 10 h, as reflected in the Fe*'[B] ® Fe?**'[B] conversion by the increase of the
respective 1S and the decrease of MHF vaues. On the other hand, the reaction hardly
influences the dtate of iron located in the tetrahedrd (A) dtes, the IS and MHF parameters

of Fe**(A) are preserved within the experimental accuracy.
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Table 4.2: M6ssbauer spectral data extracted from the 300 K spectra of fresh and

spent Cu,..CoFe,O,ferrites.

Sample Fresh Spent
X Comp. IS [ MHF [ RI IST QS [ MHF | RI
Fe'(A) 026 | 475 |66 [026| - |487 |44
0.0 Fe**[B]) 036 | 512 |34
Fe*'[B] 062 | - |455 |56
Fe'(A) 026 | 475 |72 [027 | - [491 |40
Fe3'[B] 036 | 505 |28
Fe?3'[B] 067 | - |461 |29
025 | Fe® Carb.(l) 020 | - 213 |10
Fe® Carb.(11) 016 | - |187 9
Feparamag 061 | 1.94 | - 10
Fe’*(A) 029 |[478 [45 [026 | - 489 |48
Fe*[B] 0.38 | 503 |32
Fe?3'[B] 070 | - |468 |30
050 | Fe**(mix) 032 | 448 |22
Fe® Carb.(1) 019 | - 21.0 8
Fe® Carb.(11) 016 | - |187 4
Feparamag 064 | 215 | - 10
Fe’'(A) 026 | 482 |49 [028| - [492 |76
Fe3'[B] 037 | 509 |27
0.75 | Fe®*'B] 062 | - |455 |24
Fe3*(mix) 032 | 449 |23
Fe’*(A) 027 | 486 |53 |026 | - 489 |45
Fe*'[B] 037 | 513 |24 |038 | - |517 |27
1.0 | Fe?B] 052 | - |456 |18
Fe®*(mix) 034 | 443 |22
Feparamag 065 | 1.12 | - 10

(IS isomer shift, mm/s, relative to a-iron; QS. quadrupole splitting, mm/s, MHF:. magnetic
hyperfine field, Teda; RI: relative spectral area, %)

A third component, Fe**(mix), is dso present in the spectra of those fresh samples
in which the Co content is equd or prevails the amount of Cu (x 3 0.5). It is a minor
component with partiad contributions to the full spectra (with rdative intendty, RI vaues
of 22 - 23 %). This component is probably originated from iron stes with Co ions in ther
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dose vicinity reslting in the damping of the magnetic exchange, i.e. lowering the
experienced MHF.

In the spectra of spent samples two new features appear. In the mixed samples of
the larger Cu content (x= 0.25 and 0.5) another composed magnetic structure appears with
low MHF vaues (21 and 19 T) in a minor intensity. This feature can probably be assigned
to combination of iron gStes in c- iron carbide (FesCyz) [4]. Another minor component can
be isolated in the spectra of certain spent samples, namely the one exhibiting norzero
quadrupole splitting (QS). For this component the long range magnetic interactions are
absent, due to ggnificant reduction of magnetic domain dze (i.e this component is
probably superparamagnetic. the number of coupled spins is limited beyond a threshold

vaue).

4.2.4. Temperature programmed reduction and desorption (TPR, TPD)

TPR profiles of fresh cadysts were obtained up to 750°C (Figure 4.4, Ieft side).
The amounts of hydrogen consumed for reduction in this temperaiure range are presented
inTable4.3.

TPR profiles of Cu,_Co Fe, O,

(a) Fresh (b) Spent

.0

.

.0
.0

>

L B e I e o
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Temperature / ‘c

Figure 4.4: TPR profiles of fresh (left) and spent (right) Cu,.«Co.Fe,O, catalysts.
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Table 4.3: H, consumption in the TPR experimentsfor the Cu,,Co,Fe,O, samples

Catalyst composition | H, consumed (mekv/mmol)®
(x)

0.0 3.32

0.25 3.72

0.50 4.00

0.75 3.20

10 2.26

2 Hydrogen consumed by the fresh catalystsin the 30 — 750°C range.

For interpretation of the profiles, C¥* ® Cu* (1 mekv H / mmol ca), Fe,.03 ®
Fes04 (0.67 mekv H / mmol cat), Cu* ® Cu’, (1 mekv H / mmol ca) and the remainder
Fe** ® Fe?* (1.33 mekv Hy / mmol cat) should be considered in the order of the increasing
temperature of reduction. It is worth mentioning that only the Cu sCopsFex04 sample is
reduced to the extent of the sum of the mentioned processes (4.0 mekv H / mmal cat), the
degree of reduction is less on the other samples. The four mentioned processes in the x =
0.5 sample can probably be attributed to pesks centered around 180, 240, 390 and 530 °C.
The first pesk characterizes the CU?* ® Cu' reduction proceeding only in a certain part of
Cu. The fifth, smeared pesk around 670 °C probably corresponds to a starting Fe** ® Fe°
reduction in the vicinity of Cu-rich regions. As the copper content increases, the
temperature ranges of the Fe,0Os ® Fes04 and the Cu” ® Cu° reduction approach exch
other, as the comparison of x = 0.75, 0.5 and 0.25 samples show. In the x = 0, CuFe;O4
sample the formation of magnetite and metdlic copper proceeds practicdly in one sep,
completed below 400 °C. The other end of the composition range, sample CoFeOy,
exhibits diametricdly different profile with dgnificantly less tendency to reduction then
found in any sample containing copper.

TPR profiles were recorded also on the spent samples Figure 4.4, right sde). The
Cu-Co mixed samples exhibit a particular feaiure insead of hydrogen consumption an
apparent evolution is shown above 480 °C. Furthermore, the amounts of the consumed
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hydrogen corresponding to the first pesk in the lower temperature region (130 — 420 °C)
are smal on these samples. 0.46, 0.47, and 0.28 mekv H / mmoal ca in the order of the
increasing cobalt content (x = 0.25, 0.5, and 0.75, respectively).

TPD messurements were performed in pure hdium to obtain more information on
the origin of the gpparent high-temperature evolution pesks. Smultaneoudy with the TC
signd mass numbers corresponding to B, HO, CO, O,, and CO, were also monitored by
aQMS detector. TC signals are shown in Figure 4.5.

Temperature programmed desorption

on spent Cu,_Co Fe O,
x=0.0

0.25

0.50

TC signal / arb.units

%,

0.75
1.00

0 100 200 300 400 500 600 700 800

Temperature / ‘'c

Figure 4.5. Temperature programmed desorption on spent Cu,,CofFe,0O, cataysts: therma
conductivity sgnals.

The intense TC peaks of Cu-Co mixed samples are primarily composed from H;
and CO. In average, the ratios of these dominant components are close to 1:1. More
precisaly, hydrogen dominates the first evolution pesk (420 — 500 °C). In the second, more
intense desorption stage (500 — 620 °C) the ratio of the amounts of the evolved H : CO
depend systematically on the compostion: c.a 1.25, 1.1 and 1.0 values can be found in the
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order of x = 0.25. 0.5 and 0.75, respectively. Thus, the higher the Cu content the larger is
the amount of hydrogen in the carbonaceous deposit. The third most intense component is
CO,, amounting to ca 20 % of the totd intengty. Contributions originated from H,O and
O, ae practicdly negligible (only a few per cent of the total amount). Furhermore, it is
worth mentioning that there is a shift in the temperatures of the maxima desorption shown
in the thermd conductivity signd: 570, 587 and 591°C vaues are characteristic for x =
0.25. 0.5 and 0.75 samples, respectively.

4.2.5. Thermogravimetry and differential thermal analysis (TG and DTA)
The weght change and the detected heat evolution upon heeting of the spent
samplesare shown in Figure 4.6 and Table 4.4.

TG-DTA of spent Cu;,_Co Fe, O,
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Figure 4.6: Thermogravimetry (left) and differential therma analysis (right) of spent
Cul_xCOxFe204 catd yStS.

Three stages can be diginguished in the TG curves (Figure 4.6a): (i) a weight
increase in the 130 — 190 °C region, (i) a further weight gain commencing a c.a 230 °C,
and (iii) an expressed weight drop, starting at ca 260 °C. The first, lowest temperature
weight increase can probably be assigned to an oxygen uptake by the Cu* ® Cu?* process.
This fesature is corrdated with the copper content: it is very high in the QuFe;O4, and is not
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detected in the Co-rich samples. The second weight increase is present practicaly in each
samples, thus, it can probably be atributed to an F&#** ® Fe®* oxidation. The third
feature, the loss of weight, is due to the removd of the carbonaceous deposit accumulated
on the surface in the course of the preceeding catdytic reaction. Three observations are
worth to note when comparing the remova of carbonaceous depost by oxidation. First, the
weight loss can only be detected on the three-component mixed Cu-Co cataysts. The
second observation is that the amount of removed (i.e. the previoudy accumulated) deposit
is correlated with the Co content (X): grester X corresponds to larger amount of carbon, the
highest quantity of carbonaceous depost is removed from the x= 0.75 sample, amounting
to 12 % of the starting mass. The third phenomenon is that the temperature of the highest
rate of remova of carbon is dso different on the mixed Cu-Co samples, the lowest
temperature is found on the x= 0.5 sample (310 °C), wheress the highest temperature is

shown by the x= 0.75 sample (335 °C).

Table 4.4: Thermogravimetric and differential thermal analysis data for spent samples of
composition Cuy,CoFe,0,

f‘n|npr:.';i['ml-1 . .‘;lrp | TGA DTA Process
(x) I Temp range | Wt.Loss/gain | DTA Peak | Enthalpy ‘
I'"‘_':I (%) temp 1"'("]
e | ! | 127-380 [ 6.14 (gain) 313 [ exothermic | Oxidation
025 | I 132330 | 5.84 (gain) 232 | exothermic | Oxidation
11 320-462 7.50 (loss) 47 exothermic | Burning of coke
0.50 | | 145-282 [ 2.40 (gain) 253 [exothermic | Oxidation
1 . 284-449 £.40 (loss) 301 exothermic | Buming of coke
0,75 l | 153-282 [1.31 {pain) 268 exothermic | Oxidation
11 283-459 12.46 (loss) 299 exothermic | Burning of coke
10 [7 714-38 [ 5.12 {loss) 17 [ exothermic | II-!-l.lr.n"i.'.-u;r of coke

It may dso be noted that unlike other compostions, spent CuFe,O4 continues to
gain weight up to 380°C and as the Co content increases the maximum temperature shown

for complete oxidation process decreases. The TG curves indicate that the temperature
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range of oxidation is narrowed down as the Co content increases.  Thus the gain in weight
for spent samples due to air oxidation is observed in the temperature range 175-380, 130-
320, 145-280 and 155-280°C for x = 0, 0.25, 0.50 and 0.75 respectively. The narrowed
temperature range of oxidation of Co rich spent samples clearly show that the extent of
reduction is the lowest and hence they are dructuradly more integrated even after the
reaction.

The DTA profiles exhibit smilaity and difference as wel depending on the
compogtion (Figure 4.6b). Namdy, the x = 025 and 05 samples ae gmilar; the
exothermic processes commence around 130 °C, then a more expressed heat evolution is
detected with maxima a 290 °C. In the x = 0.75 sample the prdfile is different, the heat
evolution is concentrated in Seps a the higher temperature region with a maximum &
340°C.

4.2.6. XPS analysis
4.2.6.1. Oxygen 1score level

Atmospheric degradation of solids can be identified from C 1s and O 1s spectra before
and after in situ' cleaning [5,6]. Figure 4.7 displays the O 1s core level spectra recorded
before and after in situ scraping for CuysCopsFex04. A shoulder is vishle on unscraped
surface a a binding energy (BE) around 532 eV; however the same disgppear mostly after
scrgping in the vacuum chamber and sgnificant increase in O 1s intengty is also observed.
The main peak becomes more symmetrica and does not shift after scraping and observed a
530.2 eV as in unscraped surface. Carbonate species disappear completely after scraping in C
1s spectra (data not shown). Shoulder at 532 eV on unscraped surface is attributed to
impurities such as OH and COs® species and the main pesk is to oxide ions in the spind
phase. Measurements after repeated “in situ” scraping did not change the smdl intengty of the
high BE indicates that it is inherent from the catdys surface. Obvioudy the energy difference
between oxygen species that are associated with Fe, Cu and Co might be smal and hence they
overlap to a great extent and difficult to resolve. No consderable difference is observed on the
BE of O 1s pesk at different compositions. Smilar contamination is observed on other fresh
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catadyss. XPS results on fresh catdydts in the following sections are after thorough scraping.
However spent catalysts are analyzed in powder form as used in reaction.

Photoemission from O 1scorelevel
in Cu, Co .Fe,O,

Unscraped

Intensity / arb. units

Scraped

L L L
527 529 531 533 535
Binding Energy / eV

Figure 4.7: O 1s core level photoemission spectra from fresh CuysCoosFe,O, catalyst obtained on
as received and ‘in situ’ scraped surfaces. Note a large decrease in the shoulder intensity around
532 eV, indicated by arrow demonstrate the atmospheric degradation.

4.2.6.2. Cu 2p core level

Electronic gtructure of ferrospinds is investigated by XPS. Figure 4.8 presents the Cu
2p core level photoemission spectra from fresh or cacined (a) and spent (b) Cu-xCoxFexO4
cataysts. Spent catalysts analyzed by XPS are after methylation reaction at 350°C for 10h with
1.5 compastion of PhOH:MeOH, unless otherwise stated. Relevant XPS results of the present
system and standard compounds [7-10] are given in Table 4.5. It can be noticed that al fresh
catalysts (Figure 4.8a) exhibits the Cu 2pz>; main pesk at 934.2+0.2 eV with a FWHM of 3.0
eV. Cu 2p BE does not change with Co content and indicates the eectron density on Cu
remans the same. Good satdlite intendty (Ig) & observed at dl x vaues around 942 eV
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indicating the existence of CU** species. The intensity ratio between the satdlite and main line
(Ilyn) is between 0.5 and 0.6 in al cases (inset in Figure 4.838), which is very close to that of
pure CuO [7].

Cu 2p, , Photoemission from Cu, Co Fe O,
(b) Spent (a) Fresh

Main line  Satellite IJ}]I: sl
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Figure 4.8. Cu 2p photoemission spectra of fresh (a) and spent (b) Cu,,Coe,0O, cataysts.
Deconvolution clearly showsboth Cu” (Cu®) and Cu?* on spent catalysts. Inset in the right panel shows
the satellite to main line intensity ratio (1¢/1,,) for fresh (F) and spent (S) catalysts (open symbols) and
theratio of reduced Cu to that of total Cu on spent catalyst (closed symbols). Note the decreasein the
reducibility of Cu with increasing x.

Cu 2ps;2 XPS results from spent catalysts are interesting and new features can be seen
compared to fresh catalysts. At x = 0.0, a peak a 932.6 eV with a FWHM of 14 eV is
observed without any satdllite. However a x 3 0.25, there is a large broadening observed with
a satellite feature at high BE. Deconvolution reveds he contribution of different species. For
amplicity, it is shown only for x = 0.5 in Figure 4.8b and the results are given in Table 4.5.
Important points to be noted are: Cu species got reduced during reection and the extent of
reduction decreases with increasing Co content, and Cu?* BE decreases by 0.4 eV a x = 0.5,
with a concurrent decrease in kI, compared to other x vaues (nsat in Figure 4.8). Above
points clearly demondrate that there is a strong influence from Co on Cu and its reducibility.
Inset in Figure 4.8a shows the I/l of fresh (F) and spent (S) catdysts and the reducibility of
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Cu. Reducihility of Cu, caculated as the amount of reduced Cu to CU?* content, decreases with
increesng X. High polarizability induced by the formation of Co-containing Cu-spind would
change the nature of Cu-O bond [11,12].

Table 4.5: XPS and XAES parameters of Cu,,Co,Fe,0, catalysts and relevant
reference compounds

Compounds BE of Cu 2pz» KE of Cu a’(ev) Reference
and x (FWH M) (EV) L3M 45M 45 (eV)

Cu 932.6 918.4 1851.0 8,9

Cu,0 932.5 916.5 1849.0 8,9

CuO 933.8 917.6 1851.4 7

Cu.ooFe 0504 | 933.7, 935.7 NA NA 10

0.00F 934.3 (3.0) 917.2 1851.5 Present work
0.25" 934.0 (2.9) 917.6 1851.6 Present work
0.50" 934.4 (3.0) 917.8 1852.2 Present work
0.75F 934.0 (3.0) 917.5 1851.5 Present work
0.00° 932.6 (1.4) 916.4 1849.0 Present work
0.25° 932.6,934.3 (3.9) | 917.0 1849.6,1851.3 | Present work
0.50° 932.1,933.9(3.7) | 917.3 1849.4,1851.2 | Present work
0.75° 932.5,934.3 (3.0) | 916.9 1849.4, 1851.2 | Present work

F and Sindicate the fresh and spent catalysts.

4.2.6.3. Cu L3MysMgs

Generdly modified Auger parameter @) [7], have been cdculated to distinguish the
different oxidation (and find) states of Cu in the same or closdy related compound, is defined
&
a’ = + (KECuum - KECu2psp) @
where, KE Cu.mm and KE Cu 2pz» are kinetic energies of Auger dectron and Cu 2ps2 levd,
respectively. The Cu LsM4sM 45 Auger spectra of fresh (a) and spent (b) catalysts are shown in
Figure 4.9.
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CuLM M, Auger spéctra from Cu,_Co Fe O,

(b) Spent (a) Fresh
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Figure4.9: X-ray initiated Auger electron spectra(XAES) from Cu L sM4sM s fresh (a) and spent (b)

Cu,.CoFe, 0, cataysts. Note the changes in shift and broadening of Auger transitions from spent
catalysts. Spent catalysts spectra are normalized for better presentation.

It can be seen that, the CuFe;O4 exhibits the Cu LsM4sMss line at a KE of 917.2 eV. Co
concentration increases the above value up to 917.8 €V. Note that for pure CuO this line
appears at 917.6 eV [7]. However, depending on the chemica environment and geometry, the
pogtion of this line has been found to shift Sgnificantly. a’ determined (Table 4.5) is in the
1851.5 and 1852.2 eV range, which is very close to that of CuO, has been obtained for fresh
catayds.

Contrary to the fresh, spent catalysts sows interesting observations in Cu LsM4sMys
spectra (Figure 4.9b) as in Cu 2p core level. At x = 0.0, above trangtion is observed with a
relatively sharp pesk a 916.4 eV, which is typica for CipO. However, at 0.25Ex£0.75 exhibit
a broad peak structure, a high KE 917.5 eV. It isto be noted that the fresh cataysts too exhibit
a dngle peak around 917.5+0.3 eV in this region. This cearly indicaies the increasng
contribution of CL?* a higher x. However, the broadening indicates the contribution of Cu'
species a low KE. At x = 0.5, an extra broadening seen on the high KE side a 918.6 eV
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indicates CU’ contribution; a’ = 1851.2 eV aso indicates the contribution of both C and CLP*
on x = 0.5 (see Table 4.5). Owing to a large overlgp of the Auger transitions with a Sgnificant
background in the spectra, a rdiable estimation of individud Cu species is difficult. Above
XPS and XAES of Cu suggests the distortion of CU** environment a intermediate
compositions from fresh to spent catalysts.

4.2.6.4. Co 2p core level and Co-L3M4sMys auger transitions

Co 2p photoemission spectra for fresh (8) and spent (b) catdysts are shown in Figure
4.10. It digplays a main line and a satdllite for Co 2p spin orbit doublets. XPS results are given
with the reference compoundsin Table 4.6 [13-15].
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Figure4.10: Co 2p corelevel photod ectron spectraof fresh (a) and spent (b) Cu,.,CoFe,0, cadyds
Note the increase in energy gap between spin-orbit doublets of 2p levels and decreasing satellite
intensity with increasing x on fresh and spent catalysts.

Figure 4.10 and Table 4.6 shows: (1) |s observed at a BE around 785 €V decreases with
increasing X, (2) Energy gap between Co 2p spin orbit doublets increases from 15 eV (15.5
eV) a x =0.25 (x 3 0.5) on fresh to 15.5 eV (16.0 €V) on spent cataysts, (3) Energy gap
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between main line and sadlite dso increases with increasng x on both fresh and spent
caaydss, and (4) At x = 0.75 and 1, two satellites are discernible on fresh catdyst from the
large broadening; but only one satdlite is seen on spent catdyst (Table 4.6). A comparison of
BE of cadyds to that of reference compounds in Table 4.6, clearly indicates the catdysts
surfaces are in generd composed of both Co?* and Co®*. High k for x £ 0.5 suggests the

contribution of Co?* and high spin Co®*, since low spin Co** shows poor I [13-15].

Table 4.6: XPS parametersfrom Co 2p coreleve in Cu;-xCoyxFe O, catalysts and

relevant refer ence compounds.

Material BE of Co 2pz2 Satellite 2pP3/2-2P172 Reference
(Satellite)” (eV) | ntensity Gap (eV)

Co metd 778.0 Ya 15.1 13

CoO 780.1+0.3 Strong 15.5 13-15

Co(OH). 780.9+0.2 Strong 16.0 13-15

C0203 779.6 Wesk 14

Co304 780.5 Weak 15.0 15

ZnCo0s | 7803 Weak 15.0 15

CoAl,O4 781.9+0.5 Strong 16 14, 15

x =0.25" 780.7 (4.0) Strong 15.1 Present work

x=05 7805 (4.7) Strong 15.5 Present work

x =0.75" 7802 (34and 6.1) | Intermediate | 15.6 Present Work

x =107 7809 (46 and 6.1) | Intermediate | 155 Present work

x=025° | 7804 (4.1) Strong 15.5 Present work

x=05° 780.5 (4.4) Strong 15.9 Present work

x=075" | 7806 (45) Intermediate | 16.1 Present work

x=10° 780.7 (6.6) Intermediate | 16.0 Present work

* indicates the energy gap between Co 2ps, main line and satdlite.
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Co-L3My4sMys Auger spectra of x = 0.5, 0.75 and 1 compostions are shown in Figure
4.11, exhibit broad features between 760 and 780 eV. Two features seen a 767 and 772 eV are
identical for fresh and spent catalysts at x = 1.0. However, a x = 0.5 and 0.75 a shift in energy
is seen for lower KE comporent on spent catalyst compared to fresh; further, a change in
intengity retio of the two features is observed. Significant changes on spent catdyst a x = 0.5
and 0.75 implies the find state of the low KE festure is different compared to that of other find
gtate and indicates Site specific and/or near neighbor interaction.

Co-L,M _M_ Auger Spectra from
Spent Cu_Co Fe O Catalysts

Intensity / arb. units

T54 760 ToHb 772 778 T84
Kinetic Energy / ¢V

Figure 4.11: XAES from Co L3sM4sMys of fresh (thin lines) and spent (bold lines) Cu, «Co.Fe,0,
cataysts for x = 0.5, 0.75 and 1. Note the changes observed in energy and intensity atx = 0.5 and
0.75 from fresh to spent catalysts by thin and thick arrows, respectively.

4.2.6.5. Fe2p core level and Fe-L3M4sMgs
Photoemission spectra from Fe 2p core levels normadized to x = 0.0 are displayed in

Figure 4.12 for fresh (@) and spent (b) Cu;-xCoxFe,O4 catdyds. It displays a main line and a
satellite for both spin orbit doublets;, satellite associated with 2py» level is not shown, as there
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is some interference from O-KVV Auger trangtions. Although for the firs glance Fe 2p
spectra look dike on fresh and spent catadysts, there are two important differences between
them. (a) Clear satdlite, due to predominant Fe**, is observed on fresh catalysts; on the other
hand, Is is weak on spent catalysts, and (b) spent catalysts indicates a shoulder around 709.5
eV, characteristic of Fe** species [16,17], is shown after deconvolution in the inset in Figure
4.12 for x = 0.5. This feature is observed at 0<x<1 with Fe?*:Fe** ratio of 1:2. Further it is
accompanied with a clear shift in Fe 2py>, main peak to lower BE to 724.3 eV, compared to
725 eV for x = 0 and 1 (Figure 4.12b). It is to be emphasized here that Fe**-O bond length
should be significantly different from that of Fe**-O and it influences Fe-O hybridization [17]
and Cu or Co ionsthat arein the octahedra Sites.

XPS of Fe 2p core level in Cu,_Co Fe,O,
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Figure 4.12: Fe 2p core level XPS of fresh (a) and spent (b) Cu, «Co.Fe,O, catalysts. A shoulder is
seen beow 710 €V on spent catdysts (dotted ling) for O<x<1l with low satellite intendty.
Deconvolution of Fe 2p;, pesk demonstrate Fe** and Fe** on spent catalyst at x = 0.5, in the inset
on left panel. Broadening and shift in BE is clear with Fe 2p;,, level and indicated by arrow.
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Figure 4.13 displays the Fe-L3M4sM4s spectrafor x = 0, 0.5 and 0.75 catalysts. Spent
catalyst spectrum is normaized to fresh for better presentation. Fresh catdysts are smilar and
no difference is observed. Significant changes are clear on the spent catldyst at x = 0.5 and
0.75. A shoulder seen & KE 697 eV (dotted arrow in Figure 4.13) corresponds to Fe?*:
however the intengity of this feature is less a x = 0.75. Although there is some line broadening
on spent catalyst a x = 0.0, it is not consderable as in x = 0.5. Fe 2p and Fe LMM results

indicates the partial reduction of Fe** and the extent of reduction might be smdl & x = 0 and
land high at O<x<1.
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Figure 4.13: XAES from Fe LsM4sMys of fresh (thin lines) and spent (bold lines) Cu, «CoFe,0,
catalystsfor x = 0.0, 0.5 and 0.75 compositions. A shoulder observed at 697 eV on spent catalystsa x =
0.5 and 0.75 isindicated by dotted line.

4.2.6.6. Valence band photoemission

XPS spectra of the vaence band (VB) region obtained from fresh (a) and spent (b) Cu.-
xCoxFe 04 catayds are shown in Figure 4.14. The main VB observed below 9 eV have
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contributions from 3d bands of Cu, Co and Fe. At hn = 1253.6 eV employed in these
experiments, the photoionization cross section (s) value (Cu 3d = 0.021, Co 3d = 0.0067, Fe
2p = 0.0045 and O 2p = 0.0005 MDb) [18] is the dominating factor in formulating the spectral
intengty. The above data suggest Cu 3d should have large contributions to the VB and
contribution from O 2p is negligible The VB assgnments are draightforward from the
intengty and the BE of the bands. High intengty VB is observed with a satdlite around 12 eV
from Cu 3d® find state [19] on fresh CuFe,O, and the intensity of above features decreases at
higher x with an additiond pesk growing around 2 eV. Further an overlgpping band with
sgnificant intengty is discernible between 4 and 8 eV and it is clear on CoFe;O4. These
observations demongtrate the position of Cu and Co 3d bands around 2, 4 eV (solid and dotted
lines) and Fe 3d bands between 4-8 €V, respectively. A dip in intensity between 3 and 4 eV
denotes the absence of Cu 3d contributions a x = 1. Intengty variation observed from x = 0 to
1lismodly dueto the high s of Cu 3d bands.

Pa——

Valence Band Photoemission from Cu Lo Fe O,

g (b) Spent Cu3d (a) Fresh
x=0.0
0.25
0.50 Cu 3d°*
Co3d Fe 3d 0.75 satellite
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Figure 4.14: Valence band XPS of fresh (a) and spent (b) Cu,«CoFe,0, catalysts. A significant
decrease in energy gap between the 3d levels of Cu and Co and a decrease in overal band width is
observed on spent catalysts. Fe 3d level BE decreases on spent catalysts at 0.25£X£0.75.
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Dramatic changes observed on spent catalysts from core leves are reflected strongly in
the VB spectra too are listed below: (1) Cu 3d bands shifted towards that of Co by 31 eV
(arrowsin Figure 4.14b) accompanied an enormous narrowing of the Cu 3d bands. (2) Satellite
disappears on x = 0.0; however a broad band (satellite) appears between 10 and 15 eV for x =
0.25 to 0.75. (3) Thereis aclear shift in the onset of photoemissionto 1 eV for x = 1 compared
to emisson from 0 eV on x £ 0.5. (4) Shift in Fe 3d bands to lower BE a 0<x<1 is discernible.
(5) Co 3d band remains a the same BE on fresh and spent catalysts. The above points
demondtrate a large interaction among 3d bands of metd ions on spent catalysts compared to
fresh catadyds. Finite photoemisson a 0 eV ds0 reflects the metdlic conductivity, probably
dueto Cl’, onx £ 0.5.

4.2.6.7. Bulk and surface composition
Bulk and surface compostion vaues for dl the catayds ae given in Table 2.1

(chapter 2) and Table 4.7, respectively.

Table 4.7: Surface atomic ratio of fresh and spent Cu,,Co,Fe,O, catalysts

X Fresh Spent Spent

Cu/Fe | ColFe | (Cu+Co)/Fe | CulFe | Co/Fe | (Cu+Co)/Fe | Fe/C | Cu/C | Co/C
000|117 |-- 117 0.30 -- 0.30 0.503 | 0.152 | --
025(104 |(020 |124 1.57 017 |(1.74 0.110 | 0.171 | 0.019
050(0.79 |0.32 111 1.24 040 |(164 0.140 | 0.173 | 0.056
0.75{050 |[050 |1.00 0.60 031 [091 0.091 | 0.055 | 0.028
1.00| -- 0.75 | 0.75 -- 125 | 125 0.282 | -- 0.354

This exercise is mainly to know about the didribution of metals ions and ther heterogeneity on
the surface, as it directly influences the catdytic activity. On fresh cadysts, there is a linear
relation between the input amount (x) and bulk and surface concentrations measured by XRF
and XPS, respectively. High Cu/Fe ratio is found on spent cataysts a 0.25£x£0.75. Good
amount of C depogtion is evident from Table 4.7, however it is rdatively lesson x = 0 and 1.
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It is to be emphasized here (@) the predominant Fe enriched surface a x = 0 changes to Cu+Co
enriched surface at x = 0.25 and 0.5 (Table 4.7), on spent catalysts, (b) high coke content and
low Co-concentration is doserved at x = 0.25 and 0.75, irrespective of its bulk concentration,
and (c) (Cu+Co)/Fe varies in a smal range of 1+0.25 on fresh cataydts, but the variation is
high on spent cataysts. Last point indicates an apparent support like interaction of Fe part of
the catalyst and indicates the larger part of Cu and Co in the methylation reaction.

Figure 4.15 displays Cu/(Co+Fe) (ColFe for x = 1) ratio caculated from XPS results in

left pandl and phenol conversion with products sdlectivity for @l compaositionsin right pand.

1.6 Interdependence of Surface Composition and - 160
| Reactivity on Cu,_Co Fe O, - RT = 325°C and t = 3h
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Figure 4.15: Comparison of phenol conversion and ortho products selectivity performance of Cu,.
Co,Fe,0, catalysts at 325°C, TOS = 3 h (right panel) and Cu/(Co+Fe) (or ColFe) ratio of Cu
containing (Cu less) catalysts (left panel). Nate the large production of desired 2,6-xylenol and
Cu/(Cot+Fe) = 0.9 a x = 0.5 composition on spent catalydt.

A correation between them hints tha no sngle ion but a combinaion of metd ions
specificaly the heterogeneity of the surface, decides the course of the reaction towards high

2,6-xylenol sHectivity. When the surface is dominated by a single metd ion (x£0.25 and x=1),
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desired reactivity is not achieved. Further, it is speculated here that it might be the par of
hetero-atoms, say Cu-Co or Cu-Fe, is preferred for two different reactants to be adsorbed in
nearby dtes for the above desired sdlectivity and avoid any diffuson. Same trend shown by
both Cu/(Co+Fe) and (Cu+Co)/Fefor dl x vaues supports the above points.

4.3. PHENOL ETHYLATION

Properties of the fresh and the spent catdysts that results due to ethylation reaction
are compared to understand the changes happened both in bulk and on the surface.
Specificdly, the spent cataysts were obtained after 10 h reaction (ethanol to phenol rétio
of 5, reaction temperature 375°C). Since the properties of fresh cataysts are aready
discussed, emphesize is given to discuss much on spent catayss.  However for
comparison purposes grephicad data for fresh catdysts is dso reproduced here dong with
spent cataysts.

4.3.1. Characterization of Cu;-xCoxFe>O4

Figure 4.16 shows XRD patterns of sdected compostions of fresh and al spent
catdysts.  Spent catdysts andyzed by XRD and XPS are after ethylation at 375°C for 10h
with 1:5 compostion of PhOH:EtOH, unless otherwise stated.

XRD of spent catdysts shown in Figure 4.16 dso digplays dl characteridtics reflections
and ascertain the integrity of the spind  structure. In the case of CuFe;O4 the diffractogram is
more uniform, however, presence of metdlic Cu, Fe and Fe,C, phases are also observed.
The intendty of metdlic Cu and Fe pesks varies linearly with x, but in an opposte trend
indicating the ease in reducibility of Cu>>Fe, for Curich compostions. Decreasing Cu-
content (and not an increase in Co-content) incresses the reducibility of Fe and very smadll
amount of Fe” is seen a x = 1. The above observations demonstrate the reduction conditions
amulated during reection is likey due to ethanol reforming. No change in XRD pettern is
observed between fresh and spent CoFe;O4 hints an irreducible and more robust structure. A
andl increesein ‘a’ and an enhancement of crystdlite Sze is observed on spent catdysts.
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XRD patterns from Cu,_Co Fe O, System
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Figure 4.16: X-ray diffractograms of selected compositions of fresh and spent (ethylation) Cu,.
Co,Fe,0, catalysts. XRD from spent catalysts are after phenol ethylation reaction at 375°C for 10
h with 1:5 composition of phenol:ethanol. Note an opposite trend in the intensity of metalic Cu
and Fe on spent catalysts.

4.3.2. XPS Analysis
4.3.2.1. Cu 2p core level and CuL3MzsMgys

Figure 4.17 displays the photoemission spectra of Cu 2pgz» core leve from fresh (@)
and spent (b) Cu-xCoxFe,O,4 catdyss. Severd interesting and new festures can be seen
from the Cu 2ps» XPS results of spent cataysts (Figure 4.17b) compared to fresh cataysts.
The main features in this spectra region are due to CUf* species exhibited at a BE of 934.2
dong with the saellites aound 942 eV and Cu" (andior CU’) a 932.6+0.1 eV.
Deconvolution reveals the contribution of the above two Cuspecies and Cu-redudhility in
terms of Cu’/ClU?* is shown in Figure 4.17c dong with K1y, For smplicity, deconvolution
isshown only for x =0.75in Figure 4.17b and the results are given in Table 4.8.

Main results from Figure 4.17a-c are highlighted in the following: (1) CU** species
got partialy reduced to Cu™ a adl x vaues during reaction; however Cu reducibility

144



Chapter 4. Characterization of Spent Catalysts and Co-Cu Synergism

remains close to 0.44 between x = 0 and 0.5, whereas this ratio is 0.3 a x = 0.75. (2) IdIm

ratio of x

0.75 compostion increased consderably from fresh to spent, while other
compositions does not show a consderable change. Above two points clearly indicates that
only & reatively large Co-concentration (x = 0.75), it influences the dectronic state of Cu-

pecies Sgnificantly.
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Figure 4.17: Cu 2p photoemission spectra of (a) fresh and (b) spent (ethylation) Cu, «CoFe,0,
catalysts. Deconvolution clearly shows both Cu” and Cu™* on spent catalysts. Panel ¢ shows the
satelite to main line intensity ratio (I¢/1,) for fresh (F) and spent (S) catalysts and the ratio of
reduced Cu to that of Cu?* on spent catalyst. Note a dlight increase in the reducibility of Cu from x
= 010 0.5 and a sudden decrease a x = 0.75. (d) Cu L3M,sMy4s Auger electron spectra from spent
cataysts.

145



Chapter 4. Characterization of Spent Catalysts and Co-Cu Synergism

Table 4.8: XPS and XAES parameters of Cu,,Co,Fe,O, catalysts

Catalyst BE of Cu 2pz» KE of )

a’ (e
composition (x) | (FWHM) (eV) Cu L3M 45M 45 (eV)
0.00° 932.4, 934.1 (4.0) 916.3, 917.0 1848.7, 1851.1
0.25° 932.6, 934.3 (3.8) 916.2,917.0 1848.8,1851.3
0.50° 932.6, 934.3 (3.9) 916.3, 916.8 1848.9,1851.1
0.75° 932.6, 934.4 (3.6) 916.1, 916.9 1848.7, 1851.3

F and Sindicate the fresh and spent catalysts.

Lower vdent Cu species can be diginguished by examining the Cu L3zM4sMys
Auger peaks. The Cu LsM4sM4s Auger spectra of spent cataysts are shown in Figure 4.17d
and the modified Auger parameter (a’) [7] vaues cdculaed are given in Table 4.8. All
the compositions exhibit a peak around 917.0 eV (solid arrow) with a broadening a lower
kinetic energy (KE) of 916.2 eV (dotted arrow). It should be noted here that the KE of Cu
L3sM4sMas peak for CuO, Cw,O and Cu occur at 917.6, 916.5 and 9184 eV (Table 4.5)
repectively [7-9], and depending on the chemicd environment and geometry, the KE of
this line has been found to shift dgnificantly. The present vaue suggests the contribution
of both Cu" and Cu/** and no CW’ on spent samples. In condlusion, there is no significant
distortion of C?* from fresh to spent catalysts for 0.50 and the distortion is considerable
a x = 0.75. High polarizability induced by the formation of Co-contaning spind would
change the nature of Cu-O bonds, especialy at high Co-content [12].

4.3.2.2. Co 2p corelevel and Co-L3MasMas auger transitions

Figure 4.18 shows Co 2ps» XPS of (8) fresh and (b) spent catalysts and (c) Co-
LsM4sMas Auger spectra of x = 0.5 and 1. Main XPS derived vaues of Co 2p levels are
gven in Table 4.9. The important features observed from Co 2p spectra (Figure 4.18,
Table 4.6 and Table 4.9) are (1) |s decreases with increesng x. (2) The energy gap
between 2ps, pesk and its sadlite increases with increase in Co-content, especialy on
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spent catdydts (arrow in Figure 4.18b). (3) Energy gap between Co 2p spin orbit doublets
(data not shown) increases from fresh to spent catadyds. (4) Two sadlite pesks are
discernible at x = 0.75 and 1; however only the high BE satdlite appears a x = 1 on spent
catalyst. A comparison of cataysts and various Co-compounds reported in the literature [20],
dearly indicates that the catdysts are in general composed of both Co?* and Co**. High Is for
XE0.5 suggests the contribution of Co®* and high spin Co**, as low spin Co** shows poor s
[13-15].

Co-L3sM4sMys Auger spectra of x = 0.5 and 1 compostions are shown in Figure
4.18c exhibit broad features between 760 and 780 eV. Two festures seen a 768 and 772
eV are virtudly the same for both fresh and spent catdysts for x =1. However a x = 0.50
(and 0.75) a shift in energy is seen for lower KE component on spent catayst compared to
fresh. These changes indicate a definite Cu-Co interaction from near neighbor dtes and
probably a site-specific interaction.
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Figure 4.18: Co 2p core level photoelectron spectra of (@) fresh and (b) spent (ethylation) Cu,.
«Lo,Fe,0, cataysts. Note a decreasing satellite intensity with increasing x on fresh and spent
catalysts. () XAES from Co LsMysMys of fresh and spent Cu,..Co,Fe,O, cataystsfor x = 0.5 and
1. Note the changes observed in energy and intensity at x = 0.5 from fresh to spent catalysts by two
arrows, respectively.
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Table 4.9: XPS parametersfrom Co 2p core level in Cu,,Co,Fe,O4catalysts

Composition (x) | BE of Co 2ps; mainline 2p32-2p12 mainline
(mainline-satellite ener gy gap) (eV) energy gap (eV)

0.5° 780.7 (3.5 and 5.5) 15.8
0.75° 780.6(3.9 and 5.6) 16
1.0° 780.5 (6.5) 15.9

F and Sindicate the fresh and spent catalysts.

4.3.2.3. Fe 2p corelevel and Fe-L3Mss5Mys

Figure 4.19 shows the Fe 2ps, pesk and the satellite associated for both (a) fresh
and (b) spent Cu.xCoxFe,O4 catdysts. Fresh catdysts exhibit predominant Fe** at a BE of
711+0.2 eV and spent catalysts shows mixed vaent Fe.
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Figure 4.19: Fe 2p core level XPS of (a) fresh and (b) spent (ethylation) Cu, .Co.Fe,0, catalysts. A
shoulder is seen below 710 eV on spent catalysts (dotted line) indicates the partial reduction of
iron. Deconvolution of Fe 2p;, pesk demonstrate Fe** and Fe** on spent catalyst at x = 0.5, in the

inset on left panel.
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Three important differences between the fresh and spent catalysts are: (a) a clear satdllite, due
to predominant Fe** in Q, coordination, is observed on fresh catalysts; (b) partial reduction of
iron is evident on al spent cadyss from the shoulder around 709.6 eV and weak I,
characteristic of Fe?* in Ty coordination [16,17] (broken line in Figure 4.19b) and, (c) ratio of
Fe**:Fe** on spent cataysts, (shown by deconvolution for x = 0.5 in the inset in Figure 4.19b),
for dl compostions is close to 1.1 indicates the partid reduction of Fe. Fe LMM Auger
spectral results (not shown) dso indicate the partid reduction of Fe** occurs on spent
catayds.

4.3.2.4. Valence band studies
Figure 4.20 shows the VB photoemission spectra of Cuy.xCoxFe;O4 for both fresh

and spent cataydts.
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Figure 4.20: Vadence band XPS of (a) fresh and (b) spent (ethylation) Cu, ,CoFe,O, cataysts. A
significant decrease in energy gap between the 3d levels of Cu and Co and a decrease in overal

band width is observed on spent catalysts.

Changes observed on spent catalysts from core levels are reflected strongly in the VB too.
The main VB observed below 10 eV have contributions from metal 3d and O 2p bands and
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the assgnments of various bands are from the photo ionization cross section vaues () at
hn = 1253.6 eV [18] and as explained in methylation case [20]. Briefly, s of various bands
decreases Cu 3d>Co 3d>Fe 3d>>0 2p and indicates large and negligible contribution from
Cu 3d and O 2p, respectively to VB.

The important observations made from VB region are listed bdow. (1) Cu and Co
3d bands are separated by more than 2 eV on fresh catalysts, however on spent catdysts
the 3d bands overlap strongly in such a way tha the energy gap is less than 1 eV (arows in
Figure 4.20b). (2) Satellite responsible for Cu** sill appears on al Cu-containing spent
cadyss with diminished intendty between 10 and 15 eV. (3) Consderable amount of
dengity of states is observed close to 0 eV BE on spent catalysts compared to no intensity
on fresh catdyds (4) A dear shift in Fe 3d bands to lower BE is discernible on al spent
catalysts compared to fresh cataysts. (5) Co 3d bands remains at the same BE on fresh and
soent catalyds. (6) A generd narrowing of meta ions 3d bands on spent catayds is
observed. Above points illugtrate a large increase in overlap of 3d bands of meta ions on spent
catalysts compared to fresh catalydts.

4.3.2.5. Surface composition

Surface compostion vaues for both fresh and spent catdyss from XPS ae given
in Table 4.10. This data is hepful to understand the didribution of metd ions and ther
heterogeneity on the surface, asit directly influences the cataytic activity.

Table 4.10: Surface atomic ratio of fresh and spent Cu,,CosFe,O, catalystsafter ethylation.

X Fresh Spent Spent

CulFe | ColFe | CulCot+Fe | CulFe | ColFe | Cu/CotFe | Fe/C | Cu/C | ColC
0.00 | 217 | -- 1.17 1.26 -- 1.26 035 |04 | --
025|104 [020 |0.86 1.45 0.18 1.23 0.36 | 0.53 | 0.065
050|079 |[032 |0.60 1.45 0.30 1.12 0.21 | 031 | 0.063
075|050 |[050 |0.33 1.42 0.33 1.07 0.13 | 019 | 0.044
100 | -- 0.75 |0.75% -- 1.05 1.05% 046 | -- 0.49
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The important points worth mentioning are as follows. (1) Cu/Fe, Co/Fe and Cu/CotFe
ratio changes linearly with x on fresh cadyds however the surfaces are generdly
dominated by Cu** ions considering the bulk Cu-content, (2) high Cu/Fe and Cu/Co+Fe
ratios were found on spent catayss in comparison with fresh catdyds, in spite of
increesing Co-content; however, Co-content on the spent catdysts surface do not vary
proportionately with bulk concentration for x<1, (3) good amount of coke depogtion is
evident a dl compogtions, however it is high & x = 0.75, (4) nearly same Cu/Fe ratio
(1.45) is found at O>x<1 indicates the surface dominance by Cu on spent catdysts too, and
(5) heterogeneity of the surface due to didribution of al metd ions is high a x = 0.50 and
0.75.

Figure 4.21 displays Cu/Fe and Co/Fe ratiio caculated from XPS results for fresh
and spent catalyds in left pand and PhOH converson with EtPhOH yidd a a reaction
temperature of 375°C and TOS = 10 h in right pandl, for al compositions.
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Figure 4.21: Comparison of phenol converson and 2-EtPhOH yield on Cu, .Co,Fe,O, catalysts at
375°C, TOS = 10 h (Right panel) and atomic ratio of Cu/Fe and Co/Fe for dl fresh (F) and spent
(S) catadyst compositions. Note the influence of Co-content and product yield, which is high at
x=0.5 (Left pand).

151



Chapter 4. Characterization of Spent Catalysts and Co-Cu Synergism

It is very clear that the combination of Cu+Co species decides the catalytic activity rather
than a single meta ion and it is evident from the excdlent corrdation of aomic ratio with
reectivity at O>x<l. Better activity a x = 0.5 hints the importance of 1.1 bulk ratio of
Cu:Co. A heterogeneous didribution of reactive Cu species with a combination of Co and
Fe is seen a dl intermediate compostions. Low PhOH converson & x = 1 hints the poor
cataytic activity of CoFe;Og.

4.4, COMPARISON OF DIFFERENT PHENOL ALKYLATIONS
Figure 4.22 shows a comparaive sudy of phenol akylaion usng different dcohols
and or dkene as dkylating agent.
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Figure 4.22: Composition dependence of (@) phenol converson (b) maor product selectivity and
(c) total ortho akyl phenol selectivity for different alkylating agents. Same symbol is used for a
particular akylating agent in dl panels.
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From the kinetic results, it is clear that x = 0.50 compostion shows better activity
irrepective of the akylaing agent. Hence XRD and XPS andyss were carried out on X =
050 compogtion after the akylation reaction a optimum conditions. The spent cataysts
are obtained after TOS = 10 h under the optimum conditions for each akylation reaction.
The optimum reaction temperature for phenol methylation (for both methanol and DMC)
and isopropylation are 350°C; for ethylation a 375°C and for butylation a 200°C. It is
interesting to note the dependence of surface composgtion with activity when different
akylating agents used for phenol akylation.

4.4.1. Characterization of Cug 50C0g 50Fe204

Figure 4.23 shows XRD patterns of compostion x = 050 of fresh and al spent
catayds.
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Figure 4.23: X-ray diffractograms of fresh and spent Cuy 50C0p 50Fe204 catalysts. XRD from spent
catalysts are after phenol alkylation reaction using different alkylating agents under the respective

optimum conditions for 10 h.
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XRD of spent catdysts shown in Figure 4.23 dso displays al characterigtics reflections
and ascertain the integrity of the spind structure.  Presence of metdlic Cu, Fe and FeCy
phases are observed on dl the spent catdysts except for butylation. The intengty of
metalic Cu and Fe pesks varies as the dkylaing agent changes. This demondrates the
reduction conditions smulated during reection varies with the dkylaing agent. A srdl
increasein ‘a’ and an enhancement of crystdlite Sze is observed on spent catalysts.

4.4.2. XPS Analysis
4.4.2.1. Cu 2p core level

Figure 4.24 presents the Cu 2p core level photoemisson spectra of fresh as well as
spent catalysts that results due to various phenol dkylation reaction on x = 0.50.
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Figure 4.24: Cu 2p photoemission spectra of fresh and spent Cug 50C0p 50F€,0, catalysts. Spent
catalysts are obtained after phenol alkylation using different acohols / akene as akylating agent at

optimum conditions.
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Severd interesting and new features can be derived from the Cu 2pz, XPS spectra of spent
samples compared to the fresh one. The main fesatures in the Cu 2pg» Spectra region of
spent cataysts are Cu* and Cu' species at BEs of 934.2+0.1 eV and 932.5+0.1 eV
respectively.

Following important points can be drawn out from Cu 2p photoermsson Spectra

(2 cu é|b€1:|€5 got fuIIy reduced to Cu* in the case of DMC and |sopropyl however
pa'tlaily reduced to Cu" in dl other cases.

(2) Presence of Cu** species is confirmed from the associated satellite feature around 942
eV on above patidly reduced dkylation cases.

(3) The extent of reduction on CU** species depends on the alkylating agent.

The above features are further confirmed from XAES results (not shown).

4.4.2.2. Co 2p core level
Co 2p photoemisson spectra of spent cataysts are shown in Figure 4.25 dong with
the fresh one.

Co 2p,, Photoemission from Fresh and
Spent Cu Co  Fe O, Catalysts

Satellite
? ‘ t-Butyl

Isopropyl

@n
=
=
=
=
= ‘ ithy,
z
= Methyl-DMC
g
=
= Methyl

Fresh

LI L B N L R LB B BB LR
777 780 783 786 789 792
Binding Energy / eV

Figure 4.25: Co 2p photoemission spectra of fresh and spent Cug 50C0p 50Fe,0, catalysts. Spent
catalysts are obtained from phenol alkylation using different alcohols / akene as alkylating agent at
optimum conditions.
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The important feature observed from Co 2p photoemission spectra is the intendity of 2ps»
peak and its associated shake up satellites is decreased very much for spent x = 0.50
composition obtained after methylation with DMC and t-butylation reaction in comparison
with other dkylaing agents  Apat from the above there is no dgnificant difference
among al the spectra

4.4.2.3. Fe2p core leve
Figure 4.26 shows the Fe 2ps» peak and the satdlite associated with 2ps» levd for
x = 0.50 composition after various akylation reactions along with the fresh catalys.
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Figure 4.26: Fe 2ps, photoemission spectra of fresh and spent Cug 50C0o s0F€,0,4 catalysts. Spent
catalysts are obtained from phenol alkylation using different alcohols / alkene as akylating agent at

optimum conditions.

The important features derived from the spectra due to various akylation reactions are;

(1) The intendty of 2ps» pesk a 710.8 eV and the associated satellite diminishes from
fresh to spent and it is pronounced more on spent resulted after methylation reaction (with
both methanol and DMC as dkylating agents).
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(2) Partid reduction of iron is evident on dl spent catdysts from the shoulder around 709.7
eV and wesk L characteristic of Fe&** in Ty coordination (broken line in Figure 4.26), as
explained in methylation and ethylation cases, eaxrlier.

4.4.2.4. Valence band photoemission
Figure 4.27 shows the VB photoemisson spectra of fresh as well as spent cataysts
for x = 0.50 composition after various akylation reactions.

Valence Band Photoemission from Fresh

and Spent Cu,  Co,  Fe O, Catalysts

Isopropyl

Ethyl

Methyl

Fresh

Intensity / arb. units

Binding Energy / eV

Figure 4.27: Vaence band XPS of fresh and spent Cug 50C0q 50Fe,0, catalysts. Spent catalysts are
obtained from phenol akylation using different acohols / akene as akylating agent a optimum
conditions. A significant decreasein energy gap between the 3d levels of Cuand Co and adecreasein
overal band width is observed on dl spent catalysts except for butylation.
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The important observetions derived from VB region are:
(1) The Cu and Co 3d band separation of 2 eV observed on fresh x = 0.50 composition is
reduced to 1 eV on spent caidysts. However the catdysts after butylation reaction shows
amog smilar pattern as that of fresh one.
(2) Except butylation, consderable amount of densty of dates is observed close to 0 eV
BE on other spent catalysts compared to no intendty on fresh catdysts.
(3) The Cu 3d bands centered a 4.3 €V on fresh x = 0.50 compostion is found to be
shifted towards Co 3d region accompanied with the narrowing of Cu 3d bands.
(4) Sadlite responsble for CU?* dill appears on dl spent cadysts with diminished
intengity between 10 and 15 eV.
(5) Shift in Fe 3d bands to lower BE is discernible for al the spent except butylation.
(6) Co 3d bands remains at the same BE on fresh and spent catalysts.

All the above points illustrate a large increase in overlgp of 3d bands of metd ions
on spent cataysts compared to the fresh x = 0.50 except after butylation.

4.4.2.5. Surface composition

Surface compostion in terms of CwFe and Co/Fe aomic ratio for dl the spent
cadyss for x = 050 are given in Fgure 4.28 (left panel). Phenol converson and the
respective ortho akyl phenol sdectivity are given in Figure 4.28 (right pand!).
Theimportant observations from surface andyss are;
(1) Cu/Fe rdio is higher than Co/Fe raio on al spent cadyss, eventhough bulk Cu:Co
ratiois 1.
(2) Highest (Cu+Co)/Fe ratio is found on spent resulted from methylation with DMC and
lowest (CutCo)/Feratio is on butylation spent.
(3) Generdly asthe size of akyl group increases (Cu+Co)/Fe ratio decreases on spent.
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Figure 4.28: Comparison of phenol conversion and ortho products selectivity performance of
Cup 50C0p 50Fe,0, catalyst for different akylating agents at optimum condition, t = 3 h (right panel)
and Cu/Fe and Co/Feratio (left panel).

From the comparison between surface atomic ratio and phenol akylation activity, it
iIs cler that spent catdysts having high Cu/Fe aomic rdio show high catdytic
performance.  Thus spent catdysts resulted after methylation (with both methanol and
DMC) and ethylation possess relatively high Cu/Fe atomic ratio and in al these three cases
high phenol converson is dserved. Whereas for the spent cataysts of both isopropylation
and butylation cases low Cu/Fe aomic rétio is observed and the phenol converson is less
for both cases. Thus it can be concluded that high Cu-content on the surface is an essentid
requiste for better cataytic performance and large Fe-content on the surface, reduces the
cataytic activity, as dready explained in methylation cases (x = 0.00) cases.
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SECTION I

4.5. INTRODUCTION

Observations derived from the andyss of the spent catdysts are discussed in detall
in this section. The andyss of the spent cadysts obtaned from various phenol
dkylations reveded smilar dructurd changes.  Hence we redrict this discusson pat in
terms of catdytic activity to methylation, and structura changes are discussed in detall.

Regarding phenol methylation the results fullfill the expectations the mixed Cu-Co
ferrites exhibit the highest activities, the converson of phenol exceeds dgnificantly the
activities shown by the x = 0 and x= 1 samplesa T £ 350 °C. The three dominant effects
of the mixing of the Cu and Co ferrites, viz. posshle changes in the bulk sructure
(occasond phase separdtion), changes in the oxidation date of the dtervdent ions
(incdluded the redidgribution of iron in (A) and [B] gtes), and formation of different
carbonaceous deposits are discussed in the forthcoming paragraphs.  The most important
finding is for efficient dimethylaion Cu-Co interaction in the Cu.xCoxFe,O,4 spind system is
very much essentid, which is demondtrated through the changes in oxidation state and overlep
of 3d bands of trangtion metd ions, eucidated from XPS studies.

4.6. DISCUSSION
4.6.1. Chemical state and distribution of transtion metal ionsin Cu;-xCoxFe,O4 system
Spent ctayds show predominant spingl phase and smal amount of metalic Cu, iron
carbide and Cw,O due to reductive amosphere under methylation conditions. Nonetheless CuP
and Fe° are not observed in XPS results (Figures 4.8 and 4.12) a any composition hints the
surface metal atoms are oxidized. However, coke deposition prevents the oxidation of metd
species in the bulk and seen in XRD. This dso indicates the inevitable structural collapse to
some extent a X = 0.0; neverthdess, the structurd integrity etained is high a % 0.25 and
confirmed from XRD. Surface area increases after reaction on x = 0.5 and 0.75 and the same
decreases at other compositions. At x = 0.0 and 0.25 it is probably due to agglomeration of Fe
and Cu particles, respectively, (Figure 4.15). Nonetheless, x = 0.5 shows uniform distribution
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of dl the ions and copper being the mgor species supports its high activity. All the above
indicates there is a congderable redidribution of the cations under resction conditions,
especidly at O<x<1.

It is evident that above such modifications occurs in the case of ethylation spent
catayss too. Seemingly, there is an apparent correation between surface area and phenol
converson. It is to be noted here that the surface area of Cuy-xCoxFe;O4 system prepared by
high temperature glycine nitrate combustion method [21] exhibit <2 nf/g for al compositions
and show low methylation activity fesults not shown) but follows the same trend as tha of
samples prepared by co-precipitation. This indicates the surface area is not a dominating factor
in methylation reactions.

The reaction conditions imposed over the catdyst due to other phenol akylation
reaction were dso reducing. However the extent of reduction depends on the akylating
agent as wdl as the reaction conditions. Decompostion of acohols occurs adong with
dkylation reaults in formation of CO, H, and hydrocarbons, which are sufficient enough to
reduce the fresh catdyst. Thus the reaction ended with the reduction of C#*, Fe** and
Co®" ions to its lower oxidation states as in the case of methylation but to different extents.
Spent catalysts show predominant spind phase and smal amount of Cu, p-Fe, Fe,Cy and
Cw0.

4.6.2. Changesin the bulk structure- extent of the expected phase separation

It is known that the CuO + Fe,O3 = CuFe;O,4 process is dightly endothermd, thus
decomposition of the Cu ferrite might proceed spontaneoudy. In fact, for the Cu ferrite,
this presumption has clearly proven by XRD, TG-DTA and MoOssbauer sudies. The X-ray
diffractograms recorded both on the fresh and spent CuFe,O4 samples display the presence
of other Cu, CuO, Fe,O3, etc. phases as well. In addition, the comparison of the fresh and
soent catadyst exhibits far the largest shift in the value of 'a laitice parameter, indicating a
noticeable change in the dructure upon treatment. In correspondence, the M oéssbauer
gpectra recorded on the CuFe;O4 samples exhibit characterigtic shapes, e.g. the spectrum of
the spent catalyst might be used as atextbook illustration for magnetite.
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TG data dso provide some indght about to what extent the reduction and the
associated phase separation is occurred on various compostions due to reaction.  If we
assume only Fe** and Cu?* ions are reduced and if it is happened only to the level of Cu'
and Fe?*, then theoreticdly it is possible to caculate the degree of reduction [22]. This can
be illustrated by consdering the reduction of CuFe,O4. Following three important cases is
consdered for caculating the degree of reduction.

6 CuFe;O4 ® 4Fes04 + 6CuO + Oy (@)
2 CuFe,0O4 ® 2Fe03 + CwpO + 1/20, 2
6 CuFe;04 ® 4Fes04 + 3CwO + 520, 3

Degree of reduction = {1 — (reduced species/oxidized species)} * 100
For example, the degree of reduction for the first case can be expressed as
Degree of reduction = { 1 — (4Fe304, 6CUO/ 6CUFe;0,)} * 100

The degree of reduction for other two cases as wdl for other compostions is
cdculaied in this way and the results are given in Table 4.11 dong with experimenta
weight gain.

Table 4.11: Experimental and calculated values of degree of reduction of spent samples of
composition Cu,,CoFe;0,

Compostion Degree of reduction (%)

(x) Experimental Calculated valuefor different

value type of reaction
Fe*'® Fe™* | Cu™"® Cu" | Fe*'® Fe** & Cu™*® Cu*

0.0 6.14 2.23 3.35 5.58
0.25 5.84 2.24 2.52 476
0.50 2.40 2.25 1.69 3.94
0.75 131 2.26 0.85 3.11
10 Not detected 2.27 - 2.27
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From the Table 4.11 it is clear that composition x = 0 and 0.25 exceed the calculated vaue
of al the above three cases (note that process 3 is the agebraic sum of processes 1 and 2).
This indicates in these two cases reaction brought reduction of Fe** and CU?* to sgnificant
extent and reduction did not end to the levd of Cu" and Fe?*. It is further reduced
patidly to metdlic state in Cu-rich catayss. As the Co content increases, the degree of
reduction also decreases in the same trend and the experimenta weight gan for the
remaning three cases is less than the caculated vadue indicate reduction might occur
patidly on both CU** and Fe**. The results are in well agreement with the observation
from XRD, Mossbauer, TPR and XPS studies.

For the mixed CuCo ferite cadysts (0 < x < 1), phase separation is hardly
detected. At the x= 0.25 sample a dight segregation of copper may ill occur, however
smultaneous incorporation of copper into the spind phase is unambigous (The 'd lattice
parameter is different, the change is less expressed upon reaction. MOsshauer spectra
display more homogeneous didribution for iron — i.e. [B] dStes sart to accommodate Cu
and later Co ionsas wdll).

4.6.3. Structural effectsdueto the reducing reaction conditions

The reaction conditions gpplied over the catalyst were definitely reducing, since the
used optima methanol to phenol ratio was 5, far exceeding the vaue of 2 (nomind by the
reaction stoichiometry). The reducing effects can primarily be reflected in three aspects.
First, reduction may proceed on the separate CuO phase as Cu/** ® Cu' and in a second
dage to metdlic Cu. The second group can be composed from further indirect signs of the
reduction occuring in the spind phase. Concerning the third manifestation for structura
changes, the redigribution of dtervaent ions in the bulk spind lattice can be consdered.
(It is possble to follow the change of the digribution of iron ions between (A) and [B]
sites by applying M Gssbauer spectroscopy.)

As for the first process, the reduction of copper is clearly proven by XRD with
detecting the appearance of metallic copper. (In the previous subsection occasond phase
separation was assumed for Cu ferrite, and in a smdler extent to the x= 0.25 sample. Thus,
the phase separation may indirectly promote reduction as well.) It should adso be noted that

163



Chapter 4. Characterization of Spent Catalysts and Co-Cu Synergism

copper may probably play a dgnificant role in promoting the reduction — even without
forming an extended separate metalic copper phase. For example, in TPR profiles the

temperature of the Fe** to Fe"?

is ggnificantly shifted to lower temperaures in the
copper-rich x= 0, 0.25 and 0.5 samples. Another evidence for the Cu-enhanced reduction is
the appearance of c-iron carbide phase in detectable amounts in Méssbauer spectra of the
Cu-rich mixed samples (c.a 20 % spectrd area in the x= 0.25, and c.a 12 % contribution
in the x= 0.5 sample). The third evidence is the gppearance of zerovadent iron in the X-ray
diffractogram of the x= 0.5 sample.

The second group of dgns for reduction conssts of some indirect observations.
Among these, the effect of reduction is clearly proven by XRD. Namey, the 'a lattice
paameter is dgnificantly larger for the spent catdyds. This increese can smply be
dtributed to reduction, since ions in lower vaent date have larger ionic radii than those
exhibited by the same dtervaent ions in higher oxidation states. With regard to the extent
of reduction, the samples vary in dependence of compodtion. It is seen eg., when
comparing the ’a lattice congtants of the fresh and spent catdysts, 1.7, 0.7, 0.7, 0.5, and
0.2 pm-s are found as x varies from O to 1 in the samples, respectively. Another evidence
for reduction is that the amounts of consumed hydrogen were admost an order of
magnitude smdler on the spent catalysts than the respective amounts taken up by the fresh,
oxidized samples in the TPR studies in the low temperature region (130 — 420 °C). The
extent of reduction is srongly corrdlated with the copper content as clearly reveded in
TPR profiles (Figure 4.4). For the cobdt ferite (x= 1) only a dight commencement of
reduction can be detected below the reaction temperature, cobdt and iron ions are hardly
reduced at 360 °C > T.

The third effect of the reduction is the change of distribution of ions between the
(A) and [B] dtes. It should dso be added here, that not only the digribution and the
oxidation state may be influenced by the redox processes, the full amount of lattice cations
may change, as wdl. (For example both magnetite, Fe3O4 and maghemite, g-Fe,Os, have
the same spind dructure, in the latter structure cation vacancies compensate the exclusve
Fe** oxidation state). As for the [A] and [B] positions, the CuFe;O, is in full accordance
with the previous observations on the extended reduction and phase separation: upon
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reaction the Fe'(A) sites are partialy depleted and the Fe?*’**[B] positions are filled up,
leaving only smal space to Cu ions for saying inserted in the lattice (the ratio of the
Fe**(A) to Fe?**'[B] populations < 1; Table 4.2). In the cadyticdly most active mixed
samples (0 < x < 1) distinct changes are seen: in the spent samples the ratio of the Fe**(A)
to Fe**[B] populations reverses to > 1, i.e. Co (and occasiondly Cu) ions may occupy
[B] dtes in higher proportions. At the same time however, the reducibility is maintained
for iron stes in the octahedrd [B] postions the full amounts of Fe**[B] are converted to
Fe?"3[B] upon exposing the fresh samples to the reaction mixture. In the cobdlt ferrite the
extent of reduction is the smalest among dl the samples, for example, the Fe** state is
mostly maintained in [B] sites, it prevails over the Fe?** proportion in the spent catalyst.

Due to the lower coordination number of the tetrahedrd cations, the attractive force
for a gngle tetrahedrd M-O bond will be strong [1]. Since each octahedrd cation is
surrounded by more number of anions, the octahedra M-O bond will be wesaker and hence
will be more polar. Jacobs et d [23] in a study, using LEIS (Low energy ion scattering, a
technique which is sendtive to the outer most atomic layer), reveded that spind surface
dtes are manly octahedra and, hence, the octahedral cations are mainly exposed on the
surface. Naraamhan and Swamy reported that weak octahedra M-O bonds act as strong
acohol adsorption centers [24]. The DR-IR sudies of spent samples dso show the
pronounced plitting of octahedrd bands. All these observations help to conclude that the
octahedral Stes are the main centers of organic molecule adsorption which causes the
reduction of respective ions more on octahedra sites than on tetrahedral.

4.6.4. Carbonaceous deposits formed in the process of alkylation

Formation of carbonaceous depodts is clearly reveded on the cadyticdly most
active, mixed Cu-Co ferites. For example, TG measurements reved a sgnificant weight
loss, amounting to 8 — 12wt %, upon heating the samples in ar. In this aspect, the
different nature of the carbon deposit is worth to point out, namely, the deposts formed on
the two copper-rich x= 025 and 0.5 samples exhibit smilar behaviour, whereas the
depost formed on the cobdt rich x= 0.75 sample shows different properties. Three

smilarities for the x= 0.25 and 0.5 samples can be mentioned. Fire, their carbonaceous
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deposits contain hydrogen in a sgnificant proportion, the H, : CO ratio exceeds 1 as the
mass spectroscopy of the TPD sudies show. The second fegture is the comparatively low
temperature of the removd of the depost: ether in ar (in TG) or in hdium (in TPD) the
deposits are removed a Smilar temperatures (around 580 K). The third festure is the
formation of iron carbide in detectable amounts. This feature is due to the strong reducing
potentia exerted by these hydrogenrich carbonaceous deposits. the carbon exists probably
in a reactive form which is able to form iron carbide in detectable amounts in the two
copper-rich mixed samples.

The cobat—rich mixed ferite is different in the agpects mentioned above. Firy, it
does not contain hydrogen in high proportion. (The weight loss shown by TG is the largest,
as well as the released amount of heet detected by the DTA). The second point is that the
characteristic coke burning temperatures are the highest (ca 610 K for TG and TPD).
Third, no iron carbide is formed (in detectable amount) in contrast to the highest amount of
removed deposit (12 wt %).

On the badis of these three mentioned differences it is plaugble to suggest that the
sructures of the carbonaceous deposts are different for the copper-rich and for the cobalt-
rich samples. In the former x= 0.25 and 0.5 samples the layer is probably more porous,
containing hydrogen and reactive carbon condituents, wheress probably more dense
deposit is formed on the spent cobdt-rich ferite sample. The dructurd difference in the
carbonaceous deposit is probably correlated with the weeker extent of reduction in the x=
0.75 sample.

On the other hand, the properties of the carbonaceous deposit are also correlated
with the acidity of catdydts. The acid-base properties of Cu.xCoxFexO4 reved that acidity
(basicity) increases (decreases) as 'X' increases. Moreover from pyridine adsorption it is
found that acidity is mainly due to Lewis and presence of pyridinium ions a 1541 cmit
(Bronsted dites) was hardly detected. Considering the previous finding, that the best
cadytic performance is a the x = 0.5 compostion, it can be assumed that a medium
acidity is preferred for the reaction. This is dso corrdated with the compostion of the
carbonaceous deposits since on the preferred catalyst a high H : C ratio ( > 1, i.e. "soft”
deposit [25]) was detected.
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4.6.5. Surface state— XPS

Number of changes observed from fresh to spent catalysts throws more light on the
transformations that are occurring under experimental conditions. Main points from the XPS
results can be summarized in a nutshell as below: Decrease in reducibility of copper with
increasing X, increasing 3d bands overlap and redigtribution of meta ions on spent catayds.
There is no gatic charging observed on any of the spent catalysts and a weak photoemisson a
0.0 BE, except a x = 1, demondrates the bulk conducting nature of the catdydts, in agreement
with XRD results. Man observations from XPS in combination with the desred reaction
pattern a x = 0.5 suggest the metal ions should be distributed optimaly to have alarge 3d band
overlap. These factors demondrate a hand-in-hand change and enhances the heterogeneity of
the surface chemicdly and integrate the materid dectronicaly in such a way that multi-
reactions are carried out in close proximity. This aso indicates the synergism and effective
utilization of reactants in this ferrosping catalyst a O<x<1. Large production of 2,6-xylendl
with high phenol converson and aratio of 0.9 for CWCo+Fe a x = 0.5 indst on the optimum
digtribution of active species to have a highly heterogeneous surface.

Spent catdysts of compostion x = 0.50 obtained from various phenol akylations
show high surface Cu/Fe atomic ratio though Cu:Co atomic ratio is 1.1 in the fresh. Very
low Cu/Fe atomic ratio observed on butylation spent shows low and decreasing catalytic
adtivity with reection time. This dealy hints that CU#* is the species that enhances the
akyldion activity largely and there is a Szegble redigribution of the cations on the catayst

surface during time on reaction conditions.

4.6.6. Cu-Co Synergism

XPS results in the present study clearly indicate that the Cu and Co 3d bands and their
overlap play a centrd role in the catdytic performance in the methylation reaction. The Cu
rich composition (X = 0.0) exhibits the tota reduction of Cu species and low surface Cu atomic
% is posshly due to sgnificantly large CHzOH reforming and H production. Contrarily, at x
= 1.0, no dgnificant chemica changes are observed with Co in XPS, However a intermediate
compositions CH3OH reforming is suppressed to a condderable leve is dso evident from the
enhancement in the totd amount of Cu species on the surface, CU?* content and methylation
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activity compared to x = 0.0 (Figure 4.15). The decreasing amount of reduced Cu species with
increadng X is aitributed to the participation of Co in the hydrogenation activity under the
present experimental conditions. Hydrogenation by Co consumes considerable amount of H
and converts C and CO into methane, methyl and MeOH gpecies [26-30], which are utilized
agan through norma methylation route. This is in addition to Co activating MeOH for
methylation The above process might be preferred in the presence of Co rather than the
reduction of Cu#* to Cu, asin x = 0.0.

Low phenal converson and 2,6-xylenol sdectivity a x = 1, changes very sgnificantly
and favorably by the addition of Cu a x = 0.75 and 0.5 clearly demondrates the prime
importance of Cu in phenol adsorption and combined effect of Cu+Co for 2,6-xylendl
sdectivity in this system, as discussed in the previous paragraphs. It is the latter factor known
as Cu-Co synegian that plays a mgor role in the phenol methylation reaction is clearly
evident from the above discussons. In the fresh cataysts Co 3d band is the top most energy
level. Observation of metdlic copper on the spent catdysts clearly hints the broad Cu 4s band
[31] dso overlaps with 3d bands of Cu, Co as well as Fe at intermediate compositions under
experimenta conditions and makes these materias integrated chemicaly and dectronicaly.

Recently we have shown the Cu-Co mixed oxide hydrotacite catdys performs
oxidative seam reforming [32] with high rate of H production and low levels of CO through
hydrogen spillover mechaniam as on CuZrO, [33]; XPS results also demonstrate a close
amilarity between fresh and reduced catdysts. The above results support the Cu-Co synergism
in the present ferrogpind environment dso to perform methanol reforming to produce H, as
well as hydrogenation of carbon species under methylation. The observed shift in the Fe 3d
levels also suggests that Fe is not a slent spectator and involves in the dectronic structure of
the catdyd, at leest a dl intermediate compostions. A change in spin dtate of Co is dso
speculated from fresh to spent catalysts from the change in energy gap between Co 2p spin-
orbit doublets and Is [34] aong with redigtribution of Co in Ty and Oy, Sites (Figures 4.10 and
4.11). At x = 0.5 the above changes is accompanied with changes in Cu and Fe photoemission
too and supports the spin-gate dso can influence the converson and sdlectivity. IR studies on
the above cadyds for acid-base properties support the above conclusons and a good
correlaion is observed with cataytic activity [35].
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Desred reaction pattern observed in the case of other akylations except butylation
for the compogtion x = 0.50 is due to an optimum digtribution of metal ions on surface and
bulk and larger 3d band overlap. These factors enhances the heterogeneity d the surface
chemically and integrate the materid dectronicaly in such a way that multi resctions are
caried out in close proximity. This dso indicaes the synergetic and effective utilization
of reactants in this ferrogoind catdys. The rdatively low Cu+Co/Fe ratio on the surface
might be the reason for fast deactivation for butylation.

4.6.7. Comparison of different phenol alkylation reactions

Comparison of phenol dkylation with various dcohols brings out the smilarities
and differences between them. Figure 4.22 displays comparison of the activity data for
vaious phenol dkylations under the respective optimum conditions with x = 050
compogtion. The optimum conditions required for better performance are different as the
dkylating aget changes.  With regard to the dkylating ability of the acohols studied, the
total converson of the phenol follows the order: methanol » DMC > ethanol > isopropanol
» isobutene.  Hence the primary dcohols are the best dkylating reagents. This ability
decreases with the size and branching of the hydrocarbon chain.  One reason for this
generd trend can be explained by the easier dehydration of 2° and @ acohols to olefins
High temperatures do not favour akylation, with the exception of methanol and DMC.

An important difference between methylation and higher dkylaion is the
reluctance of the later to form exclusve akylated products a ortho postion. Among
methylation itsdf, a big difference was observed in the sdectivity of methylated products
between methanol and DMC when used as dkylatiing agents. The sdectivity for 2,6-
xylenol was higher with methanol than with DMC. Indead, the sdectivity for the O-
adkylated product was condderably higher in the methylation with DMC, whereas with
methanol, negligible amount of O-alkylated product is formed.

Another important aspect derived from kinetic data is the difference in activity
towards the formation of ortho didkylated products as the adkylating agent changes. For
example, dthough ortho dimethylation is highly favoured, in addition to ortho methylation,
the same for didkylation is found to be ggnificantly low with other dcohols and it is
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hardly formed with higher akylating agents such as isopropanol and isobutene.  Moreover
higher acohols result other sde products like p-akylated products that reduces the ortho
sectivity. In the experiments with ethanol, isopropanol and isobutene, lower dkyl
phenols are aso formed, by cracking of a Gyiphatic - Caliphatic bond in the chain of the initidly
formed akyl phenols. This infers the deric factor of adkylating agent is an important
citerion for efficdent ortho dkylation. Kinetic and thermodynamic studies on phenal
methylation indicate that dimethylated product is formed through sequentid methylation.
Hence, sngle ortho methylated product is very much essentid to resde sufficiently long
time, but not too long, on catdys surface for its further methylation to form
orthodimethylated product. A very large resdence time of ortho methylated phenol might
lead to second methylation at al possble postions, however except 2,6-xylenol other
products are not observed suggests the residence time is not too long. This indicate the
geric hindrance of akyl group is not favoursble for proper orientation and hence the
geometric fitting over the present catdyst system for subsequent ortho akylation.

Number of changes observed in XPS from fresh to spent catalysts of composition x
= 050 for different phenol akylation throws more light on the changes tha are occurring
under experimental conditions. The following important observations can be derived from
XPS data of spent catalysts:

(1) A dear reduction of Cu is seen on dl spent; however the extent of reduction depends
on the akylating agent.

(2) A definite partid reduction of dl metd ions dfter reaction and a consequent increase in
the overlap of 3d bandsis observed on al spent cataysts, except butylation catalysts.

Man obsarvations from XPS in combination with the desred reaction pattern
suggest overlgp of ‘3d orbitds of dl the three ions in the vdence levd is very much
essentid for high activity towards phenol dkylation.  This is evidenced from the VB
photoemission spectra of the spent x = 0.50 compostion, where it las been found that the
VB gpectra of the spent catdyst is narrowed down due to better overlap in comparison with
the fresh. The time on dream dudies indicate that the catays is stable towards dl the
akyldion except butylation. The rdativdy low Cu+Co/Fe ratio on the surface might be
the reason for fast deactivation for butylation. Dedred reaction pattern observed in the
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cae of mehylation and ethylation is due to an optimum digribution of metd ions on
surface and bulk and larger 3d band overlap. These factors enhances the heterogeneity of
the surface chemicdly and integrate the materid eectronicdly in such a way tha multi
reections ae caried out in close proximity. This dso indicates the synergetic and
effective utilization of reactants in thisferrospind catayd.

4.6.8. Acid-base strength and methylation activity performance

A detalled study on the peformance of Cu.xCoxFe,O4 cataysts towards phenol
methylation has aready been discussed in section | of this chapter. Figure 4.29 displays a
comparison between the cataytic peformance in terms of phenol converson and
sdectivity of 26-xylenol obtaned a a reaction temperaure of 325°C with a
phenol:methanol compostion of 1.5, and reldive acidity obtained from the area of ngy and
N1gp bandsin FTIR spectra of pyridine adsorbed cataysts.

In this reaction methylation is sequentid and 2,6-xylenal is produced a the expense
of o-cresol and for amplicity o-cresol sdectivity is not given in Fgure 4.29. A deep
increase in relaive acidity with Co concentration (Figure 4.29) clearly supports an increase
in acidity both in terms of drength and number. It is clear from Figure 4.29 that nether
highly acidic nor weakly acidic (or basic) catays a x = 1.0 and 0.0, respectively, is active
towards phenol converson to produce 2,6-xylenol. However 0.253 x£0.75 show better
catalytic performance and x = 0.5 is superior and demondrates an intermediate acidity
character. This clearly indicates that an optimum acid-base property favours the overdl
reection. It is dso interesting to note that usudly Friedd-Crafts akylation reactions require
highly acidic cadyds, which is not entirdy true in the present case The extent of
secondary methanol reforming reaction decreases from x = 0 to 1, as seen from reduced
Cu-species in XPS results might be a reason for the above contradiction. It is clear that
substitution of Co®* for CUP* creates an increase in acidity with a concomitant decrease in
the amount of basc stes. XPS reaults on Cu-xCoxFe,O4 demonsrate that x = 05
composition exhibits Cu-Co synergism and the same is corrdaed with the cadytic
performance. Cu-Co synergism and low coke content a8 x = 0.5 among intermediate

compositions suggedts that intermediate acidity enhances methylation activity in a way tha
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coke is hydrogenated to methyl species. This is further supported by the fact tha the
activity of Fscher-Tropch catadyst are enhanced when Co-is introduced into the system
[28].
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Figure 4.29: A comparison between the catalytic performance (phenol conversion and selectivity
of 2,6-xylenal), the relative acidity obtained from the area of ng, and nyg, bands from pyridine
adsorbed on Cu, CoFe,O, catalysts at 373 K and the relative basicity obtained from the area of
the bands between 1700 and 1250 cmi* from CO, adsorbed on Cu,.,Co,Fe;0, catalysts at 298 K.
Note the good correlation between the intermediate acid-base property and high catalytic activity.
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Chapter 5: Summary and Conclusions

The various conclusions drawn based on the work are summarized in this chapter.

Chapter 1 presents a generd introduction to catdyss and various types of
caayss. It manly describes the published literature on the dructure, preparation and
cadytic aspects of spinels with specid emphasize on ferites. The acid-base properties, an
important aspect of heterogeneous catayss, and its origin on oxide surfaces are discussed
briefly in this chapter. It presents the use of various akyl phenols and the importance of
phenol methylation. Various catayds reported for phenol methylation are discussed. The
necessty of developing a catdyst system for phenol methylaion and why ferrites based on
Cu and Co are employed for this are described. The necessty of usng XPS beng a
surface science technique in catalysis is described.

Chapter 2 describes the procedure for the synthess of various compositions of the
Cup-xCoxFe;0O4 (x = 0, 0.25, 0.50, 0.75 and 1) were prepared by co-precipitation method
and characterized by XRD, XRF, SEM, surface area (by N sorption), IR and TG-DTA.
Theory and experimenta procedure for each technique are described briefly under the
respective technique. Theory and experimentd procedure employed for other techniques
such as Mossbauer, XPS, TG-DTA, TPR and TPD are adso discussed in this section. The
experimenta set up for gaseous phase reaction is mentioned in this secton.

X-ray diffraction of fresh catalysts reveded the formation of spinel phase dong with a
mixture of CuO and a-Fe,O3 phases at x = 0.0, while trace amount of a-Fe,O3 for X2 0.25. IR
goectra of cdcined samples reved tha the metd ions didributed in two different
environments in spind a 710 cm* (ny) and 460 cmit (ny), atributed to tetrahedral (Tg) and
octahedrd (Op) coordinated meta-oxygen bands respectively. Scanning  dectron
micrograms of cadcined samples showed paticles of sze in the range 1-6 nmm, which
confirm the crystaline nature of the materid.

The acid-base properties of the sysem is evduated by usng different probe
molecules and is discussed in detal. The IR spectra of ferrospind reveds Fe** and Co**
ions are mainly respongble for various hydroxy groups on the surface. The IR adsorption
of pyridine is caried out to evauae the acidiy of the sysem. Temperature dependent IR
sudies of pyridine adsorbed spinels and on deliberately added metal oxide to the spind

phase exemplifies the contribution of metal ions and its coordination date towards Lewis
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acidity. IR dudies of spingl surface adsorbed with CO, and adsorption studies of eectron
acceptors such as 7,7,8,8-tetracyanoquinodimethane, 2,3,5,6-tetrachloro- 1-4- benzoquinone
and p-dinitrobenzene are carried out to evauate the nature of basc stes and the strength
and didribution of eectron donor Stes present on the spind surface. It is found that acidity
(basicity) of the Cu-xCoxFe;O4 spind system increases (decreases) fromx =0to 1.

Chapter 3 is divided into two pats. Section | presents the cataytic activity data
of phenol akylation in the vapour phase over CuixCoxFe;O4. Among various dkylation
reections, methylation of phenol is dudied extensvey. Kingic and catayss aspects of
phenol methylation is discussed in this section.  The optimization of phenol methylation is
caried out by vaying reaction parameters such as temperature, methanol/phenol mole
ratio, gpace velocity and influence of water in the feed mixture. Phenol methyldion gives
two mgjor products namely o-cresol and 2,6-xylenal. Large phenol conversion and 2,6-xylendl
production is observed at 350°C and x = 0.5 shows good cataytic performance. Incresse in
sectivity of 2,6-xylenol a the expense of o-cresol demondrates the phenol methylation is
sequentid.

Phenol akylation is dso caried out by employing various akylating agents such as
DMC, ethanol, isopropanol and isobutene.  Alkylation of phenol with DMC results both G
and O- dkylated products. Reaction of phenol with ethanol provides ortho ethylated 2-
ethyl phenol (EtPhOH) as mgor product over Cu-xCoxFexOs.  Kinetic parameters
cdculated from Arrhenius andyss for phenol ethylation are in good agreement with
experimenta  results that intermediate  compostions exhibit reaively low activation
energy (E;) towards phenol converson than end compostions. Compensation effect
observed between frequency factor and E,; suggests the ethylation reaction mechanism
remans the same a dl x vaues Reection of phenol with isopropanol (iPrOH) provides
ortho akylated product, viz., 2isopropyl phenol as mgor product over the Cuy.xCoxFe;O4
caadys sysem. The man products of t-butylation of phenol with isobutene as akylating
agent are 2-tetiary butyl phenol (2-TBP), 4-tetiary butyl phenol (4-TBP) and 2,4-di
tertiary butyl phenal (2,4-DTBP), of which 2-TBP predominates over the others.

It has been found that influence of Cu+Co compostion is a decisive factor towards
PhOH converson and is evident from the compadively large PhOH converson a
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intermediate compositions (0<x<1) compared to end compostions (x = 0 and 1) for any
type of phenol akylation. Irrespective of the akylating agent, x = 0.5 compogition shows
maximum PhOH conversion at al temperatures studied.

Section |l describes the mechanisic aspects of phenol methylation over the
surfaces of Cu.xCoxFe;O4.  FTIR adsorption of reactants and products of phenol
methylation were carried out over Cu.xCoxFe;O4 to undersand the mechanism of phenol
methylation.  The gpectra obtained from the chemisorption of methanol onto Cu.-
«CoFe,04 a £100°C are composed of the superimposed spectra of surface methoxy and
formate groups. Methoxy formation on the surface of these oxides is mogt likely due to
dissociative chemisorption. IR adsorption of phenol on Cu.xCoxFe;O,4 shows sgnds of
both undissociated phenol and phenolate like species. Phenolate species are formed due to
the dissociative adsorption of phenol on an acid-base pair dte.  Phenolate ion is adsorbed
on metal cation (Lewis acid site) whereas the dissociated H adsorbs as a H* on a nearby O
aom. It is found that methylation of phenadl is initiated by the protonation of methanol with
the ad of a Lewis acid base pair. Probably the protonation of methanol occurs on the
oxides by accepting protons released from the adsorbed phenol and the protonated
methanol attacks at the ortho postion of phenol to form the ortho methylated products.
Thus the active center for the ortho methylation is an acid-base pair Site.

Chapter 4 is divided into two parts. Section | describes the characterization of
soent catadysts to understand the various aspects of physicochemica changes that occur
both in bulk and on surfaces of dl the composgtions of the sysem Cu.xCoyxFe,O,4 due to
phenol methylation. XRD, TG-DTA, DRIFT IR, surface area, TPR and TPD, M&ssbauer
and XPS were caried out for this purpose and the results were discussed in detal in this
section.

Though kinetic studies of phenol dkylation usng various dcohols and or dkene is
carried out over Cu-xCoxFe,O4, specid emphasize for characterizing the spent sample has
taken mogtly for phenol methylation and ethylation. XRD of the spent catdysts displayed
better crysdlinity hints the integrity of the dructure. Various sructura changes have been
observed due to exposure of the fresh catdyds to the reaction mixture. Namdy, phase
separation to Cup,O and magnetite in x= 0 and 0.25 samples, various extents of reduction

177



Chapter 5: Summary and Conclusions

(decreasing monotonoudy with the copper content, and resulting in partid reduction and
redigribution of iron in tetrahedrad (A) and octahedrd [B] dtes) and formation of
carbonaceous deposits are detected. The catalyst performance is corrdated with the
discussed three dructurd changes, viz. with the occasona phase segregation, with the
patid reduction of metd ions, incduding the appearance of Fe#”*" jons in various
proportions in the [B] Sites, and with the formation of carbonaceous deposits.

The occasond phase segregation is mostly reveded in Curich (x= 0, and 0.25)
samples. Stable magnetite formation is observed, and separate Cw,O (and, after reduction,
metallic copper) regions appear. The copper phase opens path for reduction in the
neighboring regions in further stages of reaction. The reaction conditions, optimized for
production of 2,6-xylenol, were extensvely reducing. Thus, iron ions located in the
octahedral [B] sites became reduced to the F&*" sate. During reaction the ratios of
Fe'(A) to Fe?*'[B] were dso changed, and incorporation of Cu and Co to the [B] sSites
had aso taken place. Thus drength and didribution of Lewis centers, necessary for
reaction were also modified.

The carbonaceous layer formed is the trace of the progress of reaction: it is strongly
correlated with the gppearance and extent of the catdytic activity. It can be suggested that
in the catayticdly mog active Curich x= 0.25 and 0.5 samples the Lewis centers are
prevailing, the carbonaceous depost contains hydrogen, and the carbon is rather reactive in
this layer. In the Co-rich x= 0.75 sample the depost is less aundant in hydrogen, the
carbon present is more dense, e.g. lessreactive.

X-ray photoelectron spectroscopy and x-ray induced Auger eectron spectroscopy
revedled the presence of CU?*, Fe**, Co** and Co®* species on fresh catalysts. Meta ions got
reduced partidly to lower oxidation states on spent catdysts. Reducibility of Cu?* species
decreases with increasing x. Vaence band photoemission studies demonstrated a clear increase
in the overlap between 3d bands of Cu, Co and Fe from fresh to spent cataysts.

Irrespective of the dkylaing agent, compostion x = 0.50 shows maximum activity
in terms of phenol converson and corresponding ortho akyl sdectivity.  Hence the
andyss of the spent for various phenol akylations are redricted only to x = 0.50

composition. However only XRD and XPS has chosen to examine the changes in surface
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and the oxidation daes of various metd ions for different dkylations XRD of spent
catdysts resulted from various phenol dkylations displays adl characterigtics reflections and
acertain the integrity of the spind dructure.  Presence of smal amount of metdlic Cu, Fe
and FeC, phases are observed on dl the spent except for butylation. The intengty of
metalic Cu and Fe pesks varies as the dkylating agent changes. XPS andyss of the spent
caadys of compostion x = 050 obtaned from various phenol akylations reveded that
reduction of Fe**, Co®* and Cu?* ions have occurred and the extent of reduction depends on the
dkylating agent.

Vaious features and conclusons arived due to the characterization of spent
catalysts were discussed in Section |I. The importance of Cu-Co synergism that plays a
maor role in the efficent dimethylation of phenol to 2,6-xylend is discussed in this
section. The better cataytic results observed with x = 0.5 is attributed to an optimum
digtribution of Cu-species with heteroatom neighbors on the surface and the maximum overlap
between the Cu and Co 3d bands makes the ferrospind integrated chemicaly and
dectronicaly. Low phenol converson and 2,6-xylenol sdectivity a x = 1, changes very
sgnificantly and favorably by the addition of Cu a x = 0.75 and 0.5 clearly demondrates the
prime importance of Cu in phenol adsorption and combined effect of Cu+Co for 2,6-xylendl
sectivity in this sygem. It is the latter factor known as Cu-Co synergism that plays a mgor
role in the phenol methylation reaction. CuCo synergism in the present ferrospind
environment adso to perform methanol reforming to produce H, as well as lydrogenation of
carbon species under methylation. The observed shift in the Fe 3d levels dso suggests that Fe
Is not a slent spectator and involves in the éectronic sructure of the catdyd, at lesst a dl
intermedi ate compogtions.

Different phenol alkylations are compared in this section. With regard to the
dkylating ability of the acohols dudied, the totd converson of the phenol follows the
order: methanol » DMC > ethanol > isopropanol » isobutene.  An important difference
between methylation and higher dkylation is the rductance of the latter to form exclusive
akylated products at ortho postion. Spent catalysts of compostion x = 0.50 obtained
from various phenol akylations show high surface Cu/Fe ratio and segregation of Cu on
the surface. Very low Cu/Fe ratio observed on propylation and butylation spent catdysts
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show low and decreasing catalytic activity with reection time. This dearly hints that CU?*
is the species that enhances the dkylaion activity largdy and there is a dzedble
redistribution of the cations on the catalyst surface during reaction conditions.

Man obsarvations from XPS in combination with the desred reaction paitern
suggest overlap of ‘3d orbitds of dl the three metd ions in the vaence levd is very much
essentid for high activity towards phenol dkylaion.  This is evidenced from the VB
photoemission spectra of the spent x = 0.50 composition, where it has been found that the
VB spectra of the spent catalyst is narrowed down due to better overlap in comparison with
the fresh. A correation between acidity, basicity and cataytic performance reveds that an
intermediate acid- base character enhances the phenol methylation activity.
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