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ABSTRACT

This research work reports a general concept in liquid
phase oxidative catalysis which conbined the advantages of
homogeneous and het erogeneous catalysis, by the use of a resin
i mobilized nolybdenum catal yst.

The immbilized nmol ybdenum catalyst is prepared by a
sorption process, whereby the nmolybdenum ions are anchored on
the active sites of a polymer resin (Amberlite I RA-400 in C
form). Experi mental observations suggest that the polymer
resin probably has two active sites for sorption, and this |ed
to the devel opment of a nodel equation for two parallel first-

order reactions with a comnmon product for the sorption process

as:
[Mb] = 3.47 x i0-5(0.45e %% 4+ (1 . 0.45)e 002t
For conparison of the polymer immobilised catalyst
versus the unsupported (homogeneous) catalyst, maleic acid
(pK. = 1,83, pK = 6.50) was selected as the nodel substrate,

because it can be smpothly oxidized to cis-epoxysuccinic acid
(pKy, = 1.98, p&, = 3.92), wusing hydrogen peroxide in concert
with anmmoni um nol ybdate. The rate of the epoxidation
reactions was monitored by analysing the concentrations of
mal ei ¢ acid, hydrogen peroxide, and the volune of oxygen
evolved due to the inevitable deconposition of hydrogen
peroxide in aqueous solutions. A maxi mum obtai nable yield of

the epoxide was 84% at the conversion of 97% and selectivity
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of 87% based on H.;0, consuned with the inmmobilized catalyst,
while the correspondi ng values with hompgeneous catal yst was
56% at the conversion of 76% and selectivity of 74%
A detailed exploitation of the immbilized catalyst (in
pseudo- hompbgeneous system) resulted in the proposition of a
mat hemati cal expression for the rate of epoxidation (based on

H,0, consumed).
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CHAPTER ONE
1, INTRODUCTION

The utility of materials such as metallic oxides of
transition metals, as soluble oxidation catalyst, is often
impaired by the practical and economic difficulties of using
high catalyst concentrations without obtaining contaminated
products. These problems had led to the development of the
fact that, a number of advantages exist in depositing
catalytically active metals on a support such as alumina,
charcoal, silica or polymer.

In this study, special interest is g2iven to the polymer
support known as the ion exchange resin. The metal can be
highly dispersed, perhaps as small crystallites throughout the
pore system of the support. As a result, a large active metal
surface is produced relative to the weight of metal used, and
this is especially advantageous with precious metals. In a
suitable pellet, granular or other physical form, a supported
metal catalyst provides for flow of gases through the reactor
and then diffusion of reactants through the pores to the
active metal. The support can also improve dissipation of
reaction heat, retard the sintering of metal crys tallites
with resultant loss of active surface, and increase poison
resistance, thus promoting a longder working life for the
catalyst. Hence, supported metal catalysts are widely used in
chemical processing.

In this research work therefore, a general concept in
liguid-phase oxidation catalysis which c¢ircumvent these
problems by the use of a reusable insoluble and inert
macromolecule (Resin) containing the catalyst (Molybdenum)
element as an integral part. Thus, an insoluble polymeric
molybdenum derivative like its soluble monomeric molybdenum
counter part 1is capable of functioning as an oxidative

catalyst. For comparison of the polymer immobilized
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(supported) catalyst versus the unsupported catalyst, maleic
acid [pKI = 1.83 pkz = 6.50, (Handbooks of chemistry and
physics, 46th edition)] was selected as the model substrate
because it can be smoothly oxidized to cis-epoxysuccinic acid
[pKI = 1.93, pkZ = 3.92, (Wasserman, 1930)], using hydrogen
peroxide in concert with Ammonium molybdate in a batch
reactor. The degree of conversion X at time t can be
conveniently determined by the iodine number determination of
the olefinic unsaturation of maleic acid using N-
Bromosuccinimide method (Mathur and Narang, 1975); iodometric
titration for the hydrogen peroxide, and the concentration of
oxygen evolved from the decomposition of hydrogen peroxide in
aqueous solution.

The solid catalyst was prepared by treatment of a
quarternary ammonium ion exchange resin (Amberlite IRA-400,
Rohm and Haas Co.) in the chloride form with a solution of
ammonium molybdate at about pH = 3. The chloride form of
anion exchange resin is chosen because, the hydroxide form is
a somewhat weaker base than the chloride form, giving the
latter certain advantages for commercial water purification
and it is denerally used in analysis {Louis, M. 1963).

The primary objectives of this research are to synthesis
polymer resin immobilized molybdenum catalyst for application
in ligquid-phase oxidation reactions in a batch reactor system
and to establish 1its advantages over purely homogeneous
molybdenum catalysts in terms of such parameters as stability,
activity, selectivity, vield, ease of separation from reaction
mixture, longer life span, more industrial and economic
viability. The epoxidation/hydroxyvlation reaction of maleic
acid with hydrogen peroxide was employed as the model reaction

for the purpose of parameters evaluation.
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CHAPTER TWO
2. LITERATURE REVIEW

There has been a growing interest in the scientific world
concerning catalysis by supported complexes since about 1970,
The starting goal was the following: when one anchors an
homogeneous catalyst to a support it should be possible to
accumulate the advantades of homogeneous catalysis, namely
activity and selectivity and the advantages of heterogeneous
catalysis, namely the easy separation and reuse of the costly
catalyst. Besides these starting goals which have been
reached in many cases, the sub,ject of catalysis by supported
complexes which overlaps homogeneous and heterogeneous
catalysis has been the origin of new ideas, new synthesis, new
concepts and unexpected results in both fields. Recently
neither homogeneous nor heterogeneous catalysis can ignore the
real possibilities of these new tvpes of catalysts which are
already recognised as the third gdeneration of catalyst (Basset
and Smith, 1977.)

In the last twenty six years, many developments have
taken place in the field of catalysis by supported complexes.
This has led to continued interest in this field of study.

The first approach in this field consisted of anchoring
a homodeneous catalyst onto a support and trying as a primary
goal to keep its molecular nature in order to preserve its
activity and selectivitv. In this effect, two methods have
been developed:

(1) anchoring the complex on a polymer support which is not
soluble in the mixture,
(2) anchoring the complex on an insoluble inorganic oxide.

The second approach is concerned with the anchoring of
homogeneous catalyst on a support and trying as a primary goal
to attain as higsh as possible activity and selectivity

without any care about the fact that the molecular nature of
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the catalyst is kept or not. In this case, most of the works

have dealt with in organic oxides as supports and two main

approaches have been tried:

(1) direct interaction of a homogeneous catalyst with a
support,

(2) reaction of an organometallic with the functional groups
of a support with at least a partial loss of its

molecular nature.

2.1 MOLECULAR NATURE OF THE CATALYST
2:1:1 The Polymer as a Support

This field has certainly been the most intensively
studied from a fundamental point of view, A great deal of
work has been carried out by Grubbs et al (1873). Using
Polystyrene-divinyl benzene cross linked polymers, the most
common technique used is to link a phenyl phosphine group to
a benzene ring of the polymer.

An interesting feature of these supported complexes is
related to the possibility of multi-functionality obtained by
anchoring on the same polvmer two different catalysts able to
carry two different reactions in a two step process. A typical
example is the reaction of cyclo-oligomerization of butadiene
on a nickel complex and then the subsequent hydrogdenation of
the cyclic dimers and trimmers to the saturated hydrocarbons
with the WILKINSON catalyst. In the same way the cyclic
dimers or trimmers can be selectively hydrogenated with a
rhodium, carbonyl hydride complex into linear and branched
aldehyde. This multi-functional process represents certain-
ly an interesting approach of catalysis by supported complex
but it should be pointed out also that the performances
obtained certainly do not overcome what should be expected
with a two stages process with two grafted catalysts.

It appears that kinetic problems related to comparison
between homogeneous catalysis and catalysis by supported

complexes are very complicated and many parameters are playving
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a role simultaneously or separately. Among these parameters,
diffusion of the substrate intc the polymer "porous" system is
certainly one of the most important. It appears now that this
diffusion can be related to the size of the substrate as it
occurs also in the frame work of a Zeolite support. This
might be purely a kinetic effect of diffusion. This size
effect has been mainly studied by Grubbs et al (1973).
Diffusion of the substrate in to the polvmer is also related
to the chemical affinity of the substrate towards the support.
This effect 1is clearly demonstrated in the catalytic
hydrogdenation of amino acid precursors (Minoru et al, {(1877).
Whereas, the WILKINSON catalyst grafted on a polystyrene-
divinylbenzene support does not result in the slightest
activity for the phenyl-alanine hvdrogenation, the presence of
dimethyl amino groups on some phenyl ring of the polymer

result in a good supported catalyst.

2.1.2 Inorganic Oxides as a Supporit

A great deal of work (Howell, 1375) has been carried out
by British petroleum which has intensively used silica as a
support for many complexes anc has investidated a wide range
of catalytic reactisns. The most interesting aspect of their
work is related to the development of new methods for

anchoring many homogeneous catalysts on silica.

2.2 THE NATURE OF ION-EXCHANGE RESIN

Ion exchange ranks with solvent extraction,
precipitation, and distillation as a routine method of
analytical separation. Its primary use is in organic and
biochemistry. There it complements vapour-phase chromato-
graphy, being most useful in those cases where vapour-phase
chromatography is difficult or impossible.

A solid ion exchanger is essentially a poly-electrolvte
with ions of one charge anchored to an insoluble but permeable

matrix, the ions of opposite charge being small and mobile and
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therefore exchangeable with other ions.

Naturally occurring ion exchangers such as clay minerals,
and many more have little or no application in chemical
analysis. Most analytical work is done with the ion- exchange
resins. The most useful ion-exchange resins are those based on
cross-linked polystyrene (Louis Meites, 1963). The two major
ion-exchange resins are:

(a) Cation Exchanger, for example, polystyrene-sulphonic acid
with the structural formula as:

(-

The middle ring in this formula is introduced into the
polvmer as a molecule of divinyvlbenzene. The liquids styrene
and divinyvlbenzene are copolymerized by "bead polymerization"
vielding solid transparent besds that are then treated with
fuming sulphuric acid. Of course the sulphuric acid groups do
not necessarily go into the p-position as indicated in the
formula. The sulphunic acid €roups are fully ionized in
water, and the hydrogen ions can be exchanged for any cations

desired. The resulting resin is called a cation exchanger.

(b) Anion Exchanger
To make an " anion exchanger" one may start with the same
styrene divinylbenzene copolymer, and by treatment with

chloromethyl ether and a tertiary amine one introduces
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functional groups such as
- CHy - N(CHsls' CL” or - CHy-N(CH,), CH, CH, OH" CL’
Type I Type 11

Here the chloride ions can be exchanged for any desired
anions, including hydroxide ions, and the corresponding
hvdroxides are strong bases. The hydroxide form of a type II
resin is a some what weaker base than that of type I, giving
it certain advantages for commercial water purification, but
otherwise the two types of resin are very similar. Type 1
resin are d<enerally used in analysis. The resulting resin
contains strongly basic gquaternary ammonium groups known as
strongly basic anion exchande resins.

All these resins are available with different degrees of
cross-linking. The cross-linking 1is expressed as the
proportion of divinylbenzene used to make the original
copolymer, and rangdes up to 20 to 24 percent by weight. The
greater the cross-linking, the less the resin swells in water
and the more ions it holds per unit volume, but diffusion in
high cross-linked resins is very slow and large ions can not
enter. For most purposes a cross-linking of 8 percent is
used, though in biochemical and organic applications a lower
cross—-linking, such as 4 or 2 percent, may be preferred,

In this work the polymer used as the support, is the
anion exchande resins, strongly basic active droup,
quaternary ammonium type with cross-linking of 8 percent,

known as the "Amberlite 1RA-400" in the <chloride form
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[Laboratory chemicals & biochemical, BDH, 1984-1985). This
choice is also buttressed by the fact that, most effective
tool for separating metals by ion exchande is not cation
exchange, but anion exchange of chloride complexes, most
metals are taken up by anion-exchange resins from hvdrochloric
acid solutions (Louis and Meites, 1963). List of some typical
polymer resins is shown in table 2-1.

TABLE 2-1: ION EXCHANGE RESINS

CATION EXCHANGE RESINS, STRONGLY ACIDiC, ACTIVE GROUP:- SO{

Cross-linked polystyrene-divinylbenzene

Typical applications: Water softening and deionisation; separation

of rare earths; separation of peptides and amino acids; inorganic
separations; esterification catalysis; wine stabilisations, etc.

Mesh size Moisturs Wet Exchange Cross Max pH
Form B.S5.S8. (as content density capacity linking Operating range
Resin Grade supplied supplied) k9 (apparent) % teap
g per =l Cc
5009 Standard Na' 14=-52 14-45 G.54 Wet 5 120 1-14
Amber- 1.9 meqg/ml
1te I[R-120 Dry:
5.0 meqg/g
5001 Analytical ut 14-32 15=-55 0.77 Wat 5 120 1-13
Amber- 1.9meq/ml
ite IR-120 Dry:
5.0 meq/g
‘Amberlite Chromato- Ya' #U.S5 Standard lUmax ahout Wet ] | &4 1-14
CG-140¢Na) graphic Screens 0.0 en 1l.9meq/ml
rehydra- Dry:
tion 5.Umeq/g
35036 Standard vat 18-32 15 0.85 Vet b Li0 1-14
Dowex’ 1.Ymeq/ml
3U=-X8
35038 Standard ut 16-10 53 0.%0 Wet 5 120 1-14
Dowex’ 1,7meq/ml
SUW-XH Dry:

4.4 meqfg




Table Z-1 (Cont’d)

ANION EXCHANGE RESINS, STRONGLY BASIC ACTIVE GROUP; QUATERNARY AMMONIUM

Cross-linked polystyrene-divinylbenzene matrix (except ‘Amberlite’ IRA-15Y)

Typical applications: Water conditioning; removal or recovery of high molecular weight anions;
fractional separation of organic acids:

Separation of Amino acids; separation of metals as anionic complexes, etc.

Mesh size Hoisture Wet Exchange Cross Max pH
Form B.5.5. (as content density capacity linking Operating range
Resin Grade supplied supplied) t (apparent) % tg-p
g per ml [+
50011 Standard cL” 14-52 12-44 0.70 Wet 5 77 1-12
Amber- 1.4meq/ml (Ci-form)
ite IR-400 Dry: L 14]
3.5meq/g (QH-form)
5012 Standard cL” 14-52 54-65 .69 Vet 4 7 1-12
Amber- 1.Umeq/ml (Cl-form)
ite IR~120 Dry: BU
1.3meq/g ({OH-form)
Mesh size Moisture Wet Exchange Cross Max pH
Form B.5.5. (as content density capacity linking Operating range
Resin Grade supplied supplied) % (apparent) tgnp
4 per ml c
5013 Standard o o 14-52 53-60 V.68 Fet: b 77 1-12
‘Amberlite 1.45 meq/ml {C1 torm)
[IRA-4U1 Dry: 1]
Intermediate 1.3 meq/g ({OH=-form)
high porosity
High capacity drade
55014 Standard cL” 14-52 10-45 u.70 Wat 5 77 1-12
‘Amberiite 1,4Umeq/ml {Ci-form)
IRA-410 Dry 10
redeneration 3.7 meq/g (OH-form)
efficiency for water
conditioning
5505 Analytical o 14-52 3244 0,70 Wet 5 77 1-12
‘Amberlite 1.4meq/ml (Cl-form)
IRA-H0U(CL) Dry: (1]
Minimum Limits of J.5meq/mi (OH-form)
Impurities
5506 Analytical cL” 14-52 59-65 0.69 Wet: Ti 1-12
'"Amberlite 1.Umeq/ml {Cl-form)
IRA-400(C1) Dry: 50
High porosity 4.3 meq/ml (OH-torm)
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2.3 THE SWELLING OF ION-EXCHANGE RESINS

A very important factor which determine the rates of
diffusion in resins is the extent which they swell when
immersed in a solution. The degree of swelling is determined
by the chemical nature of the polymer, the degree of cross-
linking and the details of the network structure, the
concentration of ionizable groups in the resin, the nature of
the ions released by these groups, the concentration of the
surrounding solution and the temperature.

Any cross-linked polymer swells to some extent when it is
immersed in a solvent, Swelling is encouraged by the entropy
of mixing of the polymer and the solvent. It may be either
encouraged or discouraged by the heat of mixing of the polymer
and the solvent depending upon whether this heat is negative
or positive. It is resisted by the tension which is set up in
the polymer sub-chains (that is the chain sections between
network junctions) when their configurations are disturbed by
the distension of the network. The first and third effects
are concerned principally with the configurational entropy and
contribute to the free energdy of the system in direct
proportion to the absolute temperature. The second effect is,
to a first approximation, independent of temperature.

Most organic polymers are only slightly swollen by water
as the heat of mixing is large and positive. Polymers which
contain polar groups, such as hydroxyl and carbonyl, absorb

more water than do hydrocarbon polymers. Thus, phenol-
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formaldehyde resins would tend to swell more than those
derived from polystyrene if they could be compared under
swelling of an ion-exchange resin in water, far greater than
could be accounted for by the entropy of mixing of the polymer
and solvent. The initial rate of swelling is also very high
and mayv cause the beads of a drv resin to shatter before the
center of the bead has been plasticized by the in coming
water., The first water molecules to enter hydrate the ions,
This is strongly exothermic and far outweighs the endothermic
interactions between organic parts of the polvmer chains and
water., Hydrating the ions loosens the exchangeable or counter
ions from the oppositely charged ions which remain bound to
the polymer chains. The counter ions can then move around
more or less independently inside the resin. The ultimate
extent of swelling depends some what upon the nature of the
counter-ions. It tends to be greater with highly hyvdrated
ions, such as magnesium, than with relatively non-hyvdrated
ions, such as caesium and in general, it is greater in a
caticen than in a comparable anion exchanger. The release of
counter—-ions greatly enhances the increase in entropy which
occurs when more solvent enters the resin. This effect
increases the tendency to swell.

Apart from a boundary space charge which inveolves a
trivial number of ions, the resin remains electrically neutral
and the counter-ion therefore, remain within the volume

occupied by the polymer network, Each resin particle may thus
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be imagdined as surrounded by a skin which is permeable to
water but impermeable to the counter-ions. The driving force
of swelling is therefore, akin to an osmotic pressure driving
solvent in to dilute the ionic solution inside. Clearly the
greater the concentration of ionizable groups per unit volume
of resin, the grater the osmotic pressure and, hence, the
greater the swelling. Thus, when a resin is immersed in a
salt solution instead of in pure water, the osmotic pressure
difference between the external medium and the inside of the
resin is reduced by the osmotic pressure of the external
solution. Consequently, the ultimate swelling of the resin is

less than in pure water,.

2.4 CATALYSIS BY TON EXCHANGE RESINS
Many chemical reactions, both inorganic and organic, can
be catalyzed by ion exchangers for reactions of gases and

liquids and solutes,

2.4.1 Reactions of Liquids and Solutes

A large number of reactions of liquids and solutes are
sub,ject to homogeneous catalwvsis by dissolved electrolytes.
In many cases, the electrolyte is an acid or a base, where the
catalytically active species are the H' ion or the OH  ion.
Other ions may be catalytically active such as Hgb which
catalyzes the hydration of acetvlene derivatives, and CN’

catalyzes benzoic condensation.
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It has been found that the dissolved electrolyte can be
replaced bv an ion exchanger which contains the catalytically
active ion as the counter ion. The reaction now occurs in the
pores of the ion exchanger where the active specie is present.
The ability of ion exchanger to catalyze liquid-phase
reactions was first observed by Tacke and Suchting (1911), who
found that sucrose in aqueous solution is inverted by acidic
Zeolites. Practical applications and plant-scale processes
were first developed by Farbenindustrie (19533) during World
War II.

The use of solid ion exchangers has the following

advantages over homogeneous catalyvsis by diszsolved
electrolytes:
1) the catalyst 1is readily removed from the reaction

products by, say, decantation or filtration.

2) Continucus operation in columns is possible (Far
benindustie, 1933).

3) Often the purity of the products is superior since
side reactions are less significant (Lanrange et,
al., 1953).

4) The possibility of isolating reaction intermediates
which can not be obtained by homogenous catalysis
(Wadman, 1952).

3) There is greater selectivity of the ion-exchansger

catalyst (Deuel et. al., 1951).
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On the other hand, the applicability of the method is
restricted by the chemical and thermal stability of the ion
exchangers. Also, ion-exchanger catalysts are much more
expensive than dissolved electrolytes.

As a rule, organic ion-exchander resins rather than other
ion-exchanger materials are used for catalysis of liquid-phase
reactions. The resins are superior to the inorganic ion
exchangers because of the higher mobilities of the reactants
and products in the pores of the (swollen) catalyst. Also,
the chemical stability of the resins, particularly against
acids, is wusually higher. Serious disadvantages of the
organic resins are their limited thermal stability and, in
reactions involving strong oxidation agents, their
insufficient resistance to oxidative decrosslinking. For
reactions at higher temperatures (above 100°C}) and in the
presence of cxidatiocn adents such as Hﬁ%. the inorganic ion-
exchange gels are likeiyv to be more satisfactory {Austerweil

(1958).

(a) Mechanism of reaction within the pores

The pores of an ion-exchanger which is in contact with a
solution, contains solvent, solutes, and the counter ions.
The counter ions are mobile and solvated and thus in a
condition which is, in principle, not different from that in
a corresponding homogenous solution. It can therefore be

expected that counter ions display catalytic activity in the
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pores of a resin, and that the reaction mechanism in
homogeneous catalysis by a dissolved electrolyte and hetero-
gdeneous catalysis by a resin is essentially the same. These
conclusions are reasonably well confirmed by experimental
observations which show that the order of the actual chemical
reaction is the same in both cases and that the activation
energy is similar (but not necessarily true for the observed
overall process which may be diffusion-limited). Catalysis of
ligquid phase reactions by ion-exchange resins is not a true
case of heterogeneous catalysis, but may be described more
adequately as homogdeneous catalysis 1in the pore liquid
(Helfferich, 1954). The principal differences between
catalysis by dissolved electrolytes and by resins are, first,
with resins as catalysts the reaction occurs in the pore
liquid only so that the reactants must diffuse inte the
reaction zones and the products must diffuse out, and, second,

the matrix and the fixed ionic ¢rourns may affect the rsaction.

(b) Catalyst Selectivity

Almost every chemical reaction 1s accompanied to a
greater or lesser degree by side reactions. Many reactions
proceed in consecutive steps. In some cases, a reaction
mixture may undergo different reactions which lead to
different products. All this, of course, 1is true for
catalytic as well as for other reactions. An ion-exchanger

catalyst may produce other results than a dissolved
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electrolyte. As a rule, the ion exchanger is more selective,
that is, it distinguishes more sharply between the various
reactant molecules. One might say that ion exchanger as
catalysts lie half-way between the nonselective dissolved
electrolytes and the extremely selective enzymes. The
selectivity of the ion exchangers catalyst can be explained in
terms of molecular sizes of the reactants and products, and
sieve action of the pores of the ion exchandger; and also with
differences in sorption of the various reactants.

The selectivity of ion-exchanger catalysts often leads to
vields which are considerably higher than those obtained with
catalysis by dissolved electrolytes. Also, the case with
which the catalyst can be separated from the liquid reaction
mixture facilitates the isolation of reaction intermediates
and helps avoid yield losses by the subsequent reactions of
the products, particularly if the desired products are not

very stable ian the presence of the catalyst.

2.4.2 Selection of Catalysts and Operating Conditions

In most practical applications, it is desirable to obtain
the highest possible reaction rate with a given amount of
catalyst. This can be achieved by proper choice of the
catalyst material and the operating conditions.

First of all, suitable resin type and solvent should be
selected in such a way that the resin is chemically stable and

swells substantially in the solvent, and that equilibrium
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sorption of the reactants is high., Under such conditions a
high catalyst efficiency and high mobilities of reactants and
product in the resin can be expected. The ion-exchange
capacity of the resin should be as high as possible since the
reaction rate is proportional to the amount of counter ions in
the resin.

An increase in temperature enhances the rates of both the
chemical reaction and diffusion and thus gives a higher
overall rate. However, the operating temperature is usually
limited by the thermal stabilities of the resin or the

compounds involved.

2.5 CATALYTIC OXIDATION IN THE HOMOGENEOUS LIQUID PHASE

The liquid-phase oxidation of organic substrates using
metal complexes as catalyst has become a profitable means of
obtaining industrially important chemicals. These reactions

depend on some conditions.

(1) Catalysts

Catalytic activity for epoxidation by nydroperoxides has
been claimed for compounds of a dreat number of metals
including chromium, molybderum, niobium, nickel, rhenium,
selenium, tantalum, titanium, vanadium, tungsten, and
zirconium. Comparative studies (Indictor, 1965) have demons-
trated that many, if not all, of these provide a higher yield

of epoxide than uncatalysed reactions. Molybdenum compounds
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appear to be the best catalysts (Sheng and Zajacek, 1968).
Tungsten compounds, though the best catalysts in
combination with hydrogen peroxide (Mugden et al., 1949) rank
far below both molybdenum and vanadium in general use and

usually in yields.

(2) Concentration of reactants and Solvents.

In most instances, an excess of Olefin to hydroperoxide
of at least 2:1 or 3:1, with the olefin frequently serving as
solvent, 1is recommended (Augustin et al, 1971). Published
reports to date, have concentrated solely on maximizing the
yvield based on hydroperoxide consumption.

The concentrations of catalyst employed have varied from
0.1 to 1% by weight of hydroperoxide for soluble materials to
1 to 10% for insoluble or slightly soluble substances

(Augustine et al., 1971).

(3) Temperature

In general, the lower the temperature, the less
hydroperoxide decomposes by other routes. Sheng and zajacek
(1968), have provided a systematic study for molybdenum
catalysis showing that yields {based on hydroperoxide
conversion) which may be as high as 98% at 100°C fall to 75 -

80 at 130°C.
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2.6 AMMONIUM MOLYBDATE CATALYZED OXIDATION OF MALEIC ACID
WITH HYDROGEN PEROXIDE

Maleic Acid, also known as 2-butadiene dicarboxylic acid
can be oxidized by hydrogen peroxide in the presence of
catalysts, such as compounds of molybdenum, tungsten and

Vanadium to produce cis-epoxysuccinic acid and tartaric acid

in series. These reactions take place in two steps.
(1) Epoxidation of Maleic acid to cis-epoxy succinic
acid

(2) hydrolysis of the epoxide to tartaric acid.

The maleic acid reacts with hydrogen peroxide at a
temperature rangde of between B80°C to 70°C in a pH controlled
medium (pH 4 to 5.5), in the presence of these catalysts to
vield the epoxysuccinic acid. At still wider tempe;ature
ranges of say between 65 to 120°C, and at lower pH values than
4 at the presence of the same catalyst as above, and in the

absence of sodium hydroxide, the reaction continues tc yield

a second product called tartaric acid.

H _ COOH
COOH COOH
il 60 - 70°C ’,>% 65 - 120°C |
+H202 > 0 ’ >H - C - OH
Catalyst \\\ Catalyst |
R C H-C - OH
COOH pH 4 to 5.5 /‘\\ pH < 4 |
H “COOH COOH

H,0

I II 1
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where the compounds I represents Maleic Acid; II represents
cis-epoxysuccinic acid, and III represent tartaric acid, which
is in dl and meso-form. The dl form could as well reacts with
the catalyst to produce complex.
.

The best vield of hydroxylation of maleic acid 1is
denerally obtained in batch reactor systems between the
temperature range of 80 £o 100°C with mole ratios of hydrogen
peroxide to maleic acid of 1:1.5 and 0.5% catalyst
concentration for approximately 10 hours. Continuous addition
of hydrogen peroxide to force the reaction to completion gives
a final yield of 61%. But with filtration and recvcle
(synthetic production methods), yield of about 98% can be
obtained (Graham, et al., 1969).

Thus, in regard to this study the production of 1IT,
(epoxysucecinic acid) can be maximized if the first step of the
oxidation reaction is encouraged and the second step
discouraged, by restricting the reaction within the conditions
of the first step alone. This is because the tartaric acid is
known to deactivates the catalyst by forming inactive

complexes with it.

2.7 ANALYTICAL PROCEDURES

2.7.1 Determination of Iodine Number of Olefinic Unsaturation
Using N-Bromo-succinimide

Since the bromine atom in N-Bromosuccinimide is in the +1

oxidation state, in glacial acetic acid medium, coupled
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addition of bromine and acetoxy groups takes place along a
double bond (Iovchev, 1965).

The reaction can be represented as follows:

CH, - CO \c/ B CH, - CO
" - =4 r -
2
| ‘ NBr + CH,COOH > \ ' NNH
/
CH, - €O _C CH, - CO
CH,0CO ,\

oo obil)

The reaction has been referred to as bromoacetoxylation
of the alkene bond. The addition reaction involves 1 mole N-
bromosuccinimide per alkene bond which is equivalent to the
addition of two equivalent of iodine. Since the N-bromosucc-
inimide consumed in the above reaction can be determined
iodometrically, this offers a method for the determination of
iodine number of the sample. This method involves the
addition of potassium iodide to the bromoacetocylate, at
equation (ii), and the iodine liberated is titrated with
standard sodium thiosulphate sclution. From the difference in
the volumes of sodium thiosulphate solutions consumed, the
iodine value can be calculated from the equation (Mathur et.
alf, 1975);

1 ml of 0.1N sodium thiosulphate solution

12.69 mg of iodine.

(B -8S) % 12.69 x 100
W

Iodine number
where B = volume (ml) of sodium thiosulphate solution
used in blank titration

S = volume (ml) of sodium thiosulphate solution
used in the sample titration.
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W = Weight (mg) of the sample.

The method has been used successfully for the
determination of iodine number of fatty acids, for example,
Oleic acid, elaidic acid, erucic acid, brassidic and
eleostearic acids, An accuracy of *0.8% 1is generally
achieved, which is comparable with other standard methods

(Mathur and Narang, 1975).

2738 Determination of Hydrogen peroxide by Iodometric
Titration

The reaction of acetic acid and potassium iodide gives
hydrogen iodide and potassium acetate. Hydrogen peroxide can
then react with the hydrogen iodide to form iodine and water.
This iodine can be reacted with sodium thiosulphate to form
sodium iodide and thiosulphate ion of sodium.

The presence of iodine in the reaction mixture due to its
production, causes brown coloration of the solution, but when
this solution is titrated with sodium thiosulphate, the colour
disappears, indicating the end of the reaction and the end-
point of the reaction.

In excess hydrogen iodide, hydrogen peroxide can only
generate certain moles of iodine in accordance with the
stoichiometry of the reaction, whence the amount of iodine
generated can be obtained from the titration of sodium
thiosulphate with iodine; and comparing molar ratios, the
amount of hydrogen peroxide used in the reaction can be

determined by the formula:
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(v - v,) * Mua,s,o,

[Haozl = ...(2"1)
2 * ‘uuk
where
Vsann’.e volume of sample
v = volume of Na¢5ﬂh consumed on titration of sample.
Vu = Volume of N335203 consumed on titration of blank
solution.
MN&ESEOZ = Molarity of NazSaC‘:1 solution

Conversion of hydrogen peroxide is evaluated by,

[H,0,1
KH?.O?. = 1 T —— ll.(2‘—21
"
where [HEOE}G = Initial concentration of hydrogen peroxide
[HEOE]" - [H;Odaz: amount of hydrogen peroxide available for
C reaction .

7]
- .- [Hy0p1y - [H;0,] - [H,0,)
Selectivity = x 100 cee(2-3)

0
2
where [Hﬁh] = Amount of 0, evolved during the reaction
= corrected o the equivalent hydrogen
peroxide concentration.

The reactions involved in iodometric titration are:

CH,COOH + KI[W} = HI,

() * CH;COOK

{aq)
HZOE + ZHI = I2 + 2H20

{aq)

I + 2Na25303 = 2Nal + NagS‘Oi
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CHAPTER THREE

MATERIALS, INSTRUMENTATION AND METHOD

EQUIPMENT AND INSTRUMENTATION

Experimental (Micro) reactor (50mL) - The reactor was
designed and constructed in the chemistry department of
Ahmadu Bello University, Zaria.

Refrigerator the thermocool model

Oven the Heracus model

Cecil Instruments spectrophotometer

Weighing Balance, the saluter model

Titrimetric apparatus including separation funnels
Oil/water bath thermostat

Stop watch

Gallenhamp magnetic stirrer regulator hot plate
Condensers

Thermometer

Beakers, burettes, pipettes, separation funnels and glass

flasks.

Reagents

(1)
(2)
(3)
(4)

Stannous chloride, BDH Chemicals Ltd.
Hydrochloric acid (conc.)
Metallic Tin

Isopropyl ether, BDH chemicals Ltd.
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(5) Ferric sulphate solution (8%)
(6) Potassium thiocyanate (5%)
(7) Ammonium molybdate, BDH chemicals Ltd.
(8) Sulphuric acid (conc.)

(9) Amberlite Resin IRA - 400 (CL).

3.2 INSTRUMENTAL ANALYTICAL METHOD FOR THE DETERMINATION OF

MOLYBDENUM CONCENTRATION

The advantages of calorimetric methods over gravimetric
and titrimetic methods are in their simplicity, rapidity and
sensitivity. The two calorimetric methods of outstanding
importance for the determination of molybdenum are based on
the use of thiocyanate and dithiol. In this study however, the
thiocyanate 1is preferred because of its simplicity and

availability of the reagents and materials needed.

Thiocyanate Method

Molybdenum forms orange-red complex with thiocyanate ions
in mineral acid solution in the presence of a reducing agent
(Sandell, 1350). Stannous chloride is the mostly used reducing
agent in the thiocyanate method, but other reagents such as
potassium iodide (Hope, 1957), and copper (ii) chloride
(Grouthamel and Johnson, 1954) have also been used.

The coloured complex contains molybdenum (v), and is
probably a molybdenyl thiocyanate. Maximum absorption occurs

at about 470 nm (Elwell and Wood, 1971). The colour or rather,
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the absorbance of the sample corresponds to the concentration
of molybdenum present in the sample. To increase the
sensitivity of the method and improve the stability of the
colour, the complex can be extracted into an organic solvent

such as isopropyl ether.

Erocedure:

100ml of the standard molybdenum solution was taken into
a 250ml separating funnel. Approximately 10ml of potassium
thiocyanate solution (5%) was added, and was shaken for about
30 seconds. About 10ml of the stannous chloride solution
(35%) was then added, and the content was vigorously shaken
for about 1 minute. 50ml of the isopropyl ether was added, the
funnel was stoppered, and then shaken vigorously for several
minutes, The funnel is depressurized to avoid breakage of
glass ware due to the increase of pressure as the extraction
is taking place. The two layers were allowed to separate. The
aqueous (lower) layers was run off into a beaker, and the
organic layer was transferred to 100ml calibrated flask. The
aqueous layer was returned to the separating funnel, and 40ml
of Isopropyl ether was added, the funnel was stoppered and
the shaking was repeated. The aqueous layer was run off and
discarded. The organic layer was collected and allowed to
stand for 3 minutes using spectrophotometer.

Some of the clear extract was transferred to 10-mm

absorption <c¢ell and the absorbance was measured at a
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wavelength of 470 nm.
A blank solution which did not contain any molybdenum
concentration was prepared and its absorbance was measured by

the same procedure, at the same wavelength.

3.3 PREPARATION OF IMMOBILIZED MOLYBDENUM CATALYST

Very special metal catalyst have been prepared by the
interaction of ion-exchange Resin, Amberlite IRA-400 chloride
form, with aqueous solutions of molybdenum which is a very
strong oxidizing transition metal. The metal individually
interacts with the active site (CL™ groups) to form complexes,
and the metal ions are accordingly dispersed with the CL’

spacing in the ion-exchange resin.

3.3.1 EXPERIMENTAL DETAIL

(i) Stannous chloride solution (35%)

175¢ of stannous chloride was transferred to a beaker
(400 mL), 100mL of hydrochloric acid (1+1) was added, warmed
(60 to 70°C) until the stannous chloride has almost dissolved
and then cooled. The solution was transferred to mark. A few
pieces of metallic tin were acdded to stop further reaction,

and the flask was loosely covered.

(ii) Isopropyl ether solution

This solution was immediately prepared before use as

follows: 50mL of Isopropyl ether was shaken with 25mL of
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ferric sulphate solution (8%), 10mL of potassium thiocyanate
solution (5%) and 10mL of the stannous chloride solution
(35%). This was run off and the aqueous lower layer was

discarded.

(id1) Standard Molybdenum Solution

0.2523g of high purity ammonium molybdate was dissolved
in 100mL of sulphuric acid (1%) and diluted to 1 litre. Such
that,

1 mL = 0.2 mg of molybdenum.

The general method of catalyst preparation employed in this
work is a modified form of that reported by Akamatsu et al
(1961). A desired volume of standard solution of molybdenum
was diluted to 100 mL with distilled water.

Exactly 0.48 of the ion-exchange was weighed. 30 mL of
the diluted molybdenum solution was introduced into the
experimental reactor, and the 0.4g resin was added. The
mixture was heated at constant temperature with the aid of the
thermostat for 1 hour with constant stirring, using a magnetic
stirrer hot plate and reflux condenser. Operating temperature
was 40°C. During the 1 hour of heating, sample (0.5mL) was
taken every 10 minutes, and set for instrumental analysis,
with the aid of spectrophotometer, to monitor the rate of
sorption of molybdenum into the resin. At the end of the 1
hour, the ion-exchange resin-molybdenum raw catalyst was

filtered from the hot solution and was placed in an oven and
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air-dried at 75°C for 3 hours. The drying temperature was
chosen such that it lies between the catalyst preparation
temperature and the maximum operating temperature (77°C) of
the resin to avoid destruction and malfunctioning. The 3 hour
drying time was chosen to ensure complete dryness. Drying time
and temperature were maintained constant for all preparations.
The spectrophotometric curves were determined from the
calibration curve, as discussed below. The 0.5ml aliquot was
taken so that the effect of 6 such samples of total volume of
3 ml will be negligible compared to the total volume of 30mL

of the reaction mixture.

3.3.2 OPTIMIZATION OF OPERATING CONDITIONS

(1) Weight of Resin

In this section, various amounts of the resin in the
range of 0.3 to 0.8 gramme were weighed and used for the
sorption process as detailed in sections (3.2) and (3.3.1).
Consequently, curves of concentration against time with the
corresponding weights of the resin were plotted (Fig. 3-1.a)
at fixed temperature of 40°C and initial concentration of

ammonium molybdate of 3.47 x 1079y,

(2) 1Initial Concentration of Ammonium Molybdate

Different solutions of ammonium molybdate in the range of
1.5 to 10.0 x 104M at constant temperature of 40°C and fixed

weight of resin, 0.4 gramme were prepared and the same
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procedure as in (1) above were followed. The concentration-

time curves were also plotted (Fig. 3-1l.c).

(3) Operating Temperature

In trying to find the Dbest operating (sorption)
temperature, a fixed amount of resin, 0.4 gramme was taken,
fixed initial concentration of ammonium molybdate was
prepared. Under these conditions, at temperatures ranging
from 30 to 70°C, the sorption process was also studied
following the same procedures as is (1) above, then the
concentration time curves were plotted (Fig 3-1.b).

Based on the analysis of the results obtained from the
foregoing investigations, the following operating conditions
were selected on polymer resin as support (as seen in figures
(4-1) and (4-2):

Temperature = 40°C

Weight of resin = 0.4 gm
Agueous molybdenum concentration = 3.47 x 104M.
Consequently, these parameters would figure as standards in
all further investigations involving the synthesis of the

immobilized catalyst.
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CHAPTER FOUR

4,  RESULTS AND DISCUSSION OF SORPTION KINETICS

The wide potentialities of sorption methods for the
concentration and separation of metal ions has stimulated the
development of methods of synthesis and the study of new
sorbents. Consequently, the significance of the idea and
achievement of this research work can not be over emphasized.
Thus ammonium molybdate have been chosen in this study as the
molybdenum substrate because of its availability and it can be
easily dissociated to produce molybdenum ions, which are then

immobilized in the polymer resin.

4.1 SORPTION OF MOLYBDENUM FROM AQUEOUS SOLUTION INTO RESIN

Amberlite IRA-400 (CL’) form of resin have been chosen
for this study for reasons of comparative qualities as
highlighted in section (2.2) and table (2-1).

However, the rate of sorption of molybdenum ion into
resin depends on such factors as 1its concentration in
solution, temperature of the system, sorption time, and amount
of resin (equivalent to the amount of available active sites
per unit surface area.) To this effect, the sorption process
have been studied with different amount of resins,
temperatures, and initial concentrations of molybdenum, as

shown in fig (3-1.a), (3-1.b) and (3-1.c) respectively. Fig
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(4-1) and (4-2) show adsorption curves at varying amount of

resin and temperature respectively

4.2 KINETIC STUDY OF SORPTION
As can be seen from figures (3-1.a,b,c,), the rate of
sorption depends on concentration of molybdenum, amount of
resin and temperature of sorption process. Consequently, the
effect of each of these factors on the sorption rate are
studied by varying one parameter while keeping others
constant.
(1) Order of Sorption with respect to molybdenum
concentration:

Assuming the rate of sorption to be:

- W n =
rsorp. - hsarpo [MO] LI I (4 1)
where I = rate of sorption of molybdenum from the
solution

Kmm' = sorption rate constant.

Taking the 'log’ of both sides of Equation (4-1)

log I:on’ = log K + n log [Mo]

sorp *

Hence, a plot of log of initial rate of sorption against log
of initial concentration of molybdenum as shown in fig (4-3),
gave the gradient (order of sorption),

n =1,03 =1.0.
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Therefore, the order of sorption with respect to molybdenum
concentration = 1.0
(2) Order of Sorption with respect to amount of resin:

As in (1) above, assuming the rate of sorption to be:

r = K

g n =
p wmr £ [Resin] eee (4-2)

where n = order of sorption
[Resin] = amount of resin (gm).

Taking 'log’ both sides of Equation (4-2):

Log I = log K

S0TP + n log [Resin].

sorp *

The plot of log I;um against log of amount of resin (fig. 4-4)

gave the slope (n)
(n) = 1,02 = 1.0
Therefore, the order of sorption with respect to amount of
resin = 1.0.
(3) Activation Energy of Sorption:

Using differential method on the curves of fig (3-1.b),

a plot of I?ow' against [Mo] was made, as shown in fig (4-5),

from which the values of KN“ (slopes) at the corresponding

temperature were evaluated, and the results are presented in
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Table (4-1) sorption rate constant at different temperature

Te?g.T .E ?ﬁ?h)* In Kmm' KJIIT
30 303 0.035 ~3.35 3.30x107
40 313 0.053 ~2.94 3.2x10°
50 323 0.122 -2.10 3.10x10°
70 343 0.281 -1 &1 2.92x10°

Applying Arrhenius temperature dependencies for sorption
processes (Levenspiel, 0, 1986)

K = K exp. - [E

sorp $07D0 ./RT] oo (4-3)

sorp

Taking (log) of both sides of Equation (4-3)

In K = InkK

sorp sorpo’ E“w/RT veo (4-4)

Where R = rate gas constant = 8.314 J/gm mol ‘k.

Hence, a plot of In K Versus I/T (fig. 4-6)

sorp "

slope = Emn/R = - 1481.48

Therefore, Egurp = 1481.48%8.314

= 12.317 KJ/gm mol
Rearranging Equation (4-4),

In Ksorpu = In Ksurp + I/T * slope

Taking the average from table (4-1)

In K = %X In K 5

50rpo sorp—T Z(I/T * slope)

4

= -9.66 + (0.0125 * 1481.48)
4

= 2.2220324
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Therefore, meu = 9,2261
Substituting these values into Equation (4-3),

K,,. = 0.081 (min)’

sorp”*
Therefore, the rate of sorption is:

r = 0.081 [Resin] [Mo] ce. (4-5)

sorp "
4.3 SORPTION RATE MODEL

The sorption rate equation (4-5) obtained above suggests
that the resin is homogeneous in terms of the activity of the
sorption site, that is, the resin has one site for sorption.

However analysis of fig (4-7) shows two distinct
gradients which suggests that there may actually be two active
sites on the resin where the sorption of molybdenum takes
place in parallel. In order to test this assumption, a typical
model equation for two parallel first-order reactions with a
common product was proposed for the sorption process as

follows:

[Mo] = [Molo (@e¥!' + (1-@)etit) oo (4-6)

where 8 = fraction of Mo sorbed by the first set of active

sites with sorption rate constant, kl

(1-8) = fraction of Mo sorbed by the second set of active
sites, with sorption rate constant, kz

[Mo]o = Initial molybdenum concentration in solution

[Mo] = analytical concentration of molybdenum in solution

at any time t.



45
The initial and final slopes (fig. 4-7) represent the
respective sorption rate constants K; and K,. The abscissa
value of the point of intersection of the two slopes divides
[Mo]o into [Mo”o and [Mo,]o from where ® is evaluated. The

estimated values of the parameters Kl,l% and ® are as follows:

K, = 0.081
K, = 0.026
@ = 0.45

By substituting these values into equation (4-6) we can
evaluate the analytical concentration of molybdenum in aqueous
solution at any given time during the sorption process, that
is

[Mo] = [Molo (0.45e 0t L (1_.0.45) 70:0%8t oo (4=T)

By testing the parameters (kl,lﬁ and ) in the model equation
(4-7), it was observed that good agreement was obtained
between the analytical molybdenum concentration values
determined experimentally and those evaluated by the model as
seen in fig (4-8)., This makes our assumption of the existence
of two active sites in the resin valid. On the contrary, a
remarkable disagreement was observed between experiment and
the model when one active site with a simple first-order
sorption rate constant, that is,

[Mo]l = [Molo e it voo (4-8)

was tested.
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This is shown by curve 1 in fig. (4-8).
A further test of the parameters (kp K, and ©®) in the
model equation (4-7) on the entire experimental points of fig
(3-1.c) shows good agreement also with those evaluated by the

model as seen in fig. (4-9).

4.4 THERMODYNAMICS OF SORPTION

The rate of uptake of material by beads of Resin (ion
exchanger) from an ambient solution and the transport of
material from one solution to another across an ion-exchange
membrane can only be understood when the conditions of
equilibrium between the resin and the solution are known.
Thus, the sorption of molybdenum from its aqueous solution
into resin can be represented as:

Mo + Re w= [Mo-Rel]

The equilibrium constant is

K = [Mo-Re] oo (4-9)
[Mo] [Re]
where [Re] = molar concentration of molybdenum ions in

resin based on the number of gramme corrected

by the constant O

= Re 0 1000 - [Mo-Re]
v

Re 0 1000 = molar concentration of active sites in the resin.
A"
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Re = amount of resin (gm).
V = volume of reaction mixture (30ml).
[Mo-Rel= molybdenum concentration in the reaction mixture at
equilibrium
Hence we propose an adsorption model as:

K = Mo-Re]
[Mo] (Re O 1000 - [Mo--Rel) cos (4-10)
Vv
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By rearranging equation (4-10) we have;

[Mo-Re] = K[Mo] (Re 0 1000 ) esv (4=11)
\i

1 + K[Mo]

By iteration using experimental points of curve (1) in fig (4-

1) with equation (4-11), the values of the parameters (K and
0 ) are found to be

K = 612

o =1.24 x 10"

By substituting these values into equation (4-11)

we can evaluate the equilibrium molybdenum concentration in
aqueous solution at any given amount of resin during the
sorption process;

that is,

[Mo-Re] = 2.53 Re [Mo] vea(4-12)
1 + 612[Mo]

When these parameters (K and o) were tested in the adsorption
isotherm equation (4-12), it was observed that good agreement
was obtained between the analytical equilibrium molybdenum
concentration values determined experimentally and those
evaluated by the model equation as shown by curve (2) of fig.
(4-1). This then confirms our proposed adsorption model

(equation 4-10) with correction constant o, valid.

The high value of K(612) implies that the sorption
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process favours more of adsorption than desorption process.

Hence the reaction equilibrium can be rewritten as

Mo + Re == [Mo-Re]

Free Energy change of Sorption

Free energy change is given by:

AG = -RT InkK ves(4-13)
where R = 8.314 J/gm mol K (Gas constant).

T 40 + 273 = 313K

n

K 612

Therefore,
AG = - 8.314 x 313 (In612)
= - 16.7KJ.

This value indicates that the sorption of molybdenum in to the
resin is spontaneous.

A detailed study of the sorption kinetics, thermodynamics, and
the optimum operating conditions for the synthesis of
molybdenum catalyst immobilized on polymer resin as support
have been discussed in this chapter. It is now expedient that
the behaviour of the synthesised catalyst during exploitation
in chemical reaction proper be duly investigated. This is the

subject matter of the following chapter (5).
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CHAPTER FIVE
9,  STUDIES ON OXIDATION REACTIONS USING

POLYMER ANCHORED (IMMOBILIZED) CATALYST

The successful synthesis of the polymer immobilized
molybdenum catalyst in chapter three, which was discussed in
chapter four, has stimulated a number of applications for
oxidation processes. These processes include ethylene oxide
production from ethylene, maleic acid, and acyl chloride,
p}oduction of petrochemicals in the petroleum industry, and
other common oxidation reactions.

However, to establish the activity and usefulness of the
immobilized catalyst, a typical oxidation reaction, of maleic
acid by hydrogen peroxide as a model reaction was chosen due
to the following reasons:

(1) Maleic acid can smoothly be oxidized to cis-epoxysuccinic
acid.
(2) Oxidation of maleic acid with hydrogen peroxide is a

simple process.

5.1 EXPERIMENTAL DETAIL FOR EPOXIDATION OF MALEIC ACID BY
HYDROGEN PEROXIDE

Reagents
(1) Maleic acid (COOH. CHCH. COOH), BDH chemical 1td.

(2) Ammonium molybdate (NH“ M004catalyst.BDH chemicals Ltd.
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(3) Resin - supported catalyst (Synthesised).

(4) Sodium thiosulphate (Na, S, 0,). 5H,0, Baker grade,
minimum assay 99.5%. BDH chemical 1ltd.

(5) Sodium hydroxide (NaOH). Assay = 99%

(6) Hydrogen peroxide (H,0,), BDH, chemicals 1ltd.

(7) Potassium iodide (KI), BDH, Minimum assay 99.5%.

(8) Acetic acid (CHacOOH. glacial, SCR. M.N = 60.05) minimum
assay = 99.1%,BDH chemical 1td.

(9) Distilled water

(10) N-Bromosuccinimide

(11) Starch indicator, 1% (M/V) aqueous solution.

(i) N-Bromosuccinimide solution, was prepared by
dissolving 18 gm of the reagent in litre
glacial acetic acid.

(ii) Potassium iodide, 10%(W/V) aqueous solution.

(iii) Sodium thiosulfate, 0.IN solution,
standardised against standard copper sulphate

solution.

Procedure

The epoxidation reactions were carried out in the
jacketed micro - reactor (50ml) fitted with a condenser,
thermometer and thermostat. 26ml of maleic acid (2.0 M)
solution was introduced into the reactor and stirred with
magnetic stirrer. The temperature was set at 65°C with the

thermostat. To this solution 0.87ml of sodium hydroxide
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(1.5M) was added. The heat of neutralization caused a rise in
temperature, but the 65°C temperature was maintained by the

thermostat. To the warm solution, 0.13ml of 2.97 x 1‘.'3-5

M
aqueous solution of molybdenum (homogeneous catalyst) or 0.4
gm of the synthesised (immobilized) catalyst, was added such
that about 1% of the catalyst by volume of hydrogen peroxide
was used. 13ml of 20% hydrogen peroxide (IM) was added in one
portion. The amount of hydrogen peroxide to that of maleic
acid in the reaction mixture was 1:1., 1 ml aliquot was taken
every 10 minutes for one hour, and analysed, to monitor the
rate of consumption of hydrogen peroxide or maleic acid as
described in section (2.7). A total volume of 6ml of aliquot
samples were taken, such that the effect of removal of 6ml
from 40ml (the total volume of the reaction mixture) will be
negligible.

To be able to evaluate selectivity of the catalyst, the
volume of oxygen evolved (due to the inevitable decomposition
of hydrogen peroxide into oxygen and water) was collected
every 10 minutes in the course of the epoxidation reaction.

Furthermore, in order to evaluate the stability of the
immobilized catalyst during exploitation 1in homogeneous
oxidation reactions, the catalyst was reused 7 times, in turn
for the epoxidation reaction. After each reaction, the
catalyst was filtered, washed with distilled water, dried at

75°C for one hour and then reused . In the reuse reaction, 6.8

X 104M hydrogen peroxide, and 6.0 x 104M maleic acid were



56
chosen as the standard parameters because of the maximum yield

and conversion obtained under these conditions.

5.2 KINETICS OF MALEIC ACID EPOXIDATION WITH HYDROGEN
PEROXIDE USING IMMOBILIZED MOLYBDENUM CATALYST

L . | Results of Preliminary investigation

It has been established in section (2.0) that chemical
interaction exists between the metal (of the catalyst
component) and the polymer resin through the functional groups
of the resin. It is therefore expected that the kinetic
regularities of reactions catalysed by the immobilized
catalyst will be some what similar to that of the homogeneous
catalysis. It 1is therefore important, first of all, to
establish the superiority of <catalysis by the immobilized
catalyst over homogeneous catalyst in terms of such parameters
as extent of reaction and yield.

To this end, a preliminary investigation was conducted by
carrying out a typical maleic acid epoxidation reaction with
hydrogen peroxide using molybdenum catalyst (supported) and in
homogeneous solution (unsupported), in turn under the same set
of condition: T = 65°C, [M.A] = 1.29 x 107 mole/litre, [cat.]
= 2.97 x 10" mole/litre and [H,0,] = 7.65 x 10" mole/litre.
The result of this investigation is presented in fig (5-1). As
seen in the figure, the extent of reaction is far higher with
the supported catalyst than the unsupported one. For example,

when both reactions have been run for one hour, conversion of
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77% was achieved with the supported catalyst as against 46%
with the wunsupported catalyst. Table (5-1) shows the
difference in the activities of the two catalyst systems which
also favours the use of the supported catalyst.

Thus, having established the superiority of the
immobilized over the homogeneous catalyst, coupled with the
apparent advantages achievable with its use as earlier
discussed in section (2.1.1), it is now reasonable to carry
out a detailed investigation of a typical oxidation process
(as stated above) with a view to establishing the kinetic
characteristics of reactions catalysed by the immobilized
(anchored or supported) catalyst, and also, to develop the
necessary mathematical models that may be used for reactor
design. For the purpose of easy comparative analysis,
investigations 1involving homogeneous catalysis were also
carried out.

As a rule, in order to establish the kinetic or
mathematical laws guiding a chemical reaction, it is important
to know how the rate of reaction varies with changes in the
initial condition of reactant species under a given set of
conditions. Usually, a unifactor experiment is carried out in
which only one parameter is varied at a time while others are
fixed.

Thus, one can easily evaluate the order of reaction with
respect to the concentration (pressure) of that parameter
whose initial conditions were varied in a particular

experimental series.
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Table (5-1): Time dependence of Activity of immobilized and

homogeneous molybdenum catalyst.

Time % Activity

min Homogeneous Immobilized
Catalyst catalyst

0 100 100

10 56 76

20 45 59

30 39 49

40 33 40

50 28 34

60 25 30
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5.3 EFFECT OF HYDROGEN PEROXIDE CONCENTRATION

In order to determine the effect of changes in hydrogen
peroxide concentration on the rate of the epoxidation
reaction, a series of experiments were carried out in which
the initial hydrogen peroxide concentrations were varied
within the range of 5.72 x10% to 8.97 x107 mole/litre under
the following conditions. T = 65°C, [M.A] = 5.2 x 107
mole/litre, [Cat] = 2.97 x 10's (immobilized on support-resin
and also in homogeneous system), and NaOH = 1.5M.

Plots showing typical kinetic curves for maleic acid
epoxidation with hydrogen peroxide are presented in fig. (5-

2)1 (With

immobilized catalyst) and (with----homogeneous
catalyst). Figs. (5-3a) to fig (5 - 3.d) show typical
products distribution during the course of the reaction under
various initial hydrogen peroxide concentration (within the
range stated above). Morealso, Fig. (5-4) shows typical
selectivity-time curves, where the immobilized (resin
supported) catalyst show a higher selectivity than the
homogeneous (unsupported) catalyst. The values of selectivity
were evaluated based on hydrogen peroxide consumption as
described in section (5.1) taking into consideration loses
occasioned by the inevitable decomposition of hydrogen

peroxide.
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5.4 EFFECT OF MALEIC ACID CONCENTRATION
Similarly, in order to determine the effect of changes in
maleic acid concentration on the rate of the epoxidation
reaction, a series of experiments were carried out in which
the initial maleic acid concentrations were varied within the

H

range of 4.8 x 1(}'2 to 6.0 x 10“ mole/litre under the following

2 mole/litre, [cat.]

conditions: T = 65°C, [H,0,] = 6.8 x 10
= 2,97 x 107 mole/litre (immobilized on supported resin and
also in homogeneous system).

Plots showing typical kinetic curves for maleic acid
epoxidation with hydrogen peroxide are presented in fig. (5-
5), (with immobilized and homogeneous catalysts). Figs. (5-
6.a) to fig., (5-6.c) show typical products distribution during
the course of the reaction under various initial maleic acid
concentrations (within the range stated above). Fig. (5-7)
shows the product distribution for epoxidation reaction of
maleic acid concentration, 6.0 x 10° mole/l and hydrogen
peroxide concentration, 6.8 x 107 mole/l. for 6.5 hours
(immobilized catalysis) and 8 hours {(unsupported catalysis).
Furthermore, fig.(5-8) shows typical selectivity-time curves
for both immobilized and homogeneous catalysts. It can be

seen that the selectivity of the immobilized catalyst is

higher than that of homogeneous catalyst.
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5.5 STABILITY AND REUSABILITY OF THE RESIN-ANCHORED CATALYST

In section (2.0), it has been stated that immobilized
catalysts possess the advantages of heterogeneous catalysis,
in the area of easy separation and reusability. To establish
this fact, the prepared immobilized catalyst as described in
chapter three, was employed for repeated use (as discussed in
section 5.1) and the results are presented in fig. (5-9). The
results of stability (in terms of activity), yield and
conversion with corresponding number of repeated uses are
shown in table (5-2) below. Morealso, the physical structure
of the immobilized catalyst started deteriorating after five

repeated uses; due to the drying temperature and abrasion.

TABLE (5-2): STABILITY OF RESIN IMMOBILIZED CATALYST.

No. of Evoxide yield Activity Conversion
Repeated use % % XH302(%)
st 84 100 89
2nd 88 81 72
3rd 55 66 59
4th 43 51 46
5th 35 42 38
6th 32 38 35
7th 32 38 35
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This result shows that the immobilized catalyst can be
used repeatedly for four batch operations with a drop from 100
to 51% in activity, which then proves its superiority over the
pure homogeneous catalyst that can only be used once. The
progressive drop in activity of the immobilized catalyst can
be attributed to its contraction and expansion due to the
drying temperature, and abrasion effect, which subsequently

cause desorption of Molybdenum from the resin.

5.6 DEVELOPMENT OF MATHEMATICAL MODEL
(1) Rate of Hydrogen peroxide Consumption:

The treatment of kinetic curves (Fig. 5-2) by the-
differential method of analysis, and the plots of initial rate
(FH“&)O versus initial concentration of hydrogen peroxide
UQOZ% (Fig. 5-10) shows the typical values for epoxidation
reaction, pseudo-zero order dependency whicn is often
described by the equation;

a * [H0,1,
-T'H,0, = ess (5=1)
g +Y [H,0,1,

where a,B8, Y - are kinetic parameters.

Equation (5-1) at the initial condition is valid for both

immobilized and homogeneous catalysis. At small values of

[iHOZ]u. the influence of the term Y % [Hﬁ%lu in the
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denominator can be neglected and equation (5-1) reduces to a

first order equation of the type

‘eroatn‘o = kefr ¥ [HzOz]D -.0(5—2)

where Kﬁf = a/B, 1is the effective rate constant which
include the influence cof the concentrations of
the catalyst and maleic acid.

B =1

The lineweaver-Burk plot (I/IWHOZO vs 1/[H20ﬂul gave straight

¥

line for both immobilized and homogeneous catalyst (Fig. 5-

11).

(2) Order of Reaction with respect to Maleic acid:

The plot of initial rate of disappearance of hydrogen
peroxide (in the series when [M.A], was varied} against
initial concentration of maleic acid, resulted in a straight
line from the origin as seen in Fig (5-12). This shows that
the reaction rate is first order with respect to [M.A] for
both homogeneous and immobilized catalysis.

Then Equation (5-1) becomes:

a’[Hy0, 1[M.A]
-erOZ = e (5.3)
1 + Y [H,0,
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Since the reaction rate is also a function of the catalyst, in

proportional dependency, the equation (5-3) becomes:

a’’[H,0,]1[M.Al[cat.]
-Typy = o (5. 8)
1 + Y [Hzoz]

where a’’ = rate constant.

(3) Rate model equation for epoxidation reaction:
The slope for points ( A) of fig (5-11) is;

1 = 4.187
a

Therefore, a = 0.24.

The intercept on the vertical axis ( A) of fig. (5.11) is

Y
= 348
a
Therefore, ¥ = 348 #* a
Y = 348 % 0.24 = 83.52

L

0.24/5.2 x 107

Hence a

a’ 4.62

By substituting these values into equation (5-3) we have;

4.62[H,0,1[M.A]

_rHEoz = 0-.(5&5}
1+ 83.527[H,0,]

as the rate model equation for catalytic epoxidation

reaction.
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By testing the plots of points evaluated by the rate
model equation (5-5) ( A ) with the experimental points (0) as
seen in Fig (5-13), it was observed that there was great

deviation of the model evaluated points from the experimental
points, but there was agreement between these points (0 and A

) at the initial rates (that is rate of reaction at time,
zero). A critical view of these phenomenon, shows that, as
epoxidation reaction progresses, the epoxide being formed
hydrolyses to form tartaric acid which then forms complexes
with the homogeneous catalyst since its surface area is
available for complex formation with the acid {as discussed in
section 2.8), whereby deactivating the catalyst., A detailed
study on this phenomenon have teen carried out by Oludipe, et
al (1982).

On the other hand, comparing the plcts of points
evaluated by the rate mcdel equation (5-5) ( A ) with the
experimental points (0) as seen in Fig. (5-14), it was
observed that good agreement was obtained between the pocints
evaluated by the model and those determined experimentally as
seen in fig (5~-14). This makes our assumption, model equation

(5-5) valid for the immobilized catalyst.
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Fig. (5-13) Plot of rate vs[H707] showing disagreement
between experlment and model equation for
homogeneous catalyst
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O Experimental points
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Fig. (5-14) Plot of rate vs [H202] showing agreement
between experiment and model equation for
immobilized catalyst
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CHAPTER SIX

6,  CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

Polymer resin immobilized molybdenum catalyst has been
synthesised under the <conditions which include, 40°C
temperature, 0.4gm resin, and molybdenum concentration of 3.47

x 107

M. Under these conditions, the amount of ammonium
molybdate sorbed into the resin after one hour of sorption
process was 2.97 x 107 M. This ammonium molybdate
concentration contains 1.6% molybdenum which is the active
catalytic component in the resin-molybdenum system. The
sorption process was found to be first-order both with respect
to the amount of resin and molybdenum concentration. It was
established that the resin possess two active sites, hence the
following model equation was proposed for the sorption
process:

[Mo] = 3.47 x 107[0.45e
Thermodynamic analysis showed that the sorption process is
spontaneous and favoured adsorption (forward reaction) more
than desorption (backward reaction) at equilibrium. Under
equilibrium conditions, an adsorption isotherm model was

established as:

2.53 Rel[Mo]

[Mo-Re]
1 + 612[Mo]
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These two equations (model equation and adsorption isotherm)
above, adequately represent the process of sorption of
molybdenum into the resin.

The catalyst has been exploited in liquid-phase oxidation
reaction of epoxidation of maleic acid by hydrogen peroxide
(in a pseudo-homogeneous system) and the results obtained are
compared with those for pure homogeneous reaction, conversion,
selectivity and yield obtained in 6 hours are 76, 74 and 56%
respectively. While under the same conditions with the
immobilized catalytic { Pseudo-homogeneous) reaction,
conversion, selectivity and yield obtained in 6 hours are 97,
87 and 84% respectively. The resin immobilized catalyst was
successfully sub.jected to repeated use 7 times, with 61% drop
in conversion, 3% drop in selectivity and 62% drop in yield.
But the homogeneous catalyst was only used once, because it
could not be separated from the reaction mixture by mere
filtration as with the immobilized catalyst. A rate model
equation for the immobilized catalytic epoxidation reaction

was established thus,

4.62[H,0,1[M.A]

o eroz =
1+ 83.52[H§H]

which was tested and found to adequately represents
experimental data.
On the basis of comparison therefore, industrial and

economic viability, and superiority of the immobilized
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catalyst over the homogenous one was observed in terms of such

parameters as stability, activity, selectivity, yield, and the

ease of separation from the reaction mixture.

6.2

(1)

(2)

(3)

(4)

RECOMMENDATIONS

The governments and private financial bodies should give
financial support to research institute and allied
institutions for further researches into this concept of
immobilized catalysis.

Fur is a locally available natural material from animals,
which, as protein is known to be made up of amino acids,
which possess both anionic and cationic polar ends. So
Molybdenum ion can as well form complex with the anionic
polar end of the amino acid structure when they are
soaked under appropriate conditions, such that Fur could
replace polymer resin.

Studies should be carried out to examine diffusional
effect of reactants and products moving into and from the
polymer immobilized catalyst, such that the overall rate
and the rate determining step of the catalytic
epoxidation reaction can be evaluated.

The physical structure of the polymer immobilized
catalyst started deteriorating after five repeated uses,
The phenomenon may be attributed to the effect of drying
temperature and abrasion due to stirring of the reaction

mixture. Hence, a further research into this catalysis



(5)

88

using the immobilized molybdenum catalyst could reveal
results to improve the stability of the catalyst
structure.

If the deterioration problem of the physical structure of
the immobilized catalyst is resolved, the catalyst can be
conveniently used in fixed bed reactor where separation
processes (such as filtration and decantation) will not

be required.
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APPENDIX A
Experimental data for sorption processes

Table (A-1) Different Amounts of Resin Operating at fixed

temperature of 40°c

Amount 0.3g 0.4¢g 0.5g 0.8g
Time Conc. of Conc. of Conc. of Conc. of
(min) Mo. Mo. Mo. Mo.
(mol/L) (mol/L) (mol/L) (mol/L)
0 3.47x107 3.47x107 3.47x107 3.47x107°
10 2.44x107° 2.16x107 1.20x107 0.80x107°
20 1.60x107 1.20x107 0.36x107 0.00
30 0.86x107 0.50x107 0.25x107° 0.00
40 0.78x107° 0.40x107 0.22x107 0.00
50 0.80x107 0.53x10° 0.25x107 0.00
60 0.78x107 0.50x107 0.24x107 0.00
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Table A.2 Choice of Optimum Amount of Resin at
minutes, and 1 hour.

Fixed time, 30

S/N No. Conc. in

Amount of Change in

Change in

30 (min) (mole/L.) Resin Amount. Concent.Dc
(g) (g) mole/L.
1 0.86x10°" 0.3 0 0 )
2 0.50x10° 0.4 0.1 0.28x10}
3 0.25x107 0.5 0.1 0.26x107°,
4 0.00 0.8 0.3 0.24x10°
Table A-3: Different Operational Temperature at Fixed Weight
of Resin, 0.4g
Temperature : 30%3 40%3 50%] 70' C
Time Conc. of Conc. of Conc. of conc. of
(min) Mo Mo Mo Mo
(mole/L.) (mole/L.) {mole/L.) (mole/1.)

0 3.47x107 3.47.x107 3.47x107 3.47x107
5 - 5 - 5 - 5 1.00x10™
10 2.50x10° 2.16x10} 1.00x10 0.00
20 1.80x107" 1.20x10° 0.00 0.00
30 1.10x10§ 0.50x10§ 0.00 0.00
40 1.16x10° 0.40x103 0.00 0.00
50 1.03x10$ 0.53x103 0.00 0.00
60 1.103(1.0‘5 0.50x10° 0.00 0.0C

Table A-4 Choice initial Mo concentrations at 40°C using 0.4g

Resin.
S/N No.Conc. in Tempera- Change in Change in
ture temp. conc.

30(Min) (Mole/1.) (°c) % Mole/L.
1 1.10x107; 30 0 0.0
2 0.50x10 40 10 0.60:':10_5
3 0.00 50 10 0.50x10
4 0.00 70 20 0.00




94

Table A-8 Data of Sorption Order of Molybdenum with respect to
Amount of Resin.

Amount Initial Rate
of Resin Log [Resin] of Sorption Log
(Rram) PSU pao 4 rsorp
mol./L. min
0.3 -0.5229 1.584x107 -5.80
0.4 -0.3979 2.398x107% -5.62
0.5 -0.3610 3.388x10 -5.47
0.8 -0.0969 6.309x10 -5.20
Table (A-9) Rates of Sorption at different molybdeum
concentraition with respect to two active sites of
the regin .
!
Initial Mo Concentration Mol/L. i
15001078 3.472107 §.10x107 104051073
[¥a] Rate [o] Rate [¥a] Rate [Ho] Rate
n0l/L. mol/L. Hol/L., Hal/L. Nal.L Hol/L. Kal/l. Hol/.
I rsoxto® | o.9nxto” | aamao?® | orssae? [saoaot ja2aet | oaoae? [ soc0 |
0.70010° | 0.202107% | 2.16x007 | 0.44210-% | 4401107 0.80010°" | .25107 1,368
0 0 1.20x10” | 0.16x167% | 3.0001078 0.32x10% | 4.6x10 9.32x10°8
) ) 0500107 ) 200210 ] 350107 0




93

Table A-5 Different initial Mo Concentrations at 40% using
0.4g2 Resin.

Time Conc. of Conc. of Conc. Conc.

(min) Mo Mo Mo Mo
(mole/L.) (mole/L.) (mole/L.) (mole/1.)

0 1.50x107] 3.47x107  6.10x107 10.40x1Q"

10 0.80x10° 2.16}(10_5 4.50){105 6.80x10_5

20 0.00 1.20x105 3.00x10} 4.60x10£

30 0.00 0.5Dx10} Z.OOXIO} 3.50x10j

40 0.00 0.40x107  2.10x107 3.50x107;

50 0,00 0.531‘:10_5 2.00:{105 3.80x104

60 0.00 0.50x10 2.00x10° 3.50x10

Table A-6 Data of Sorption order of Molybdenum at Varying Mo

Concentrations

S/N Initial Conc Intial Rates
of Mo. [Mo] Log e Log (-7..)
(mole/L.) [Mo] (mole/L.min) To
1 10.40x107} -3.98 3.31x10°¢ -5.48
2 6.10x10 -4.,22 2.24x107¢ -5.65
3 3.47x107; -4.486 1.55x10"; -5,81
4 1.50%x10 -4.82 0.91x107" -6.04
Table A-7 Sorption rates of Molybodenum into Regin . at Various
temperatures.
S/N - -Ti -Y: -
[Mo] at Ta it at Pl e
mole/L 30.°% 40.% 50.% 70..%6
1 3.47x107 1.20x107  1.58x107) 4.20x107" 9.72x107
2 2.00x107; 0.75x107; 1.07x10, 2.40x10} 5.60x10£
3 1.40x10”7 0.60x10° 0.80x107° 1.67x10° 3.90x10
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APPENDIX B
Experimental records  for the catalytic epation/hydroxylation of

Maleic acid with hydrogen peroxide, using homogeneous and
immobilized catalysts.

Table (B-1) Preliminary study showing Activities of Catalya&
(Molybdenum) at the concentration of 2.97 x 10
mole/litre

Homogeneous Catalysis Immobilized Catalysis
Time
(min) [M.A] Activity [(M.A] Activity
mole/litre % mole/litre %
0 12.90 x 10 100 12.90 x 10 100
10 11.59 x 10 56 10.17 x 107 76
20 10.48 x 10 45 7.70 x 107 59
30 9.42 x 107 39 6.23 x 107 49
40 8.51 x 10 33 4.91 x 107" 40
50 7.65 x 107} 28 3.86 x 10 34

80 6.93 x 10 25 3.03 x 207" 30
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Table (B-2): Expoxidation/Hydroxylationcﬂ?Haleic_ﬁcid (2M) with
Hydrogen Peroxide [Hf%]a = 57.2 x 10" mole/litre

Time  [H,0,1° [H,0, ] Epoxide Selectivity }{Hﬁh
(min) mole/l mole/1 mole/1 % %
HOMOGENEOUS

0 0.0 57.2x10°  0.00 100 0

10 0.087x107 46.6x10° 10.5x107 99 19

20 0.577x107 40.2x107"  16.4x10" 97 30

30 1.153x107 37.8x107 18.3x10° 94 34

40  2.047x107° 36.0x10° 19.2x107 91 37

50 3.084x107°  33.0x10” 21.1x1e” 87 42

60 4.064x10°  30.2x10° 22.9x107 85 47
Immobilized

0 0.0 57.2x10°  0.00 100 0

10 0.115x10”°  39.0x10° 18.1x107° 100 32

20 0.576x107  29.0x107 27.6x10” 98 49

30 1.009x10”°  22.2x10? 34.0x107 97 61

40  1.874x10° 17.2x107 38.1x107 95 70

50 2.709x107°  13.0x10" 41.5x107 94 77

60 3.517x10°° 9.2x107 44.5x107 93 84
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Table (B-4): Epoxidation/hydroxylation of Haleic_ﬁcid (2@) and
Hydrogen Peroxide [H,0,] = 78.6 x 10" mole/litre

Time “HOZPZ Uhoal Epoxide Selectivity }(Hﬁh

{min) mole/1 mole/1 mole/1 % %
HOMOGENEOUS

0 0.0 78.6x107  0.00 100 0

10 0.173x107 67.3x10° 11.1x107° 99 14

20  1.153x10° 60.0x10°% 17.5x107° 94 24

30 2.882x10°7  53.8x10°7 21.9x107° 88 32

40  4.612x10° 50.2x107" 23.8x107 84 36

50 7.379x107 47.0x107° 24.2x107 77 40

60  9.224x10"  45.2x10° 24.2x107 72 43
IMMOBILIZED

0 0.0 78.6x10° 0.00 100 0
10 0.187x107 60.0x10" 18.4x10° 99 24
20 1.182x107 46.8x10° 30.6x107 96 41
30 2.796x107 36.7x10"° 39.1x10° 93 53
10 4.497x107 29.2x10"° 44.9 x 10° 91 63
50 7.004x107 23.8x10° 47.8x10° 87 70
60 8.993x107° 20.4x10" 49,2x10° 85 74
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Table (B-5):  Epoxidation/hydroxylation of Maleic Acid (2M) and
Hydrogen Peroxide IHZOa]O = 89.7 x 10" mole/litre

Time  [H0,1°,  [H,0,] Epoxide  Selectivity  XH,0,

(min) mole/1 mole/1 mole/1 % %
HOMOGENEOUS

0 0.0 89.7x107  0.00 100 0

10 0.202x10° 76.0x107 13.5x107° 98 15

20 1.902x107  68.3x10° 19.5x107 91 24

30 3.891x107 63.0x107 22.8x107 85 30

40 5.995x10°  57.2x10° 26.5 x 10° 82 36

50 8.215x107 54.5x107°  27.0x10° 77 39

60 10.982x107 51.4x10° 27.3x10° 71 43
IMMOBILIZED

0 0.0 89.7x107° 0.00 100 0

10 0.202x107° 72.2x107°  17.3x10° 99 20

20 1.211x107 58.2x10° 30.3x107 96 5

30 3.603x107 47.8x107 38.3x107" 91

10  4.987x10° 37.2x10° 47.5 x 10° 91 59

50 7.811x107 30.2x10° 51.7x10’ 87 6

60 10.953x10° 26.8x10"° 52.0x10° 83 70
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Epoxidation/hydroxylation of 48.0x104 mole/litre
Ma%eic Acid and Hydrogen Peroxide [Hzoz]o = 68.0 x
10 mole/litre

Table (B-6):

Time Hﬁozfa Hﬁoa] Epoxide Selectivity )(Hﬁh
(min) mole/1 mole/1 mole/1 % %
HOMOGENEOUS

0 0.0 68.0x10°  0.00 100 0

10  0.288x107° 59.2x107  8.5x107 97 13

20 1.989x107° 53.5x107 12.5%x107 86 21

30 4.612x107 50.2x10°0 13.2x107° 74 26

40  7.490x107 47.2x107 13.3 x 10° 64 3

50 9.454x107 45.2x107  13.3x10° 59

60 11.212x10° 42.7x10° 14.1x10° 56 7
IMMOBILIZED

0 0.0 68.0x10™° 0.00 100

10 0.173x107 51.2x10° 16.6x107° 99 25
20 1.499x107 40.0x107 26.5%x107 95

30 2.998x107 33.2x10" 31.8x107 91 51
40  5.015x107 27.8x107 35.2 x 10’ 88 59
50 6.514x107 23.7x10"°  37.8x10° 85 65
60 8.589x107 20.7x10 38.7x10° 82 70
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Table (B-T7): Epoxidation/hydroxylation of 56.0_§,104m01e/1itre

Maleic Acid and [Hfh]o = 68.0 x 10" mole/litre

Time [H,0,1°%, [H0,]  Epoxide  Selectivity XH,0,
(min) mole/l mole/1 mole/1l % %
HOMOGENEOUS

0 0.0 68.0x10°  0.00 100 0

10 0.202x107? 51.7x107 18.1x107° 99 24

20 0.749x10° 43.7x10°  23.6x10° 97 36

30  1.989x107 39.2x107 26.8x107 93 42

40  3.488x107° 35.1x10" 29.4 x 10° 89 48

50 5.188x10° 32.2x10" 30.6x10° 86 53

60 6.60 x107 30.5x10°"  30.9x10° 82 55
IMMOBILIZED

0 0.0 68.0x10™ 0.00 100 0
10 0.187x10° 41.9x107%  25.9x107 99 38
20 0.577x10° 32.0x10" 35.4x107 98 53
30 1.297x107 23.7x107° 43.0x10°° 97 65
40  1.845x107 15.5x107° 50.7 x 10° 97 77
50 3.084x10™ 14.2x10° 50.7xi0° 94 79

60 3.805x107 11.2x107°  53.0x10° 93 84
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Table (B-8):  Epoxidation/hydroxylation of 60.0 x 10'3mo}e/litre
Maleic Acid and [Haoz 1, = 68.0 x 10 mole/litre
Time nﬁoz]% [H,0,] Epoxide Selectivity }{Hﬂﬁ
(min) mole/1 mole/1 mole/1 % %
HOMOGENEOUS
0 0.0 68.0x10°  0.00 100 0
10 0.187x10° 48.0x107 19.8x107° 99 29
20 0.721x107° 39.2x10"° 28.1x10" 98 43
30 1.729x107  33.8x10? 32.5x10° 95 50
40  2.940x107 30.0x10" 35.1 x 10° 92 56
50 4.410x107 26.4x10°"  37.2x10° 89 61
60 5.477x107° 24.2x10"  38.3x10° 88 64
IMMOBILIZED
0 0.0 68.0x107 0.00 100 0
10 0.185x107° 38.0x10"° 29.8x107 99 44
20 0.577x107 27.5x107  39.9x107° 99 60
30 1.211x107 19.5x107° 47.3x107 98 71
40 1.787x10° 14.0x107° 52.2 x 10 97 7
50 2.594x107 10.0x10"° 55.4x10° 96 5
60 3.517x107 7.2x107  57.3x10° 94
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)

Table (B-9): Maximum Expoxidation of 60.0 x 10 'mole/litre Haleiﬁ

Acid and Hydrogen Peroxide [Hloalo = 68.0 x 10
mole/litre

Time  (H,0,1°%  [H,0,] Epoxide Selectivity  XH,0,

(hour) mole/1l mole/1 mole/1 % %
HOMOGENEOUS

0 0.0 68.0x10"°  0.00 100 0
0.5 1.729x10° 33.8x10° 32.5x10° 95 50

1 5.477x107° 24.2x107 38.3x107 88 64

2 8.935x107 21.1x107  38.3x107° 82 69

3 10.953x107° 19.0x10" 38.3x107 78 72

4 12.971x107 17.6x1077 38.3 x 10° 76 74

5 14.412x10°  16.9x10° 38.3x10° 75 75

6 15.421x107 16.1x10"  38.3x10° 74 78

7 10.516x107 15.9x10"  38.3x10°° 74 77

7.5 16.718x137  15.8x10”"  38.3x107 73 77

8 16.718x107°  15.8x10" 38.3x10° 73 77
HETEROGENEIZED

0 0.0 68.0x107 0.00 100
0.5 1.211x10° 19.5x10° 47.3x107 98 71

1 3.545x107° 7.2x107% 57.3x107 94 89

2 8.301x107 5.3x10° 57.3x10° 91 92
3 12.192x10° 3.9x10" 57.3x107° 89 94
4  14.988x10° 3.0x10° 57.3 x 10° 88 96
5 17.006x10° 2.4x10° 57.3x10° 87 97
6 18.101x10° 2.1x10”% 57.3x10° 87 97
6.5 18.447x10° 2.0x10" 57.3x107 87 97
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Table (B~10): Repeated Uses of Resin, - Anchored Catalyst with
{Eﬂlic Acid = 60.0 x 10" mole/litre [H!oz] = 68.0 x

Time  [H0,1%  [H,,] Epoxide  Selectivity  XH,0,

(min) mole/1 mole/1 mole/1 % %
FIRST USE (Table (B-9) IMMOBILIZED
SECOND USE

0 0.0 68.0x107°  0.00 100 0

10  0.130x107 46.2x10° 21.7x107° 99 32

20 0.519x107° 36.0x107 31.5x107 98 47

30 1.009%X107° 30.1x10"°  36.9x107 97 58

10 1.729x10” 24.9x107 41.4 x 10° 96 63

50 2.162x107 22.0x107° 43.8x10° 95 68

60 3.027x107° 19.0x107  46.0x10° 94 72
THIRD USE

0 0.0 68.0x10" 0.00 100 0
10 0.115x107 51.0x107° 16.9x107° 99 25
20 0.288x107° 41.8x10"° 25.9x107 99 3

30 0.865x10" 36.5x107  30.6x107° 97

40  1.441x107 32.6x107 34.0 x 10° 96

50 1.787x107 30.0x10"° 36.2x10° 95 5
60 2.825x107 28.0x10"  37.2x10° 93 59
FOURTH USE

0 0.0 68.0x10°  0.00 100 0

10 0.058x107° 54.6x107° 13.3x10° 100 20

20 0.231x10"7  46.2x10° 21.6x107 99 32

30 0.807x107 41.8x10"% 25.4x107° 97 39

40  1.153x10° 38.0x10° 28.9 x 10° 96 44

50 1.672x107 37.0x107  29.3x10° 95 16

60 2.364x10° 36.5x107° 29.3x10° 93 16
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FIFTH USE
0 0.0 68.0x107 0.00 100
10 0.058x107 57.2x107° 10.7x107 100 16
20 0.216x10° 50.2x10"° 17.6x107° 99 26
30 0.577x10° 46.0x107 21.4x107 97 32
40 1.095x107 44.0x107° 22.9 x 10° 95 35
50 1.499x107° 42.8x107 23.7x10° 94 37
60 2.306x10° 42.0x10" 23.7x10° 91 38
SIXTH USE
0 0.0 68.0x10"°  0.00 100 0
10 0.058x107 58.9x10°°  9.0x10" 99 13
20 0.202x107° 52.8x10°7 15.0x107 99 22
30 0.577X107° 48.8x10" 18.6x107 97 28
40 0.865x107" 46.2x107° 20.9 x 10° 96 32
50 1.441x10°  45.0x10° 21.6x10’ 94 34
60 2.191x10°° 44.2x10° 21.6x10’ 91 35
SEVENTH USE
0 0.0 68.0x107 0.00 100
10 0.058x10_ 58.7x10° 9.2 x107 99 14
20 0.202x10'i 52.8x10" 15.0x107 99 22
30 0.577x10°° 48.6x107 18.8x107 97 29
40 0.865x107 16.2x10° 20.9 x 10° 96 32
50 1.441x107° 45.2x107 21.4x10° 94 34
60 2.191x107 44.1x107  21.7x10° 91 35




Table (B-11):
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respect to Hydrogen peroxide.

HQOH]O Homogeneous Immobilized/Homogeneous
mol/1 1/ rHEOZ] ’ F:golz/:f. milr':erOZ "
57.2x107 17.5 2.38x107 420
68.0x107 14.7 2.45x107 408
78.6x107° 12,7 2.51x10"7 398
89.7x107 11.2 2.54x107 394

Table (B-12):

Maleic Acid.

Search for order of Epoxidation with

Lineweaver—-Burk data for order of Epoxidation with

respect to

[ B a e e

ll{ﬁg %/1 N.A0 w:obllzz&dc;;Tgu}Te.ultll]sin
48.0x107° 24.0x10°"
52.0x10°° 26.0x10™!
56.0x107° 28.0x10”"
60.0x10" 32.2x10°"
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Table (B-13): Testing and Comparing the epoxidation models with

Experimental Readings at Initial conditions.

[H,0,1, Homogeneous Immobilized
rH,0,,0 Exp. T,0,,0 mod. TH,0,,0 Exp. THy0,,0 Mod.
mole/1 mole/l.min mole/l.min mole/l.min mole/l.min
89.7x107 1.60x107 1.63x10° 2.54x107 2.54x107
78.6x10° 1.57x10°  1.57x10 2.51x107" 2.5%x107
68.0x10°  1.53x10° 1.49x107 2.45x107 2.45%x107
57.2x10°  1.40x10° 1.39x107 2.38x107 2.38x107
40.0x107  1.18x107 1.18x10” 2.21x107 2.21x107
20.0x107 0.79x107 0.79x107 1.80x107 1.80x107°
8.0 x10°  0.39x107  0.39x10” 1.15x107° 1.15x10"
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Table (B-14) Testing the Epoxidation Models.

Time Homogeneous Immobilized

LH.,0,] F, +Exp i . LH.,,0,] . r .

H Hon, Mod 2 Ex im.mod

min mo Ii. mo?,l..min mo??il.nj.n mli]. mi?l.n n noT[T?Iin
Por CH,0, = 57.2 x 107 mol/L.
0 57.2x107%  1.40x107%  1.39x1079 57.2x1073 2.38x1073 2.38 x 1073
W a6.6x10”3 0.79x107%  1.o02x1073 39.0x10™3 1.44x1073 1.44x1073
20 40.2x107%  0.asx107%  o.81x107d 29.0x10™3 v.90x10™% 0.95 x 1073
30 37.8x07%  o.36x107Y g,74x2078 22.2x10™3 0.62x1073 0.65x1073
an  36.0x107% G.31x1073  u.71x1078 17.2x1073 0.45x1073 0.45 x 1079
50 33.0x107°  0.25x1073  0.sax10”9 13.0x10™% 0, 38x10°9 0. 30x107%
60 30,2x1073 0.20x107%  0.57x107% y.2x1073 0.20x1073 0.1% x 1073
For {H,0,) = 68,0 x 107 %mat. L
¢ 68.0x107%  1.53x107%  3.39x107¢ 68.0x10™% 2.45x1073 2.45 x 1073
W0 54.7x107%  v.72x103  1.02x1073 45.2x1073 1.30x10™3 1.29x10°3
20 a9.7x1079 0.48x10°%  p.87x1079 45.5x10"3 1.v0x10™9 n.35 x 1073
30 45.7x107%  0.37x20°%  0.79x1073 21.5%10™3 0.59x1073 0.54x10"3
40 z.2x10”d ousixao™d 0.73x1073 22.0x1073 0.46x103 0.35 x 1073
50 39.2x1077 0.27x10°%  p.e8x1073 17.6x10"3 0.30x10"3 0.22x1073
60  36.7x1073 0.23x107%  p.s3x1072 14.8x1073 0.11x10"3 0.16 x 1073
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Table (B-14) Tesating the Epoxpdation Models.(cont’d)

Time Homogeneous Immobilized
1H.,0., ) L, _.Exp r . |H,0.,) r . r, .

= H ' Hi M 4 im. Bx m d
min mflf. uo?,l..mln mo??l.gitn mol/l noT!T-gin éo].ﬁ.nin
For CH,0, = 75.6 x 1072 mol/L,
v 78.6x1073 1.57x107%  1.57x1079 78, 6x10™3 2,51x107% 2.50 x 1073
10 67.3x1073 0.92x107%  1,17x1073 60, 0x10~3 1.53x1073 i.55x1073
20 60.0x107%  0.54x107%  0.gax10”d 46, 8x10™9 1.00x10"% 0.94 x 10°°
30 53.8x107%  0.36x107%  0,79x1073 36,7x10™3 0.60x10"3 0.54x1073
0 su.2x1073 0.28x10°%  o.71x207% 29.2x10"3 0. 22x10”9 0.28 x 1079
50 47.0x1073 0.26x1073  0,88x1079 23.8x10™ 9.21x107% 0.16x10™3
60 45.ex10”3 c25x1073  g.e7x10”d 20.4x1073 0.usx10™3 0.10 x 1073
For H,U,) = 89.7 x W 3ol 1
(] $9.7x1072 1.60x10"%  1.63x2079 89.7x1073 2.54x10™3 2.54 x 1079
10 76.0x1073 0.53x107%  1.15%1079 72.2x1079 1.65x10~3 1.65x1079
0 s8.3x107%  0.51x107% 0.93x10”d 38, 2x1073 1.01x1079 1.00 x 1073
0 63.0x1073 0.37x10”%  0,81x1073 17.8x1073 0. 63x10™9 v.61x1079
10 s7.zx10”®  u.zsxi0”? o.esxa07? 37,2x10”3 0. 29x10™4 0.19 x 1072
50  54.5x107%  o.z3x107%  p.sExa0”d 30.2x1079 0. 14x107% 0.01x10"3
60 51.4x1073 0.21x10°%  0.63x1073 26.8x1073 0.04x1073 0.0 x 1079




