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Abstract

This work focused on the catalytic performance of hypercrosslinked sulfonic acids
for esterification of carboxylic acids. The commercially available hypercrosslinked
poly(styrene-divinylbenzene) sulfonic acids, Purolite D5081 and D5082, were found
to be more active than macroporous Amberlyst 35 for esterification of long-chained
carboxylic acid with methanol. The high activities have been attributed to the high
accessibility of the acid sites in the catalysts. However, a relationship between the
deactivation of D5081 and D5082 and acid site leaching was observed, and the acid
sites were found to leach out only in polar liquids. Further investigation revealed
that the leachable acid sites are mainly sulfuric acid trapped in the polymer. Based
on these findings, a series of solid sulfonic acids on the hypercrosslinked
poly(St-DVB) MN 200 were prepared, with the trapped sulfuric acid thoroughly
removed. The surface areas and porosities were measured, and the structures were
characterised by solid-state NMR. The home-made catalysts were used for
catalysing esterification of acetic acid with methanol, and the catalyst that showed
no acid site leaching was used for kinetic modelling for the reaction. It was shown
that the Eley-Rideal (single-site) model best fits acetic acid esterification catalysed
by the chosen hypercrosslinked sulfonic acid. The home-made catalyst which was
highly active and reusable in esterification of pure oleic acid with methanol was
tested in esterification of oleic acid esterification blended with rapeseed oil in
biodiesel synthesis. The catalytic performance was compared with that of
macroporous Amberlyst 35 and gel-type C100X4. The effect of reaction parameters
on the reaction kinetics was evaluated for the oil-blended esterification over the
hypercrosslinked sulfonic acid catalysis, and the reaction conditions were optimised.
Finally, the reusability of the hypercrosslinked sulfonic acid was studied. This
home-made hypercrosslinked catalyst in this reaction suffered from deactivation
which is due to pore blockage and the loss of functional acid groups. The latter is
caused by both sulfonic acid leaching and cation exchange with metal ions in the

acidic oil.
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Glossary

This section contains the nomenclature of catalysts mentioned or used in this thesis.
Amberlyst 15: macroporous poly(styrene-divinylbenzene) sulfonic acid.
Amberlyst 16: macroporous poly(styrene-divinylbenzene) sulfonic acid.

Amberlyst 35: ‘oversulfonated’ macroporous poly(styrene-divinylbenzene) sulfonic

acid.

Amberlyst 36: ‘oversulfonated’ macroporous poly(styrene-divinylbenzene) sulfonic

acid.

Amberlyst 131: gel-type poly(styrene-divinylbenzene) sulfonic acid.
Amberlite IR-120: gel-type poly(styrene-divinylbenzene) sulfonic acid.
CT-275: macroporous poly(styrene-divinylbenzene) sulfonic acid.

C100X4: gel-type poly(styrene-divinylbenzene) sulfonic acid.

Dowex 50Wx2: gel-type poly(styrene-divinylbenzene) sulfonic acid.

Purolite D5081: hypercrosslinked poly(styrene-divinylbenzene) sulfonic acid.
Purolite D5082: hypercrosslinked poly(styrene-divinylbenzene) sulfonic acid.
Purolite MN 270: hypercrosslinked poly(styrene-divinylbenzene) sulfonic acid.

Purolite MN 500: hypercrosslinked poly(styrene-divinylbenzene) sulfonic acid.



Purolite MN 200: hypercrosslinked poly(styrene-divinylbenzene) polymer (not

functionalised).

Home-made catalysts:

M2A: sulfonic acid functionalised on MN 200 as a part of the work;

M2B: sulfonic acid functionalised on MN 200 as a part of the work;

M2C: sulfonic acid functionalised on MN 200 as a part of the work;

M2D: sulfonic acid functionalised on MN 200 as a part of the work;

M2E: sulfonic acid functionalised on MN 200 as a part of the work.



Chapter 1

Introduction

1.1. Green chemistry

The term “green chemistry” was coined by Anastas of the US Environmental
Protection Agency (EPA) in 1991 [1]. It was soon popularised throughout the world
because people are acknowledging the growing need of more sustainable process in
the chemical industry. Green Chemistry addresses the development of processes
that result in more efficient chemical reactions that preferably utilise renewable raw
materials and generate little waste, and reduction or elimination of the use or
generation of hazardous substances that have negative impacts on the environment

and human health [2].This concept embodies the 12 principles [1]:

1. Waste prevention instead of remediation,

2. Atom efficiency,

3. Less hazardous/toxic chemicals,

4. Safer products by design,

5. Innocuous solvents and auxiliaries,

6. Energy efficient by design,

7. Preferably renewable raw materials,



8. Shorter synthesis and avoiding derivitisation,

9. Catalytic rather than stoichiometric reagents,

10. Design products for degradation,

11. Analytical methodologies for pollution prevention,

12.Inherently safer processes.

1.2, Catalysis

1.2.1. The role of catalysis in green chemistry

Above all the 12 principles, catalysis lies at the heart of waste minimisation and

plays a major role in achieving more efficient and economically profitable industrial

processes. Today approximately 85-90% of the products of the chemical industry

are made in catalytic processes [3]. In some cases, a catalyst is used in place of

stoichiometric reagents in order to efficiently use the raw materials and to reduce

waste [3]. In general, a catalyst is used to lower the activation energy of the

reaction, affording alternative reaction pathway (Fig. 1.1). The successful choice of

catalyst for a reaction lies in lowering the required energy input, acceleration of rate

of reaction, and high selectivity to the desired product.
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E, (no catalyst)

Energy

E, (with catalyst)

XY

Reaction Progress

Fig. 1.1. The energy profiles of reaction progress in the catalytic reaction and the
non-catalytic reaction.

1.2.2. Homogeneous catalysis vs. heterogeneous catalysis

Catalysis is commonly divided into two main categories, homogeneous catalysis and
heterogeneous catalysis. Homogeneous catalysis means catalysts are in the same
phase as the reactants and are equally dispersed in the reaction medium.
Heterogeneous catalysis takes place between different phases, the catalyst is
generally a solid and the reactants are gases or liquids. The comparison of

homogeneous catalysis and heterogeneous catalysis is summarised in Table 1.1.

Homogeneous catalysts are in use in many chemical processes due to their high
activity and selectivity. They are sometimes strong mineral acids or Lewis acids
which are toxic and corrosive. The environmentally associated problems of handling,
removal and disposal of corrosive waste are encouraging the application of their

heterogeneous alternatives.
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Table 1.1. Comparison of homogeneous and heterogeneous catalysis [4]

Homogeneous catalysis Heterogeneous catalysis
Often difficult to separate Readily separated

Expensive to recycle Readily regenerated and recycled
not diffusion controlled May be diffusion limited

Usually robust to poisons Sensitive to poisons

Higher selectivity Lower selectivity

Short service life Long service life

Often take place under mild Often higher energy process
conditions

Acid-catalysed processes constitute one of the most important applications of

heterogeneous catalysis. A wide variety of solid acids are used in the chemical

industry, such as acidic clays, mixed metal oxides, zeolites and zeotypes, supported

heteropoly acids, and sulfonic acid supported by mesoporous silicas or polymers.

[1]. Reactions over heterogeneous catalyst involve diffusion, adsorption and

desorption processes apart from the actual chemical reaction. In the reaction on a

porous solid the following steps are expected [5]:

1. Diffusion of the reactants through the boundary layer to the catalyst surface;

2. Diffusion of the reactants into the pores;

3. Adsorption of the reactants on the surface of the pores;

4. Chemical reaction on the catalyst surface;

5. Desorption of the products out of the pores;

6. Diffusion of the products away from the catalyst through the boundary layer

and into the reaction mixture.

12



The measured reaction rate is determined by the rate of slowest step which is
normally the surface reaction on the catalyst. The mathematical expression of the
catalytic process often includes a combination of energetics of adsorption and the

chemical reaction.

1.3. Styrene-based sulfonic acids

This category of solid acids is of a sulfonic acid moiety attached to the surface, which
are heterogeneous equivalents to the homogeneous catalysts, H,SO,. Prior to 1960,
styrene-based polymer resins were gel-type, which were copolymers of styrene (St)
with a small portion (typically 5-8%) of divinylbenzene (DVB) at a low monomer
dilution [6, 7]. The gel-type resins have no permanent porosity. The pores are only
formed in the swollen state and are micropores or small mesopores, depending on
the swelling and degree of crosslinking [8]. In non-swelling media, the active sites

in the interior of the functionalised resin are largely inaccessible.

The problem of active site accessibility was overcome with the development of
macroporous styrene-based resins. The macroporous resin consists of styrene
cross-linked with 12-20% of divinylbenzene, leading to a high inner surface area
typically ca. 40 m?/g [7]. The permanent porosity is achieved by incorporating an
inert porogen compound at the polymerisation stage. As a result, these
macroporous resins can function in non-swelling solvents, which greatly expands

the possibility of application of these materials as catalysts. A range of catalysed

13



esterifications, as well as other reactions, has spearheaded the industrial

importance of these resins supporting sulfonic acids [9-12].

1.4. Hypercrosslinked polymer: properties and applications

The third generation of styrene-based resins is the hypercrosslinked styrene-based

polymer which was initially introduced by Davankov and colleagues in the 1970s

[13]. The hypercrosslinked poly(St-DVB) resins, for example, are prepared by

extensive post-crosslinking of highly solvated gels of poly(St-DVB) beads with

numerous rigid bridging methylene groups in the presence of Friedel-Crafts

catalysts [14, 15]. The cross-linking bridges are homogeneously distributed

throughout the whole volume of the polymer, which leads to a uniform single-phase

network [16]. The inner stresses of the hypercrosslinked resin are preferably

relaxed in the swollen state. For this reason, combined with restricted

configurational flexibility by rigid bridges, the hypercrosslinked resins tend to

expand even in weak interaction with non-solvent [16, 17]. The expansion of the

polymer network and the relaxation of inner strains facilitate its promising

behaviour in sorption. In fact, hypercrosslinked polymers have been extensively

applied for hydrogen storage [18], packing materials for HPLC [19], organic vapour

sorption [20], and removal of organic compounds and toxic metals from waste

water [21, 22]. The sorption capacity of hypercrosslinked resins was reported as

being up to three times higher than macroporous resins [22].
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The average size of the pores in the hypercrosslinked polystyrene was found to be

1.5-3.0 nm [14]. The large number of nanopores can serve as nanoreactors which

control the migration and growth of nanocomposites. For example, palladium

nanoparticles were obtained by impregnating Na,PdCl, to hypercrosslinked MN 270

in mixture of H,O and MeOH dissolved in THF [23]. This metal/polymer

nanocomposite exhibited high activity and in selective hydrogenation of acetylene

alcohols.

The hypercrosslinked polymer is also able to be functionalised, and the sorption

capacity can be remarkably increased after functionalising with —SOsH groups [24].

Inspired by the application of the sulfonated macroporous styrene-based resins as

catalysts, it was thought that the sulfonated hypercrosslinked resins would be able

to act as solid acid catalysts in some reactions due to their high surface area and

porosity. Therefore, the target of this project was to evaluate the catalytic

performance of hypercosslinked polymer supported sulfonic acids in organic

reactions. The sulfonic acid was to be functionalised on the hypercrosslinked

poly(St-DVB) and esterification of carboxylic acids with methanol was chosen as the

model reaction.

1.5. Objectives of this project

This project focuses on the catalytic performance of hypercrosslinked poly(St-DVB)

supported sulfonic acids in esterification of carboxylic acids. The specific objectives

are the following:
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Vi.

Vii.

To evaluate the activity of hypercrosslinked poly(St-DVB) sulfonic acids

Purolite D5081 and D5082 in esterification of different carboxylic acids;

To understand the leaching of acid sites in Purolite D5081 and D5082 in

contact with organic compounds and water, and the origin of the leachable

acid species;

To understand the use of characterisation techniques in characterising the

surface area and porosity of solid acids;

To find relationships among sulfonation, structural characteristics and

catalytic performance of hypercrosslinked poly(St-DVB) sulfonic acids in the

esterification of carboxylic acids;

To understand the mechanistic pathway of the esterification reaction

catalysed by hypercrosslinked poly(St-DVB) sulfonic acid;

To compare the activities of hypercrosslinked, macroporous, gel-type resin

supported sulfonic acids in esterification of free fatty acids, and the effect of

reaction parameters on activity of the hypercrossliked poly(St-DVB) sulfonic

acid in this reaction;

To study the activity and reusability of the hypercrosslinked poly(St-DVB)

sulfonic acid in esterification of free fatty acids in biodiesel synthesis.

16



1.6. General theories of the characterisation techniques
1.6.1. Langmuir isotherm and BET isotherm

The Langmuir is based on the chemisorption model in which adsorption is limited to

monolayer on the solid. The following assumptions are made [25]:
1. Adsorption occurs on specific sites;
2. All adsorption sites are identical;

3. The energy for adsorption is independent of how many neighbouring sites are

occupied.

The Langmuir equation isotherm corresponds to equilibrium in which the rates of
adsorption and desorption are equal. In the case of a single adsorbing gas onto the

surface, the Langmuir equation is:
=—P+— (Eq. 1.1)

where P is the equilibrium pressure over the solid, V is the actual volume adsorbed,
Vi, is volume of the gas required to produce monolayer coverage, and k is the
Langmuir factor in which the activation energy and collision rate are taken into

account:

—E, + E4
o (LB
Ng+/ 2mtmk T

(Eq. 1.2)
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where A is the exponential factor, E; and Eq4 are the activation energies of adsorption
and desorption of an adsorbate on the surface respectively, R is the ideal gas
constant, T is temperature, N is the number of sites available for adsorption,  is
the ratio of a circle’s circumference to its diameter, m is the molecular mass of the
adsorbate and kg is Boltzmann’s constant. The Langmuir model was extended by
Brunauer, Emmett and Teller to encompass multilayer adsorption. Additional

assumptions are made [25]:

1. Each layer of adsorbate is treated as a Langmuir monolayer and must be

completed before the next layer starts to form;
2. The heat of adsorption for the first layer is characteristic of the adsorbate;

3. The heat of adsorption for subsequent layers is equal to the heat of

condensation.

If volumetric measurements are taken the BET equation is generally given as:

p c-1 P 1

= X — 4 —,
VP, —P) V,C P, V,C

(Eq. 1.3)

where P and Py are the equilibrium and the saturation pressure of adsorbates at the

temperature of adsorption, V and V., are the adsorbed gas quantity and the

momolayer adsorbed gas quantity and C is the BET constant.

18



1.6.2. The experiment and calculation for surface area

The surface area of a porous solid is normally calculated from a plot of the linearised

form of the Langmuir or BET equations, by measuring the quantity of gas adsorbed

on the surface over a range of gas pressure. Experimentally, the solid sample is

pre-treated to remove adsorbed contaminants, and is then cooled under vacuum.

An adsorbate is dosed to the solid in controlled increments. After each dose of

adsorbate, the pressure is allowed to equilibrate. The volume adsorbed (V) at each

pressure and constant temperature defines an adsorption isotherm. The volume of

gas required to form a complete monolayer over the surface of the solid (V) is

determined by the uptake of the adsorbed gas. Therefore, the specific surface area

of the porous solid can be calculated from

Cs

Surface area = X Vi, (Eq. 1.4)

where N is Avogadro’s number, A is the cross-sectional area of the adsorbing
species, v is the molar volume of the adsorbate gas, and m is the mass of the
adsorbent. Typically nitrogen is used as adsorbate and its effective cross-sectional

area is taken as 0.1620 nm? provided it is not affected by the nature of the solid.

1.6.3. Pore volume and pore size

The phenomenon of capillary condensation provides a method for analysing the fine
pore structures. As the pressure is increased, the gas condenses firstly in pores of

smallest dimensions and progresses to larger pores until saturation is reached. The

19



pore volume (V) can be calculated from the amount of gas adsorbed at appropriate
pressures. Pore size distribution is illustrated from experimental isotherms by the
Barrett, Joyner and Halenda (BJH) method [26], which is essentially a modification

of Kelvin equation:

P 20V,
In (—) =-—2 (Eq. 1.5)
Po r,RT

where P is the actual vapour pressure, Py is the saturated vapour pressure, o is the
surface tension, V, is the pore volume, r, is the pore radius, R is the ideal gas

constant and T is temperature.

The radius of the pore is calculated from the radius given by the Kelvin equation,
corrected for the thickness of a liquid film which adheres to the pore walls. Using
the assumption that the pores are of cylindrical geometry, the pore radius (r,) is

calculated from the ratio of BET surface area (Ager) and pore volume (V,):

A

r (Eq. 1.6)

P = .
ABET

1.6.4. Solid-state NMR

Solid-state NMR can be used to determine the molecular information which is
characterised by the presence of anisotropic interactions [27]. High resolution
conditions in solids can be established using magic-angle spinning which enables to
remove the effects of chemical shift anisotropy in solids by seating the axis of
rotation at an angle of 54.74°, and to zero the secular terms of dipolar coupling with

rapid spinning rate [28]. Cross-polarisation technique (CP) can be used to assist
20



signal enhancement of dilute spins. For the study of sulfonated polystyrene resins,
solid-state *C and 'H NMR are potentially useful. It would be expected that *C
chemical shifts associated with benzene rings and with bridging methylene groups
might be sensitive to functionalisation with sulfonic acids. On this basis, 'H spectra

might also show some dependence.

1.7. A brief review of kinetics of acid-catalysed esterification reactions

Strong mineral acids, such as H,SO, and HCI, have been extensively studied for
catalysing esterification of carboxylic acids with alcohols [29]. It is known that the
mechanism firstly involves protonation of the carboxylic acid, which was attacked by
nonprotonated alcohol. The product ester is obtained following the proton transfer
and dehydration of the protonated carboxylic acid. The rate limiting step of the
esterification is the nucleophilic attack of the alcohol on the protonated carbonyl

group of the carboxylic acid [30].

As heterogeneous alternatives to the mineral acids for esterification reactions, solid
catalysts with Bronsted acid sites are expected similar behaviour with a
homogeneous-like mechanism. However, the mechanism of solid-acid catalysed
esterification was ambiguously reported in the literature. A simple pseudo-first
order kinetics of the carboxylic acid was found to fit the esterification of lactic acid
with isopropanol over acid ion-exchange resins (Amberlyst 15 and Amberlyst 36)
[31]. Models which take account of the reverse as well as the forward reaction as the

reaction approaches equilibrium have been used to fit the observed kinetics of
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esterification of acetic acid with isobutanol catalysed by Dowex 50 Wx2 and

Amberlyte IR-120 [32], and the esterification of fatty acids by Purolite CT-275 [33].

Moreover, Tesser et al have successfully applied the Eley-Rideal (single-site) model

to interpret the kinetics of oleic acid esterification with methanol in the presence of

triglycerides with Relite CFS [34] and Amberlyst 15, 16 and 131 [35]. The

application this model was also reputed by Liu et al to fit the esterification of acetic

acid with methanol over silica supported sulfonic acids [36]. On the contrary, Miao

et al argued that the Langmuir-Hinshelwood (dual-site) model better fits the

behaviour of acetic acid esterification with methanol on mesoporous silica solid acid

[37]. In the case of acetic acid esterification with n-butanol on Amberlyst 15,

Gangadvala et al applied a modified Langmuir-Hinshelwood model by involving the

effect of water distribution in the resin phase [38]. Additionally, Tsai et al found that

the Eley-Rideal and the Langmuir-Hinshelwood models equally well fit the

experimental data for the acetic acid esterification over Amberlyst 36 [39].

1.8. A brief review of acid-catalysed esterification of free fatty acids

To remove the high free fatty acid (FFA) content in oil feedstock for biodiesel

production, some researchers have proposed a two-step process that the acidic oil

first undergoes acid-catalysed esterification before transesterification of the

triglycerides. Sulfuric acid and heteropoly acids are effective to remove the FFAs [29,

40]. However, the use of homogeneous catalysts is associated with effluent disposal

problems and equipment corrosion [41]. These drawbacks have led to research into
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the application of solid acid catalysts. To date, modified zeolite, functional activated
carbons, supported heteropoly acids, resin-typed nafion, sulfonic acid on
mesoporous silicas and zirconium cation clusters have been reported as active acid
catalysts for the esterification for biodiesel synthesis [42-48]. Alternatively a range
of macroporous poly(St-DVB) supported sulfonic acids have also been intensively

studied for the esterification of FFAs [49-51].
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Chapter 2

Activity of Purolite D5081 and D5082 in Esterification

Reactions and Stability of the Functional Acid Species

2.1. Introduction

Esterification is the transformation of carboxylic acids or their derivatives into esters,
and it is greatly important in the production of flavours, pharmaceuticals,
plasticisers and polymerisation monomers, as well as for protection of carboxylic
acids and hydroxyl groups in organic synthesis [1, 2]. The esterification reactions

are usually conducted in liquid or vapour phase with the aid of acid or base catalysts.

To gain insight into the catalytic performance of hypercrosslinked polymer
supported sulfonic acids in the esterification reactions, Purolite D5081 and D5082
which are sulfonated hypercrosslinked poly(St-DVB) were evaluated as the
catalysts. Reusability and deactivation of these catalysts were also investigated.
The focus was on the stability of the functional acid species during the reaction and

in contact with organic liquids and water.
2.2, Experimental
2.2.1. Materials

Acetic acid (99.7+ %), oleic acid (99.7+ %) and methanol (99.5+ %) were
purchased from Fisher Scientific, UK. The sulfonated hypercrosslinked poly(St-DVB)

resins, D5081 and D5082 were provided by Purolite Int. Ltd. UK. The macroporous
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poly(St-DVB) resin Amberlyst 35 (wet) was from Rohm & Haas France S.A.S. The

resins were washed with acetone, and were dried in the oven at 80 °C overnight.

2.2.2. Catalyst characterisation

Acid site concentrations of the catalysts were determined by acid-base back titration.
A weighed amount of the dry catalyst was put in contact with 0.100 M NaOH solution
in excess for two hours. The excess base was titrated with 0.100 M HCI solution and
phenolphthalein as the indicator. Several repetitions were made in order to control
the error within 0.05 mmol/g of dried catalysts. In the measurement of remaining

acid sites of D5081 in water, the errors were controlled within 0.02 mmol/g.

Surface area and porosity measurements were carried out by nitrogen
adsorption-desorption method using the Micromeritics ASAP 2020 analyser. Surface
areas were calculated by the BET method. Pore volumes and pore sizes were

calculated from desorption isotherms using the BJH method.

2.2.3. Kinetic measurements

The experiments were conducted in a batch reactor equipped with magnetic stirrer
and water-cooled condenser. A thermocouple was placed in the reactor to control
the temperature within = 1 °C. 4.00 g carboxylic acid and 20.0 g methanol were
charged into the reactor, and the mixture was stirred at 600 rpm to eliminate
possible external mass transfer limitation. When the mixture reached a temperature
of 65 °C, 0.200 g of catalyst was charged to the reactor. This was considered as the

starting time of the reaction. Samples of the mixture were withdrawn at regular
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intervals to monitor the conversion of carboxylic acid which was quantified by

titration with sodium hydroxide solution and phenolphthalein indicator.

In the reusability test, the used catalyst was filtered from the reaction mixture,
followed by washing with methanol and deionised water. The recovered catalyst was
dried in the 80 °C oven until no mass change observed, and it was saved for
subsequent reaction cycles. The reaction conditions of the consecutive cycles were

the same as the first cycle.

To evaluate the stability of the functional acid species in the hypercrosslinked
materials in contact with organic liquids and water, a known amount of pre-dried
catalyst was added to a round-bottom flask containing 100 ml of the contacting
liquid. The mixture was then stirred for a recorded time after which the acid site
concentration of catalyst was also determined by acid-base back titration which was

the same as previously stated.

2.3. Results with discussion

2.3.1. Catalyst characterisation

The characteristics of the catalysts are shown in Table 2.1. The apparent BET
surface areas of the hypercrosslinked Purolite resins are much larger than that of
the macroporous resin, Amberlyst 35. The measured BET surface area of the
hypercrosslinked polymers is appropriately interpreted as a reflection of their
sorption capacity towards nitrogen, because there is no real solid border in the

interior of the open-worked hypercrosslinked polymer [3, 4].Though the surface

29



area of hypercrosslinked resins is large, the pore volume is relatively small. This
would suggest that the majority of the pores are small. Indeed, the
hypercrosslinked resins would be expected to contain large amount of micropores
introduced by the methylene bridges in addition to meso- or macropores. The
intense crosslinking of the polymer chains leads to the formation of swollen gel.
When the polymer chains are removed from the solvent, the micropores are

retained due to the high rigidity of the polymer network.

Because large quantities of the free aromatic rings in hypercrosslinked polymers
have contributed to the crosslinking, the sulfonic acid loading is much lower than
that of conventional macroporous polymers. The back titration experiments showed
acid site concentrations of 0.98 mmol/g and 2.05 mmol/g for D5081 and D5082
respectively. These data broadly agree with the results estimated from elemental
sulfur analysis by Saha et al [5]. Compared to D5081, the higher acid site

concentration of D5082 is in line with its lower surface area.

Table 2.1. Characteristics of Purolite D5081, Purolite D5082 and Amberlyst 35

Catalyst Surface Pore volume Acid site concentration
area (cm3/g) (mmol/g)
(m*/g) Titration® S content
Purolite D5081 588 0.39 0.98 1.25
Purolite D5082 347 0.36 2.05 1.85
Amberlyst 35 52.2 0.35 5.43 -

1. The error was £ 0.05 mml/g.

2.3.2. Catalytic activity

As seen in Fig. 2.1, the two hypercrosslinked catalysts displayed similar activity to

Amberlyst 35 in acetic acid esterification with methanol. With oleic acid
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esterification with methanol, the activity of Amberlyst 35 was significantly lowered

while the activities of the hypercrosslinked catalysts were similar (Fig.2.2). The low

oleic acid conversion over Amberlyst 35 could be ascribed to its small surface area.

The highest conversion of oleic acid was achieved by D5081 due to its highest

surface area though its acid site concentration is the lowest. At first thought, the

esterification of oleic acid would be much slower than that of acetic acid under the

same condition due to the large molecular size. However, this is not the case for

hypercrosslinked sulfonic acids D5081 and D5082 catalysis, which indicates that

large molecules can access to the acid sites of the hypercrosslinked catalysts. In

addition, D5081 is more active than D5082 in the hydrophobic esterification of oleic

acid. Considering the large surface area of both hypercrosslinked resins where large

molecules would be able to penetrate freely, the faster conversion rate corresponds

to the more hydrophobic catalyst which is D5081 [3].

Initial turnover frequencies (TOFs) were calculated from the change in

concentration of the carboxylic acid over the first 10 minutes of reaction where the

reaction rate appeared constant (Table 2.2). It is interesting to find that these

hypercrosslinked poly(St-DVB) sulfonic acid catalysts tend to retain a constant

hierarchy of intrinsic activity with no dependence on the nature of the carboxylic

acids, as can be seen from the finding that the initial TOF ratios of D5082 to D5081

are always 0.37-0.40 in esterification of both acetic acid and oleic acid. If we

assume that the acid groups in D5081 are all readily accessible and are equally

active, the accessible active sites in D5082 would be approximated to 0.80 mmol/g

provided D5082 contains 2.05 mmol/g sulfonic acid groups. Under the same
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reaction conditions, Andrijanto et al estimated that a maximum of 0.47 in 4.7
mmol/g acid sites in Amberlyst 15 are accessible to oleic acid and methanol [6].
Compared to this finding, the sulfonic acid functionalisation on the hypercrosslinked

polymer network is more effective for catalysis.
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Fig. 2.1. Conversion plots of acetic acid with methanol over D5081, D5082 and
Amberlyst 35 catalysis (catalyst amount: 0.200 g, acetic acid: 4.00 g, methanol:
20.0 g, temperature: 65 °C, stirring speed: 600 rpm).
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Fig. 2.2. Conversion plots of oleic acid with methanol over D5081, D5082 and
Amberlyst 35 catalysis (catalyst amount: 0.200 g, oleic acid: 4.0 g, methanol: 20.0
g, temperature: 65 °C, stirring speed: 600 rpm).
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Table 2.2, Initial TOFs of D5081, D5082 and Amberlyst 35 in the esterification with
methanol calculated from acid conversion in the first ten minutes of reactions

Catalyst Initial TOF (min™)?!

Acetic acid Oleic acid
D5081 4.1 0.96
D5082 1.5 0.38
Amberlyst 35 0.72 0.029

1. as with all kinetic measurements, to £ 2%

2.3.3. Reusability of D5081 and D5082

Five consecutive esterification cycles of 0.40 g acetic acid and 20.0 g methanol were
conducted to evaluate the reusability of D5081 and D5082. The reactions were
conducted using a stirring speed of 600 rpm and at a temperature of 65 °C for 2
hours after which time the catalyst beads were recovered and activated for the
subsequent cycle. The catalytic activity of D5081 decreased steadily from the first
cycle to the fifth cycle, while activity D5082 decreased significantly during the first
two cycles but remained stable thereafter (Fig. 2.3). Above all, deactivation of both
catalysts occurred most significantly between the first and the second cycle.
Potential causes for such deactivation could be contamination of the pore structure
by deposition of organic species, and leaching of acid sites [7, 8]. The potential
organic species that would deposit onto the catalyst surfaces are methanol, acetic
acid, methyl acetate and water. However these species are unlikely to be retained in
catalyst pores due to their sizes or volatility. Thus, the hypothesis proposed here is

that the deactivation is due to leaching of the acid sites in D5081 and D5082.

Before each esterification cycle, acid site concentrations of D5081 and D5082 were

determined. The acid sites of D5081 deceased steadily from 0.98 mmol/g to 0.31
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mmol/g in the first four cycles, whereas the acid site concentration of D5082 was
decreased but was retained after the second cycle at about 1.4 mmol/g (Fig. 2.4).
The trends of decrease in acid site concentrations correlate the behaviour of
corresponding 2-h acetic acid conversions. This in part linked the catalyst
deactivation to leaching of acid sites. The reason for the leaching was investigated

as detailed in the next section.
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Fig. 2.3. Conversion of acetic acid with methanol in 2 hours of five consecutive
reaction cycles (catalyst amount: 0.200 g, acetic acid: 4.00 g, methanol: 20.0 g,
temperature: 65 °C, stirring speed: 600 rpm). Conversions are estimated to within
+ 2% (95% confidence).
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Fig. 2.4. Acid site concentrations of D5081 and D5082 determined before each

reaction cycle. The errors are to within 0.05 mmol/g.

2.3.4. Acid site leaching of D5081 and D5082 contacted with organic liquids

Though the esterification reaction is initiated by protonation of acetic acid, there is

equilibrium of competitive adsorptions on the acid sites between methanol and

acetic acid. When a large excess amount of methanol is used, the acid sites are

inevitably solvated by methanol. Consequently, the acid sites in D5081 and D5082

might be more prone to leach out in contact with methanol. To test whether

methanol is the cause of the acid site leaching, 20.0 g fresh methanol was contacted

with 0.200 g activated D5081 for 2 hours and the catalyst was then filtered out. The

pre-treated methanol was charged to a reactor to react with 4.00 g fresh acetic acid

with no solid catalyst, using the same experimental conditions. A blank experiment

of fresh methanol and fresh acetic acid without catalyst was also run. A conversion

of 50% fresh acetic acid was observed, whereas the blank reaction only esterified

2.3% of acetic acid in 2 hours, meaning that the autocatalysis of by acetic acid is
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minimal (Fig. 2.5). Therefore, the high conversion of acetic acid with pre-treated
methanol was attributed to homogeneous catalysis by methanol leached acid

species from the catalyst.

Additionally, acetic acid was tested to investigate whether it also causes the acid site
leaching. Prior to reacting with fresh methanol, 4.00 g pure acetic acid was
contacted with 0.200 g D5081 for 2 hours. Later, 35% of pre-treated acetic acid was
converted by fresh methanol applying the same reaction condition. Therefore, it was
concluded that the acid sites in D5081 can leach out in contact with both methanol

and acetic acid.

Generally, the acid groups from the catalyst will form sulfuric acid when they leach
to the liquid phase. The intrinsic activity of sulfuric acid accounts on the condition
that 1 mol H*/1 mol H,SO, has sufficient acidity to catalyse the reaction [9].
Therefore, the difference in acetic acid conversions from each pre-treated reactant
facilitates the comparison of the quantities of acid species that leached to each
reactant through pre-treatment. By comparing the homogeneously contributed
activities of leached species, 20.0 g methanol could be more effective at causing
acid site leaching from D5081 than 4.00 g acetic acid as in the esterification

reactions.

Leaching of acid sites of D5081 and D5082 was also observed in other organic
liquids that are less polar than methanol and acetic acid. As shown in Fig. 2.6,
reduced acid site concentrations of 0.72 mmol/g and 0.88 mmol/g were found in

D5081 after 2-hour contact with toluene and methyl acetate at 65 °C respectively,
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while the according values for D5082 were 1.49 mmol/g and 1.80 mmol/g. The acid
site concentrations were unchanged for both D5081 and D5082 in contact with
heptane under the same conditions for 2 hours, although a small decrease is evident
for D5082 depending upon error bars. These reveal that the acid sites of both D5081

and D5082 only tend to leach out in polar liquids.
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2-h conversion of acetic acid (%)
=
o

o

fresh methanol & pre-treated  pre-treated acetic auto-catalysis
acetic acid methanol+fresh acid+fresh
catalysed by acetic acid methanol
D5081

Fig. 2.5. Study on homogeneous contribution of D5081 and non-catalysed
esterification of acetic acid (catalyst amount: 0.200 g, acetic acid: 4.0 g, methanol:
20.0 g, temperature: 65 °C, stirring speed: 600 rpm). Conversions are estimated to
within £ 2% (95% confidence)

When in contact with liquids, the hypercrosslinked poly(St-DVB) sulfonic acids
undergo hydrophobic/hydrophilic interaction. Functionalisation with highly
hydrophilic sulfonic groups would increase their tendency toward solubility in polar
media through hydrogen bonding [10]. When the hypercrosslinked poly(St-DVB)
sulfonic acids are in contact with hydrophobic liquids such as heptane, the
interaction is absent so acid site leaching was not observed. In addition, the faster
rate of leaching in toluene is not surprising, because toluene, though not so
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hydrophilic, would accelerate the polymer decomposition because it structurally

resembles the styrene unit of hypercrosslinked poly(St-DVB) moieties [11].

25 ¢

T,
©
£ = origi
£ original
515 W heptane
L d
g methyl acetate
[=4
g H tol
e 3 oluene
o
(8]
P
w
B 0.5
Q
<

0

D5081 D5082

Fig. 2.6. Acid site concentration of D5081 and D5082 after treatment with various
liquids at 65 °C for 2 hours. The error is 0.05 mmol/g.

2.3.5. Origin of the leachable acid species

The acid species detected in the hypercrosslinked poly(St-DVB) catalysts would be
of two forms. One is the chemically bonded sulfonic acid groups on the catalyst
surface. The other one is sulfuric acid trapped in the catalyst pores. To find out the
origin of the leachable species, water was chosen as the contacting medium instead
of any organic liquids on the basis that water is a better solvent for simple acid
species. Evaluation of the leaching behaviour in water is also important, because
hypercrosslinked resins and the sulfonated forms might well be used as sorbents for
water purification [12-14]. To conduct this evaluation, 0.20 g dried D5081 was
charged to a flask containing 100 ml deionised water. The mixture was sealed at 20

°C and stirred at 600 rpm. The remaining acid concentration of D5081 was
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monitored as a function of time until the leaching stopped. The results show that
0.30 mmol acid sites per gram of D5081 were lost in the first 5-hour treatment and
the permanent acid concentration of 0.45 mmol/g was obtained on extensive
treatment for 233 hours (Fig 2.7). The 0.01 mmol/g difference between 233 hours
and 305 hours is regarded as negligible. Therefore it was concluded that acid site
leaching would cease and that about 45% of original acid sites could permanently
remain in the D5081 beads in contact with water at 20 °C. For comparison,
Amberlyst 35 was treated with deionised water by applying the same method. 5.09
from a total 5.43 mmol/g acid sites were permanently remained after 67 hours of
the experiment, which indicates acid site leaching was minor in Amberlyst 35.
D5082 was also treated with water following the same method. After 5-hour
interaction, most of the D5082 beads decomposed; hence further quantitative

analysis for D5082 could not be conducted.

0.45

Acid density of D5081 (mmol/g)

O 1 1 1 1 1 1
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Fig. 2.7. Plot of remaining acid sites of D5081 treated with water at 20 °C stirred at

600 rpm. The errors were controlled within 0.02 mmol/g.
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To find out the origin of leachable species from D5081, the effect of temperature on

the leaching of acid sites of D5081 in water was investigated. Assuming the leaching

process follows first-order kinetics in terms of the sulfonic acid groups, the rates of

acid site leaching were calculated from the decrease in acid site concentration of

D5081 in contact with water for 5 hours (Table 2.3). It was found that the rate of

acid-site leaching can be roughly described by the Arrhenius Law. From Fig. 2.8,

the activation energy was calculated to be 9.4 kJ/mol. In general, the activation

energy is about 40 kJ/mol for a reaction catalysed by sulfonic acid, while it is 4-12

kJ/mol for a diffusion-controlled process [15, 16]. The low activation energy for the

leaching process suggests the leaching of acid sites from D5081 is more likely to

resemble the diffusion process of a species through the polymeric networks, which,

in other words, implies that the majority of the leached species from D5081 are

trapped or weakly bonded sulfuric acid rather than chemically bonded sulfonic acid

groups. The ease of leaching of entrained sulfuric acid means D5081 and D5082 are

less effective catalysts. In addition, the use of hypercrosslinked networks as

sorbents in aqueous media also requires caution, because the hypercrosslinked

polymer/water interaction would potentially cause hypercrosslinked network

deformation as was observed in the case of D5082.
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Table 2.3. Temperature dependence of acid site loss in the first 5-hour contact with

water and activation energy of the leaching mechanism

Temperature (T) Acid site loss from Activation
/ °C 1g D5081 / mmol leaching (k) / energy (E.) /
mmol/(gh) kJ/mol

20 0.30 9.6 + 1.4

40 0.39

65 0.47

90 0.65

1/T (1/K)
0.00275 0.003

y =-1153x + 1.0909
R*=0.9839

Fig. 2.8. Arrhenius-van’t Hoff plot on the acid site loss of D5081 in contact with

water for 5 hours.

2.4,

Summary of results

This chapter describes a study of the catalytic performance and leaching of acid sites

in two commercially available hypercrosslinked poly(St-DVB) sulfonic acids D5081

and D5082. The results are summarised as following:

D5082 are as active as macroporous Amberlyst 35.

In acetic acid esterification, the hypercrosslinked resins Purolite D5081 and
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In oleic acid esterification, Purolite D5081 and D5082 are more active than

Amberlyst 35.

The high activities of D5081 and D5082 are facilitated by large surface area and

high accessibility of acid sites to the reactants.

The trend of catalytic deactivation of D5081 and D5082 is related to the

decreased acid site concentrations of these two catalysts.

The acid sites of D5081 and D5082 partly leach out in contact with polar organic

liquids.

The acid sites of D5081 partly leach out in the contact with water, and

permanent acid site concentration can be obtained.

The activation energy calculated from Arrhenius-van’t Hoff plot suggests the

leachable species from D5081 to water is mainly trapped sulfuric acid.
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Chapter 3

Preparation, Characterisation and Activity of
Home-made Hypercrosslinked Poly(St-DVB) Sulfonic
Acids

3.1. Introduction

The acid sites in Purolite D5081 and D5082 tend to leach out in contact with polar
liquids. The leaching of acid sites in D5081 is mainly due to the presence of trapped
sulfuric acid. An extensive wash of D5081 with water resulted in leaching of more
than half of the total acid sites, while the D5082 polymeric structure tended to
rapidly decompose in contact with water. These properties mean that D5081 and
D5082 are potentially less effective catalysts. To test the catalytic activity in
esterification of carboxylic acids, robust hypercrosslinked sulfonic acids are required.
Therefore, in this chapter, a series of hypercrosslinked polymer supported sulfonic
acids were prepared on the hypercrosslinked poly(St-DVB) support of commercially
available MacroNet 200 (MN 200). Two different sulfonation routes were applied in
order to achieve high degrees of sulfonation. After the samples were successfully
sulfonated, they were thoroughly washed to remove trapped sulfuric acid. The
washed samples were then characterised in terms of acid site concentration, surface
area and porosity. The commercially available MacroNet 500 (MN 500) which is
directly sulfonated from MN 200 was also characterised for comparison. In addition,

one of the prepared samples M2E, along with Amberlyst 15, D5081 and MN 200,
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was sent for solid-state NMR analysis to identify the structural differences of these

materials and to check whether the methylene bridges of the hypercrosslinked

network are affected by functionalisation with sulfonic acid. Finally, the

performances of the prepared hypercrosslinked poly(St-DVB) sulfonic acids and MN

500 were compared for the esterification of acetic acid with methanol. The activities

and reusability of these materials were compared.

3.2. Experimental

3.2.1. Materials

MN 200 and MN 500 were supplied by Purolite Int. Ltd. UK. Amberlyst 15 and 35

were provided by Rohm & Haas France S.A.S. Dichloromethane (99.8+ %) and

chloroform (99.8+ %) were purchased from Fisher Scientific, UK. Sulfuric acid (98

wt. % & 95 wt. %) and silver sulfate were provided by Sigma Aldrich.

3.2.2. Sulfonation procedure

MN 200 was sulfonated using two different routes. Route 1 applied concentrated

sulfuric acid over a silver sulfate catalyst [1, 2], and Route 2 used in-situ

synthesised acetyl sulfate as the sulfonation reagent [3].

3.2.2.1.Route 1

The MN 200 beads were sulfonated to M2A in a 200 ml three-necked,

round-bottomed flask equipped with a magnetic stirrer and reflux condenser. 100 ml

of sulfuric acid (98%) was loaded to the flask, stirred at 600 rpm and was heated to
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75 °C. 0.02 g silver sulfate was charged to the flask. After the solids were dissolved,
the MN 200 beads (wet, 2.5 g), previously swollen in 30 ml chloroform for 24 hours
at 20 °C, were slowly added to the flask. After the mixture was kept for 24 hours, the
reaction was quenched by pouring it into a beaker placed in an ice-cool water bath.
When it was cooled down, the mixture was diluted by drop-wise addition of

deionised water. Then it was filtered in Buchner funnel to recover the solid phase.

M2B was sulfonated using the same procedure, except that MN 200 beads were
swelled with Dichloromethane for 3 hours. M2E was prepared with 95 wt. % sulfuric

acid with the remaining conditions being the same as that for M2A.

3.2.2.2. Route 2

Acetyl sulfate was synthesised in-situ by adding 10 ml 95 wt. % sulfuric acid to a
solution of 20 ml acetic anhydride and 30 ml dichloromethane in an isolated flask in

an ice-cool water bath with vigorous stirring for 1 hour.

In another round-bottom flask, 2.50 g dried MN 200 was swollen in 30ml
Dichloromethane at 40 °C with stirring speed of 600 rpm for 3 hours. The swollen
MN 200 beads were filtered and were immersed in the prepared acetyl sulfate at 45
°C for 3 hours. The reaction was quenched by slowly adding ice-cooled deionised
water. Later, the sulfonated beads were separated by filtration and were washed

with methanol and deionised water. This sample was named M2C.
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To synthesise M2D, 2.50 g MN 200 beads were kept in 20 ml chloroform for 3 hours,
and were filtered out before they were sulfonated in 20 ml sulfuric acid, 20 ml acetic
anhydride and 5 ml chloroform. The temperature was maintained at 60 °C, and the

sulfonation process was kept for 24 hours.

3.2.3. Post-treatment of the samples

The prepared samples were washed with methanol and dried for 24 hours at 80 °C
in an oven at ambient pressure. 2.0 g dried samples were then washed in 100 ml
deionised water for 8 hours (stirred at 300 rpm at room temperature), and the pH of
the washing solution was measured with Jewry 3080 pH meter. Then the beads
were filtered out and were washed again. These washing steps were repeated
several times until the pH value reached 4.0. Because the acid species in the
polymers would leach out in water continuously, obtaining neutral washing solution
is not always possible after each long time wash. The threshold of pH=4.0 was
chosen so that the leached amount of acid in 8 hours was reduced to 0.005 mmol/g
on the basis of dried sample. After washing, they were filtered to remove powdered
particles, and were dried. After this treatment, the samples can be regarded as free

of leachable sulfuric acid.

3.2.4. Acid site concentration

In Chapter 2, acid site concentration was determined by back titration, which
needed to be conducted several times to obtain repeatable results. In this chapter,

the concentrations of acid sites of the samples were determined by aqueous titration
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with sodium hydroxide solution after cation exchange with sodium ions from 1.0
mol/L NaCl solution. The cation exchange was carried out using the pressurised
reactor Autoclave Engineers Magnedrive III for 7 hours. This time was tested as
sufficient for complete ion-exchange for the acid sites. The ion-exchange condition
was set as 1.5 times ambient pressure at 85 °C with a stirring speed of about 2000
rpm. By using this method, the errors of the measured acid site concentrations of

the catalysts were controlled within 0.03 mmol/g

Conducting a complete cation-exchange in the batch reactor at low temperature
requires quite a long time (usually over 24 hours), while the cation-exchange at
high temperature is inevitably companied by vaporisation of the solution, which
leads to inaccurate results. The use of pressurised reactor enables the
cation-exchange to be conducted at higher temperature with shortened time; and
vaporisation is prevented by sealing the catalyst-solution mixture in the reactor

vessel.

3.2.5. Surface area and porosity measurement

Nitrogen porosity measurements were conducted on the bead samples using the
Micromeritics ASAP 2020. Surface areas were calculated by the BET method.
Desorption isotherms were used to calculate pore volume and average pore width

with the BJH method.
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3.2.6. Solid-state NMR

The solid-state H and **C NMR experiments were conducted by the EPSRC National

Solid-state NMR Service at Durham University.

The solid-state 'H NMR spectra were recorded on a Varian VNMRS 400 spectrometer
referencing to neat tetramethylsilane. The measurements were carried out with a
direct excitation technique. The spectral width was 40 kHz, the frequency was 400
MHz with a spin-rate of 14 kHz. In *H NMR analysis for the samples swollen in DCM,
the spectral width was 100 kHz, the frequency was 100 MHz, and the spin-rate was

4050 Hz.

The solid-state '3C spectra were recorded on the same spectrometer operating at
100.562 MHz for '3C nuclei with a spin rate of 14 kHz. Neat tetramethylsilane was
used as the external standard. Qualitative information was obtained using cross
polarisation technique, which was applied to enhance the method sensitivity. In this
experiment, the contact time was 3 ms, repetition numbers were 2016-3936, and

repetition period was 2 s.

3.2.7. Catalytic activity and reusability

The test for catalytic activity and reusability of the prepared catalysts for
esterification of acetic acid with methanol applied the same reaction conditions as
those described in Chapter 2 except that the reaction temperature was changed to

60 °C. The change of temperature from 65 °C to 60 °C was enacted to reduce
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vaporisation of the methanol during the reaction. At the stirring speed of 600 rpm,

the external mass transfer resistance was also eliminated. The catalyst recovery

from the reaction mixture also followed the same procedure described in Chapter 2.

3.3. Results and discussion

3.3.1. Product yield and acid site concentration

The samples were prepared from MN 200 in the presence of DCM which swelled the

polymer matrix to expose the internal pores to sulfuric acid. Introducing the sulfonic

acid groups generated mechanical tension within the polymer that broke the

polymeric beads, which led to low yields of sulfonated samples (Table 3.1).

Additionally, long-time contacting with swelling agent caused severe bead breaking.

This was evidenced by less than 10% of M2A being obtained from swelling for 24

hours with DCM. However, it seems that altering the swelling agent did not affect

the sulfonation level because M2B and M2E, which were sulfonated in DCM and

chloroform respectively, exhibit similar acid site concentration. From the similar

yield and acid concentration of M2B, M2D and M2E, it is also likely that the two

sulfonation routes are equally effective. From safety considerations, sulfonation

with in-situ synthesised acetyl sulfate would be more advantageous because it

applied a lower reaction temperature and dilute reagents were used. Nevertheless,

applying either sulfonation route, some products were less successfully sufonated.

M2C with a low acid site concentration was obtained due to the low temperature (45
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°C) and short reaction time applied (3 hours). The quantity of M2A obtained was not

adequate and the reason was not clear, so it was not suitable for further analysis.

Table 3.1. The percentage yield and acid site concentration of the sulfonated
samples

M2A M2B M2C M2D M2E
Yield (wt. %) <10 81 22 79 80
Acid conc. - 0.77 0.42 0.74 0.78

(mmol/g)*

1. Error: + 0.03 mmol/g.

3.3.2. Surface area and porosity

Figs. 3.1 and 3.2 show the nitrogen adsorption and desorption isotherms of four

home-made hypercrosslinked poly(St-DVB) sulfonic acid resins and two

commercially available hypercrosslinked poly(St-DVB) resins, MN 200

(unsulfonated) and MN 500 (sulfonated on MN 200). It can be seen that the

adsorptions are of Type II according to the IUPAC classification [4]. The isotherm

plots of the sulfonated resins are almost parallel to that of MN 200 at high pressure

beyond p/pp =0.1, indicating sulfonation did not apparently change the porous

structure [5]. The progressive functionalisation with sulfonic acid reduced the

measurable surface area and total pore volume (Table 3.2). This may be a result of

acid groups, solvated acid groups that block some of network of pores in the

hypercrosslinked structure. The values of average pore width are just above the

micropore region. Progressive sulfonation seems not to significantly distort the

average pore width.
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Table 3.2. Properties of various hypercrosslinked poly(St-DVB) sulfonic acids

Hypercrosslinked MN M2C M2D M2B M2E MN
resins 200 500
BET surface area ' 687 657 519 522 458 424
(m?/g)

Total pore volume? 0.442 0.376 0.307 0.303 0.276  0.250
(cm?/g)

Average pore width® 2.61 2.33 2.41 2.38 2.47 2.44
(nm)

Acid site conc. O 0.42 0.74 0.77 0.78 1.20
(mmol/g)*

1. Measured by single point BET method at P/Py=0.20,

2. Pores less than 65 nm width by single point adsorption at P/Py= 0.97,
3. Adsorption average pore width (4V/A by BET),

4. Error: + 0.03 mmol/g.

Quantity adsorbed

0 0.4 0.8 12
Relative pressure (P/P,)

Fig. 3.1. N, adsorption-desorption isotherms of home-made hypercrosslinked
poly(St-DVB) sulfonic acids. The y-scales (quantity adsorbed) are offset for clarity.
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Fig. 3.2. N, adsorption-desorption isotherms of commercially available MN 200 and
MN 500. The y-scale (quantity adsorbed) is offset for clarity.

Figs. 3.3 and 3.4 show the four curves of pore volume over pore width of M2E

within the pore width range of 1.7 -180 nm. Two pore volume plots were

differentiated over the pore width, and the other two plots were differentiated from

logarithm of pore width. For each pair of plots, the pore volumes were calculated

from both desorption branch and adsorption branch of the hysteresis loop. One

similarity of the four plots is the broad and unsymmetrical pore size distributions

(PSDs) which result from the bimodal porosity of the hypercrosslinked materials. It

seems, however, the calculation of PSD of the hypercrosslinked polymers from

different manners generated contradictory impressions of their porous structures.

Normally, if pores are comprised of independent capillaries, the use of the

desorption branch is applicable. The adsorption branch of the hysteresis loop is

better fitted for pore size distribution calculation of bottle-like pores because liquid
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in the narrow capillaries prevents evaporation of the condensate from larger

compartments [7]. The curves from dV/dw and dV/dlog(w) methods show small

differencse, while the information of pore sizes seems ambiguous judging from the

dV/dlog(w) plots. For comparison, the desorption branch of the nitrogen sorption

isotherm using dV/dw method was chosen for the calculation of the pore size

distribution of the sulfonated samples and their polymer support MN 200 (Fig. 3.5).

The pore volumes were decreased with the increase of the amount of supported

sulfonic acid. It seems that incorporating sulfonic acid preferably affected smaller

pores with width less than 10 nm, which again might suggest that sulfonation

preferentially occurred at the internal surface of the polymer where the majority of

the smaller pores are located.

0.016
4
@ BJH adsorption
o012 | ® dv/dw
%D M BJH desorption
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§ o008 |
E : ]
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&
0.004 I‘%
[
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. I‘Ih" * ’. e |
2 10 50 250
Pore width (nm)

Fig. 3.3. Pore size distribution of M2E calculated with dV/dw method. The pore
widths in this figure are presented in non-linear scale for clarity.
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Fig. 3.4. Pore size distribution of M2E calculated with dV/dlog(w) method. The pore

widths in this figure are presented in non-linear scale for clarity.
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Fig. 3.5. Plots of pore size distribution of MN200, MN500, M2C and M2E calculated

from the desorption branch of the isotherm using dV/dw method. The pore widths in

this figure are presented in non-linear scale for clarity.
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3.3.3. Solid-state NMR

Due to the large hydrogen content, hypercrosslinked resins can be analysed by *H
NMR spectroscopy. The spectra of D5081, M2B, MN200 and Amberlyst 15 are shown
in Fig. 3.6 with poor resolution (at the end of this chapter). The appearance of
Ambelryst 15 spectrum is fundamentally different from those of the other three
samples. For Amberlyst 15, the signals at the range of 0-4.00 ppm are typical of
aliphatic protons, and the signal at 10.5 ppm is characteristic for aromatic protons
[8]. For hypercrosslinked samples, the resolution of spectra is much poorer.
Although the exact assessment could not be made because of the broad peaks, it is
still clear that the band for aromatic protons shifted from 6.8 ppm downwards to 8.4
ppm when MN200 was converted to M2B. This is an indication of the presence of
sulfonic acid groups in M2B, because -SOsH is an electron-withdrawing group that
would make its surrounding protons more electron-poor and the signal was hence
deshielded. When the samples were swollen in CDCl5, slightly better resolution was
achieved (Fig. 3.7, at the end of this chapter). The spectrum of swollen MN200
differs much from the original spectrum, which might reveal there was stronger
interaction between MN200 polymer network and CDCls;. The deshielding of the
aromatic band of M2B again confirms the successful sulfonation. From the spectrum
of swollen M2B, side reaction was detected. The decrease in the band area for
aliphatic protons demonstrates that the aliphatic chains would be partly oxidised

due to interaction with the strong acidic and oxidative sulfonation medium [6, 9].
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Two sets of characteristic bands are identified in the solid-state *3C NMR spectra of
D5081, M2B, MN200 and Amberlyst 15 (Fig. 3.8, at the end of this chapter). The
bands at about 40 ppm related to aliphatic carbons while the bands at 128 ppm
correspond to aromatic carbons [10]. The sulfonated carbon in Amberlyst 15 is
easily identified because the corresponding signal was shifted to 149 ppm from
other aromatic bands. It is also interesting to note that MN 200 gives a line at 64
ppm. This would be due to the presence of a portion of oxygen-containing groups
formed during the steam stripping after the bridging process of the
hypercrosslinked polymers [6]. However, one of the purposes is to see whether the
methylene bridges in hypercrosslinked MN 200 was affected by sulfonation. The
same peak position and the almost equivalent integrated band areas of aliphatic
bands of MN200 and M2B do not make it apparent whether the methylene bridges
were oxidised or sulfonated, because the signal of the methylene carbons of the
crosslinks occurs at 40-50 ppm and is masked by the backbone methane and

methylene carbon signals [11].

3.3.4. Catalytic activity and reusability

The home-made M2C, M2D and M2E were used as the catalysts in the testing of
acetic acid esterification with methanol. M2B was not tested. MN 500 and Amberlyst
35 were used for activity comparison. From the kinetic profiles, the order of activity
is MN500>M2D~Amberlyst 35>M2E>>M2C (Fig 3.9). M2D and M2E, exhibiting

lower acid site concentration, are still as active as Amberlyst 35. Within the

57



hypercrosslinked sulfonic acids, the relative activity is in line with their relative order

of acid site concentration which is MN 500>M2D~M2E>M2C. However, much higher

acid site concentration in MN 500 seems not to highly enhance its activity compared

to M2D and M2E. This would suggest the amount of acid sites in M2D and M2E

(about 0.78 mmol/g) would be sufficient for catalysing esterification of acetic acid

with methanol under these conditions. On the contrary, a much higher proportion of

acid groups are built to the macroporous polymeric resins, but the “over-sulfonated”

Amberlyst 35 did not exhibit better activity than the hypercrosslinked catalysts. Itis

likely that Amberlyst 35 is not capable to fully render the acid sites accessible to

methanol and acetic acid, because the flexible network of Amberlyst 35 could allow

the polar sulfonic acid groups to aggregate hence the acid sites may be shielded by

the polymer chains [12]. In the hypercrosslinked poly(St-DVB) sulfonic acids, acid

sites are loosely distributed in the highly crosslinked open-work polymers that

preserve the ability to restrict their structural configuration. Being free of hindrance,

the acid sites are readily accessible to the reactants, which led to a higher reaction

rate.
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Fig. 3.9. Conversion of acetic acid with methanol in the batch reactor catalysed by
various catalysts (methanol: 20.0 g, acetic acid: 4.0 g, catalyst: 0.200 g,
temperature: 60 °C. stirring speed: 600 rpm).
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Fig. 3.10. Kinetic plots of acetic acid conversion on the four hypercrosslinked
catalysts that were recycled from the first esterification cycle (methanol: 20.0 g,
acetic acid: 4.00 g, catalyst: 0.200 g, temperature: 60 °C. stirring speed: 600 rpm).
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Considering the home-made hypercrosslinked poly(St-DVB) sulfonic acids would

suffer from deactivation similar to that of D5081 and D5082, reusability tests for

these home-made hypercrosslinked catalysts were conducted. Fig. 3.10 shows

kinetic plots of the four hypercrosslinked catalysts that are in the second reaction

cycle of acetic acid with methanol under the same conditions as the first cycle. The

activity order of the catalysts is changed to M2E>M2D>MN500>M2C, which

suggests deactivation of catalytic performance occurred to different extents for

each catalyst. For example, the conversion of acetic acid over MN 500 in the first 2

hours decreased from 78.3% to 47.7% for this catalyst on going to the second

reaction cycle, while it decreased from 73.1% to 56.5% for M2D (Fig. 3.11).

Comparing the relative conversion of acetic acid on each catalyst between the first

cycle and the second cycle, it is reasonable to rank M2E>M2D>M2C>MN500 in

terms of their retention of activity. After the second cycle, the catalysts were

recovered from the reaction mixture, and their acid site concentrations were

determined after washing and drying. The results are shown in Fig. 3.12 along with

their initial acid site concentration before the first cycle. The lowered acid site

concentrations after second cycle more or less suggest that the home-made

hypercrosslinked poly(St-DVB) sulfonic acids were also subject to acid site leaching.

The acid site concentrations of MN500 and M2C were decreased from 1.20 to 0.84

mmol/g and from 0.41 to 0.29 mmol/g respectively. The acid concentrations of M2E

and M2D were decreased from 0.79 to 0.76 mmol/g and from 0.72 to 0.56 mmol/g

respectively. Since it was claimed that possible trapped sulfuric acid was removed
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from the prepared catalysts, the acid sites lost here were truly due to the leaching

of sulfonic acid groups that were chemically bonded to the polymer supports.

As can be seen in Figs. 3.11 and 3.12, the activity loss and acid site leaching of
M2E were marginal compared to those of M2C and M2D. This finding leads to the
consideration that the different sulfonation routes would affect the stability of
sulfonic acid groups functionalised on hypercrosslinked poly(St-DVB), because M2E
was sulfonated with concentrated sulfuric acid while M2C and M2D were prepared
with in-situ synthesised acetyl sulfate. Though sulfonation with in-situ synthesised
acetyl sulfate is milder and safer; sulfonation in concentrated sulfuric acid would be
able to reduce leaching of functionalised groups, and hence produce

hypercrosslinked poly(St-DVB) sulfonic acid catalysts which are more robust.

0 -
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70
60
50
40
30
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10

0

Conversion of acetic acid in 2 hours (%)

MN 500 M2E M2D M2C
M 1st cycle 78.3 724 73.1 57.3
H 2nd cycle 47.7 68.6 56.5 36.9

Fig. 3.11. Comparison of acetic acid conversion on the four hypercrosslinked
catalysts in the first reaction cycle and the reuse cycle (methanol: 20.0 g, acetic acid:
4,00 g, catalyst: 0.200 g, temperature: 60 °C. stirring speed: 600 rpm).
Conversions are estimated to within £ 2% (95% confidence)
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MN 500 M2E M2D M2C
M before 1st cycle 1.2 0.79 0.72 0.41
M after 2nd cycle 0.84 0.76 0.56 0.29

Fig. 3.12. Acid site concentration of each home-made catalyst before the first cycle
and after the second cycle. The errors are within 0.03 mmol/g.

3.4. Summary of results

Four sulfonated hypercrosslinked resins were successfully synthesised by

supporting sulfonic acid groups onto hypercrosslinked poly(St-DVB) MN 200 with

either in-situ synthesised acetyl sulfate or concentrated sulfuric acid. The prepared

samples were thoroughly washed so that leachable sulfuric acid was completely

removed.

These washed samples exhibit low acid concentration, large surface area and high

porosity. The home-made sample M2B along with D5081, MN 200 and Amberlyst 15

were analysed by solid-state NMR. Unfortunately, no useful information was

obtained to evidence whether the methylene bridges in hypercrosslinked resins

were affected by sulfonation.
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The catalytic performances of the prepared catalysts were compared for the

esterification of acetic acid with methanol, and were compared with those of MN

500 and Amberlyst 35. The order of activity of the hypercrosslinked catalysts is

roughly in line with their acid site concentrations. Among the hyperccrosslinked

catalysts, M2E exhibits better reusability than M2C and M2D. This led to the

conclusion that sulfonation with concentrated sulfuric acid is more effective in

preventing acid site leaching.
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Fig. 3.7. Solid-state 'H NMR spectra of MN200 (A), M2B (B), Amberlyst 15 (C) and

D5081 (D). The samples were pre-swollen in CDCls.




Fig. 3.8. Solid-state 3C NMR spectra of MN200 (A), M2B (B), Amberlyst 15 (C)

and D5081 (D).
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Chapter 4

Kinetics of Acetic Acid Esterification Using Home-made

Hypercrosslinked Poly(St-DVB) Sulfonic Acid Catalyst

4.1. Introduction

A series of home-made hypercrosslinked poly(St-DVB) sulfonic acids were prepared,
and were thoroughly washed to remove trapped sulfuric acid before catalytic tests.
Among the home-made catalysts, M2E showed good activity in the esterification of
acetic acid with methanol, and no significant acid site leaching was detected on
going to the second reaction cycle. Therefore, M2E was used for the kinetic
modelling of esterification of acetic acid with methanol in this chapter. The
pseudo-homogeneous, Eley-Rideal and Langmuir-Hinshelwood models were
compared to fit the kinetic profiles of the reaction. A mechanistic pathway of the

esterification reaction based on the best-fit model was proposed.

4.2. Experimental and results

4.2.1. Elimination of diffusional resistances

In the kinetic modelling experiments, the reaction conditions were set such that a
known amount of acetic acid reacts with excess methanol at 60 °C using the batch
setup applied in previous chapters. External diffusion resistance was eliminated by
setting the stirring speed to 600 rpm. The possible effects of internal diffusional

resistance were studied through the comparison of activities of M2E in bead and in
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powder forms. From Fig. 4.1, it can be seen that the reaction rate was hardly
affected by the particle size of M2E, which suggests that the interior acid sites in
M2E beads are accessible to the reactants and that the effectiveness factor for
catalysis is unity. Therefore, it is reasonable to conclude that the entire catalytic
process is kinetically controlled when M2E is in beads under these reaction
conditions. Since the diffusional resistances (both internal and external) are absent,

the kinetic modelling can be conducted with M2E in beads.
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Fig. 4.1. Effect of particle size of M2E in acetic acid esterification with methanol
(acetic acid: 4.00 g, methanol: 20.0 g, Catalyst amount: 0.200 g, temperature: 60
9C, stirring speed: 600 rpm).

4.2.2. Kinetic modelling with pseudo-homogeneous model

The esterification reaction between acetic acid and methanol can be represented in

the following schematic form:

acetic acid + methanol < methyl acetate + water . (Eq. 4.1)
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As an analogue of the homogeneous acid catalysis, the sulfonated hypercrosslinked

poly(St-DVB) in esterification is to be treated as a source of solvated protons. Thus,

the reaction was assumed to follow second-order kinetics with first order for each

reactant. Then the pseudo-homogeneous model for the reaction rate is written as

CsC
r= k<CMCA - I‘i W) (Eq. 4.2)
€q

where C,, Cv, Cw and Cy are the concentrations of methanol, acetic acid, water and
methyl acetate respectively, k is the rate constant and Kq is the reaction equilibrium
constant. At the initial stage of the reaction, the term of reverse reaction only has a

minimal effect; hence the rate equation is simplified to

dx
ro = kCyC, = (:A,od—tA (Eq. 4.3)

Where r, is the initial reaction rate, Ca ¢ is theinitial concentration of acetic acid, Cy
and C, are the concentrations of methanol and acetic acid respectively at a certain
time, X, is the conversion ratio of acetic acid, and t is the reaction time. Table 4.1
summaries the initial reaction rates with according initial concentrations of
methanol and acetic acid. The initial reactions rates were experimentally obtained
from the conversion ratios of acetic acid in the first 9 minutes of the reaction which
was determined by acid/base titration of withdrawn sample from the reaction
mixture. The experimental procedures were the same as those stated for
conversions of carboxylic acids in previous chapters. The reaction temperature was

set at 60 °C and the stirring speed was 600 rpm. THF was introduced as the solvent
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to fix the volume of reaction mixture at 29.0 ml. The effect of THF on the initial

reaction is minor given the large quantity of reactants used [1].

Table 4.1. Initial reaction rate data for the esterification of acetic acid with
methanol at 60 °C and stirring speed of 600 rpm (Cy, o and Ca o are the initial
concentrations of methanol and acetic acid added to the reaction, and rg is the initial
reaction rate, n is the molar ratio of methanol to acetic acid)

Cwm, 0 (M) Ca, 0 (M) n ro (M/min)*
4.305 2.297 1.874 0.00924
8.610 2.297 3.748 0.0166

12.91 2.297 5.620 0.0246

17.22 2.297 7.497 0.0291

21.52 2.297 9.375 0.0339

17.22 1.148 15.00 0.0153

17.22 3.445 4,999 0.0430

17.22 4.594 3.748 0.0543

1. The error is 5%

To determine the rate constant, the calculated conversion ratios of acetic acid (Xa)

can be substituted to the following equation which is rearranged from Eq. 4.3:

dx,
T kCyo(n —X,) (1 —Xp), (Eq. 4.4).

which is then integrated to give:
) = kCpo(n — 1)t + constant, (Eq. 4.5)

where n is the molar ratio of methanol to acetic acid.

With known time (t) and molar ratio (n), the term Cao(n-1)t is also known. If this

esterification reaction catalysed by M2E would follow the second-order kinetics, the

rate constant, k, can be determined from the gradient of the linear plot of In (“;HXA)
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against C o(n-1)t. The data in Table 4.1 were used for this plot. However, the plot
shows a nonlinear relationship between these two terms with the correlation
coefficient of 0.8031 (Fig. 4.3), hence it is not reliable to say this gradient
represents the rate constant. In other words, this result revealed that the

pseudo-homogeneous model is not fit for this reaction.

4

R?=0.8031

In[(n-1+XA)/(1-XA)]

(E 50 100 150 200
-0.5

Carg(n-1)t  (min mol/L)

n—1+Xy
1-Xy

Fig. 4.3. The plot of ln( ) against Cp o(n-1)t to determine the rate constant of

esterification of acetic acid with methanol by applying pseudo-homogeneous model.

Alternatively, the fitness of pseudo-homogenous model for the esterification
reaction catalysed by M2E can be tested using power law approximation. This was
done by determining the kinetic order of each reactant separately according to the

following rate equation:

Inr, = Ink’ + alnC, (Eq. 4.6)
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where ry is the initial reaction rate, k' is a lump rate constant, « is kinetic order of

each reactant and Cy is the initial concentration of each reactant. By the linear plot

of Inr0 against InCy, the apparent kinetic orders were determined to be 0.92 for

acetic acid and 0.82 for methanol, with the correlation coefficients of 0.99-1.00 (Fig.

4.2). Both of the kinetic orders for acetic acid and methanol were found to be lower

than 1, which, again, indicated the pseudo-homogeneous model was not the best

choice for the esterification reaction. Based on these findings, the Eley-Rideal and

Langmuir-Hinshelwood models were considered in the next sections.

25 InC,
(L 1 2 3
y=0.9211x - 4.304
-3 R? = 0.9994 y =0.8187x - 5.8619
R?=0.995
-3.5
LQ
£
-4
@ acetic acid
4.5 B methanol
-5

Fig. 4.2. Kinetic order determination for methanol and acetic acid in the
esterification catalysed by M2E. C, is the initial concentration of each reactant. rg is
the initial reaction rate.

4.2.3. Kinetic modelling with the Eley-Rideal model

The Eley-Rideal model assumes that the rate-limiting step is the surface reaction

which takes place between the adsorbed reactant and the other non-adsorbed
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reactant from the bulk liquid [2]. The Eley-Rideal model was developed to interpret

kinetics of reactions which involve gas being adsorbed onto solid surface, and have

also been applied for the liquid phase reactions over solid catalysts [3-6]. In the

solid acid catalysed esterification, the mechanism is shown as below [1]:

51

M+ S_M", (M1)
k_q
ka
A+ SZAY (M2)
k_2
k3
A"+ M_MA" + W, (M3)
k-3
kg
MA* _MA + S, (M4)
k_4
ks
W+ S W7, (M5)
ks

where M represents methanol, S is a vacant acid site on the catalyst surface, A is

acetic acid, MA is methyl acetate, W is water and asterisks indicate adsorbed species.

The affinity of sulfonated resin catalyst for water, alcohol and carboxylic acid is

much stronger than that for the ester [7]. Hence the adsorption term for methyl

ester is neglected in the E-R model. The rate expression for the E-R model then is

- A x [ CaCy — , Eq. 4.7
" 774 TTHKaCp + KyCy + Koy Coy ( ALM (Eq. 4.7)

where Ca, Cv, Cw and Cya are the concentration of methanol, acetic acid, water and
methyl acetate respectively, k is the rate constant which takes account of the
amount of the catalyst. K, Ky and Ky are the adsorption equilibrium constants for

acetic acid, methanol and water:
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Ky = —, (Eq. 4.8)
k_q
k

K, = —, (Eq. 4.9)
k_p
Ky

K, = —. (Eq. 4.10)
k4

The reverse reaction at the initial stage of the reaction is negligible so the term of

adsorption of water is omitted to give the initial rate:

~ KC,Cy
"0 THK,Cp + KyCy |

(Eq. 4.11)

Taking the reciprocal of this equation and fixing C, constantly, a plot of 1/r, versus

1/Cy, o could yield a straight line by varying Cy, o. The ratio of the gradient against

intercept is equal to—~4% in Eq. 4.12. Accordingly, the value of —2M<Mo

K
could be
Ky Ka

determined from the linear plot of 1/rg versus 1/C,, o in Eq. 4.13. The plots are

shown in Figs. 4.4 and 4.5.

1 K 1+ K,C 1
—=_" AP0 —, (Eq. 4.12)
ro  kCpp kCp o Cmo

1 K 1+ KC 1
—=_2 4 MO —. (Eq. 4.13)
ro  kCyp kCpy0 Cao
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Fig. 4.4. The plot of 1/ry versus 1/Cy, o for determination of adsorption equilibrium
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Fig. 4.5. The plot of 1/ry versus 1/C,, o for determination of adsorption equilibrium

constants.
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Fig. 4.6. The effect of water amount in the reaction mixture on the initial reaction
rate.
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Fig. 4.7. The plot of 1/ry versus C,, for determination of the adsorption equilibrium
constant of water.

The effect of water on activity of the catalyst was studied by varying the amount of
initially added water. The concentrations of acetic acid and methanol were fixed at
17.22 M and 2.297 M with THF to maintain the total volume at 29.0 ml. As shown in
Fig. 4.6, water can seriously decelerate the rate of the reaction, so the adsorption

term of water should be included in the kinetic expression (Eq. 4.14). From the
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reciprocal form of this kinetic expression (Eq. 4.15), a plot of 1/ry versus C,, o could
yield a straight line, and K,, can be calculated from the intercept with the determined
values of Ky, Kx and k. The plot is shown in Fig. 4.7. The reaction equilibrium
constant, K¢q, was calculated from the product of the concentrations of both

reactants and products and was found to be 10.9 under these reaction conditions.

KC,Cy
ry = , (Eq.4.14)
1+ K,Cy + Ky Cy + Ky C,,
1 1+4K,Chy+KyC K
—= AR M Y X Cye (Eq. 4.15)
Ty kCy0Cumo kCy 0Cwm,0

Table 4.2. summarises the values of Ky, Ka, ky, k and Keq (at 60 °C) which could be
substituted into the rate equation of Eq. 4.7 to obtain the following expression in
terms of acetic acid conversion ratio, and this is the specified Eley-Rideal model for

the esterification of acetic acid with methanol over M2E catalyst:

dX, 0.00269C,
- = X
dt 14 Cy[0.0536(n — X,) + 0.0267(1 — X,) + 5.49X,]

X3

(n—=X) (1 =Xy) — 109/

(Eq. 4.16)

Table 4.2. The parameters for E-R and L-H models in fitting the experimental data

Model k KM KA KW Keq (60
OC)

E-R 0.00269 0.0536 0.0267 5.49 10.9

L-H 0.00110 0.0102 0.0177 0.00160 10.9
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4.2.4. Kinetic modelling with the Langmuir-Hinshelwood model

The Langmuir-Hinshelwood model was also applied for the solid acid catalysed liquid

phase esterifications in which the rate-limiting step was assume to be the surface

reaction between adsorbed acetic acid and adsorbed methanol [8]:

kq

M+ SZM*, (M6)
k_q
k
A+S_AY, (M7)
k2
k3
A"+ M ZMA* + W, (M8)
k-3
kg
MA*_MA + S, (M9)
k_4
ks
W' W +S. (M10)
ks

The rate expression for the L-H model is presented in Eq. 4.17 by taking account of

adsorption terms of water, alcohol and carboxylic acid, and the reverse reaction:

— A x [ CpCy — “MAZW ) Eq. 4.17
r At (1 + KaoCp + Ky Cyy + KyyCop)? ( AMM T TR (Eq )
KCAC
ry = -0 = (Eq. 4.18)
(1 + K;Cp + Ky Cyp)
KC,C
ro A (Eq. 4.19)

T (1 +K,Cp + KyCy + K,y €)%

The initial rate equations expressed as Eqs. 4.18 and 4.19. The latter equation
takes account of the adsorption of the catalyst on water. Eqs. 4.20 and 4.21 were
rearranged from the root squared forms of the reciprocal of Eq. 4.18 and could be

generalised to the functions of y=a/x+bx which were plotted with varied Cumo OF
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\/ﬁ.o in each rearranged equation to calculate the values of a and b and the results
are shown in Table 4.3 with R-square value of 0.998 and 1.00. The data used for
plotting and calculation were from Table 4.1. With the values of a and b, Ky, K, and
k were calculated. Eq. 4.22 was derived from the root squared form of the
reciprocal of the Langmuir-Hinshelwood model expression of Eq.4.19 and K,, was
subsequently determined from the linear plot of \/% against C,, (Fig. 4.8). K¢q is

also 10.9 in this case.

1 1+K,Cpy 1 Ky
-_— = — X + X ~/ CM,O ) (Eq 4. 20)
To VKCao  /Cumo  /KCap
1 1+KyCyo 1 K,
—_— = — X + X,[CA,(), (Eq 421)
To VKCyyo v/ Cao kCy,0
l _ 1+ KACA,O + Ky Cppo Kw (Eq. 4.22)

= + X Cy0-
To VKCa0Cumyo VKCa0Crmpo

[y
[y
1

y =3.5873x + 4.2058
R?=0.9944

[any
o
T

o
T

Root square of 1/r, (1/(minmol/L)%5)
0]

Cuo (mol/L)

Fig. 4.8. Determination of adsorption equilibrium constant of water (K,,) in L-H
model
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The values of Ky, Ka, ky, k and K (at 60 °C) are also summarised in Table 4.2.
Applying these parameters, the rate equation based on the Langmuir-Hinshelwood
model was derived in terms of acetic acid conversion ratio for the esterification

reaction:

dX, 0.00110C,
dt (14 €,40[0.0102(n — X,) + 0.0177(1 — X,) + 0.00160XA])2

X

X3

(n—X)(A—-Xy) - 109/

(Eq. 4.23)

Table 4.3. The values of a and b determined for y=a/x+bx which represents Eqs.
4.20 and 4.21

a b R-square
Eq. 20 20.77 0.2016 0.998
Eq. 21 8.508 0.1463 1.00

4.2.5. Model verification

In this section, the derived E-R and L-H models were tested whether they could best
fit the esterification of acetic acid with methanol over M2E catalyst under the given
reaction conditions. To calculate the integral of acetic conversion (X,) upon specific
reaction time (t), the differentiated rate equations of the E-R and the L-H models
(Eq. 4.16 and 4.23) is rearranged to give the integrated conversion of acetic acid

which is defined as:
thA t
0 dt 0
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Fig 4.9. The plot of f (X,) against time (t) to determine the conversion of acetic acid

at specific time.

Then integrated f (Xa) is the sum of the area enclosed by the entire plot and the
interval of [0, t]. When the interval [0, t] is subdivided into i subintervals (i=2, 3, 4...)
which are small enough, the shape enclosed by the curve and a subinterval can be
regarded as a trapezium [8]. Therefore the sum of the areas of the trapezia (Fig.

4.9) is equal to the acetic acid conversion ratio which is calculated by
1 . .
Xph = ik o) [(Xae ) + E(Xar s )] + X0 (Eq. 4.25)

where input denotes the variable of X, in the rate expression of Eq. 4.16 and 4.23,
and output denotes the dependent variable of X, which is calculated by an input

value.

The determination of the true value of X, was performed by adjusting X;'ff:t until the

minimisation of the sum of residual squares (SRS) is satisfied [9] between
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input
Aty

output

conversion ratio inputs (X,7"") and the conversion ratio output (X,, ). In this case,

the criterion is SRS being minimised to 107%°,
n
SRS = Z(Xj:fi“t — X )2 (Eq. 4.26)
i=1

The Xa denotes the conversion ratio of acetic acid at the very beginning of

reaction:

input _ youtput _ (Eq. 4.27)

Aty Aty

In the integration for X,, the effect of sample withdrawing was taken into account by
introducing a correction of total volume (V) of the liquid mixture corresponding to
the sample volume (v) of 0.7 ml. Therefore, Ca o in the kinetic equations of the E-R

model and the L-H model were replaced by C, to verify the model application:

Vtot

Ve — (1= 1)v (i=123....). (Eq. 4.28)

Ca = Cap

The mean relative deviations (MRDs) were calculated between the experimental and
calculated conversion ratios from each model equation to judge the fitness of the

models to the experimental results [9]:

2

> . (Eq. 4.29)

X®Pt is the calculated conversion ratio of acetic acid.

83



Two sets of experimental results with methanol to acetic acid molar ratio of 9.375
and 5 were used for the comparison for both E-R model and L-H model in Fig. 4.10-
4.12. By controlling SRS lower than 107!, it was found that the mathematical
derivation of the E-R model successfully predicted the reaction profiles of the
esterification of acetic acid in the presence of access methanol over M2E catalysis,

judged from prediction plots and the values of MRD (Table 4.4).

Table 4.4. Statistic comparison of different kinetic models in fitting the
experimental results

Model n SRS MRD
E-R 9.375 4.81x107! 0.0341
5 3.46x10™! 0.0412
L-H 9.375 1.71x10 0.142
5 1.66x10° 0.230
1 —
09 ~
0.8 ~
=
& 0.7
2
306 |
-g 0.5 e n=9.375 predicted
c X
'g 0.4 n=5 predicted
(]
>
s 03 ¢ n=9.375
© 0.2 experimental
X n=5 experimental
0.1
0 x 1 1 J
0 200 400 600
Time (min)

Fig. 4.10. Comparison between experimental data and values predicted by E-R
model (n is the methanol to acetic acid molar ratio, n= 9.375 was from 4.00 g acetic
acid and 20.0 g methanol, n=5 was from 6.00 g acetic acid and 16.0 g methanol,
catalyst amount: 0.200 g, temperature: 60 °C, stirring speed: 600 rpm).
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Fig 4.11. Comparison between experimental data and prediction of L-H model

when methanol to acetic acid molar ratio (n) is 9.375 (acetic acid: 4.00 g, methanol:

20.0 g, temperature: 60 °C, catalyst amount: 0.200 g, stirring speed: 600 rpm).
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Fig 4.12. Comparison between experimental data and prediction of L-H model

when methanol to acetic acid molar ratio (n) is 5 (acetic acid: 6.00 g, methanol:

16.0 g, temperature: 60 °C, catalyst amount: 0.200 g, stirring speed: 600 rpm).
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4.3. Discussion

The esterification reaction was confirmed to be absent of diffusion limitations, which

enabled reliable interpretation of the intrinsic reaction kinetics. The experimental

and modelling results supported that the Eley-Rideal model best fits the

esterification of acetic acid with methanol catalysed by M2E where adsorbed and

protonated acetic acid molecules react with non-adsorbed methanol molecules (Fig.

4.13). This nucleophilic attack yields a tetrahedral intermediate which is converted

to another form of tetrahedral intermediate by proton transfer, followed by the

water molecule leaving the backbone of the intermediate. Finally, the catalyst is

regenerated and methyl acetate is produced when the hydrogen-oxygen bond

breaks between the sulfonic acid group and the protonated ester.

CH,
O HPS---H..
o/%“OH
H3Cy H,C—OH
CH
e CH, .~ 2
HPS ~wH® Hps---H—0 oo
H,C ““/
0
@OH
2
HPS ---H—0.g O. oy
\% CHB"‘_HT HPS H\O O/CH3
CH CH,

Fig. 4.13. Mechanistic pathway of acetic acid esterification with methanol catalysed
by hypercrosslinked poly(St-DVB) sulfonic acid M2E which is replaced with HPS-H in
the figure.
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The kinetics of the reaction are strongly affected by competitive adsorption between

the reactants and products as shown in Fig. 4.14. (a) Acetic acid molecules

compete to adsorb on the acid sites with methanol. (b) In the reaction step, acetic

acid accepts a proton from the acid site of M2E and is attacked by methanol

molecule to give a protonated ester and water. (c) The proton on the ester molecule

is lost and is gained by methanol molecule. (d) The protonated methanol desorbs

and the acid site is occupied by water. Being continuously produced, water

molecules are retained on the acid sites. As seen from Table 4.3, the magnitude of

adsorption strength follows the order of water >> methanol > acetic acid in E-R

model and the ratio of the adsorption constants of acetic acid: methanol: water is

0.0049:0.0098:1. This means the overall kinetics overwhelmingly favours the

forward direction of adsorption of water (Step d); as a sequence, the surface

reaction (Step b) is inevitably inhibited.

OH H R
SN . / N+ /s
(a) — 803 O=CHs R = — 803 0=¢ + CH4OH
H 2 OH
R H R
o N S - N /s
(b) — 80, O:C\ 3 CH,0H ES— — S0; o:c\ + H,O
OH OCHj4
R H OCHj,
Ny 7 s Aoy /
(©) — 803 0=C_ +  CHZOH == —803 O=CHs  + R—G_
OCHj3 H Ie}
H H
(@) és— SO3 /O+—CH3 + H,0 I éé— SO; /o"—H + CH3OH
H H

Fig. 4.14. Competitive adsorptions of the reactants and products on the acid sites
of hypercrosslinked poly(St-DVB) sulfonic acid catalyst M2E in the esterification of

carboxylic acid with methanol.
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4.4. Summary of results

This chapter focused on the kinetics of acetic acid esterification with methanol over

hypercrosslinked poly(St-DVB) sulfonic acid M2E catalysis. The kinetic profiles were

mathematically derived from integrated expression of acetic acid conversion, from

which it was found that the Eley-Rideal model with adjusted parameters best fits the

experimental data. Because of preferable adsorption on the acid sites of the catalyst,

water severely inhibits the catalyst activity.
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Chapter 5

Home-made Hypercrosslinked Poly(St-DVB) Sulfonic
Acid Catalysts for the Esterification of Free Fatty Acids in

Biodiesel Synthesis

4.1. Introduction

The esterification of free fatty acids (FFAs) in biodiesel synthesis has been
intensively studied on solid acid catalysis. However, the use of hypercrosslinked
polymer supported sulfonic acids as the catalysts has been rarely investigated. In
this chapter, the home-made hypercrosslinked poly(St-DVB) sulfonic acids were
evaluated in the esterification of acidic oil for biodiesel synthesis. Firstly, the
activity and reusability of home-made M2D and M2E were compared in pure oleic
acid esterification with methanol. Secondly, M2E which showed good activity and
reusability was evaluated for catalysing the esterification of oleic acid blended with
rapeseed oil along with the comparison of catalytic performance of the three
generations of poly(St-DVB) supported sulfonic acids (get-type C100X4,
macroporous Amberlyst 35 and hypercrosslinked M2E). Later, the catalyst with the
highest conversion of the FFAs in the acidic oil was chosen to evaluate the effect of
reaction parameters and to optimise the reaction conditions by the use of Analysis of
Variance (ANOVA). Finally, the reusability of the home-made hypercrosslinked

catalyst in esterification of oil-blended oleic acid was studied.
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5.2. Experimental method and data handling

5.2.1. Materials

M2D and M2E are home-made hypercrosslinked poly(St-DVB) sulfonic acids based
on MacroNet 200 (Purolite Int.), Amberlyst 35 was provided by Rohm and Hass. The
gel-type C100X4 resin was supplied by Purolite Int. C100X4 is sulfonated
polystyrene that is cross-linked with 4% w/w of DVB. The BET surface area is <0.1
m?/g, and total cation exchange capacity is 5.10+0.02 mmol/g [1]. Rapeseed oil
comprises 98.1% w/w triglycerides with 0.6% w/w FFAs [2]. Cooked rapeseed oil
contains a high content of FFAs, most of which is oleic acid. Therefore the fresh
rapeseed oil blended with oleic acid (32 wt. %) was used to simulate waste cooking
oil (WCO) for the FFA esterification with methanol in biodiesel synthesis. The
rapeseed oil was purchased from a local supermarket. Methanol (99.5+ %) and

oleic acid (99.7+ %) were provided by Fisher Scientific, UK.

5.2.2. Experimental design

The esterification experiments were carried out in a laboratory-scale batch reactor
using the same method as was stated in the previous chapters. For the pure oleic
esterification, the experimental conditions was set to be the same as for the
esterification procedure in Chapter 2 with the temperature lowered to 60 °C to
reduce methanol vaporisation. For the oil-blended esterification, the standard
conditions were that 5.00 g methanol was reacted with 16.0 g blended rapeseed oil

(the oil to oleic acid mass ratio is 11:5) over 0.20 g pre-dried M2E at 60 °C. The
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stirring speed was also set as 600 rpm to ensure no external diffusion dependence
on the reaction rates. Analysis of Variance (ANOVA) was used to statistically analyse
the effect of each reaction parameter on the reaction rate. The effect of catalyst type
(gel-type, macroporous and hypercrosslinked poly(St-DVB) sulfonic acids) was first
investigated, and the parameters of catalyst amount, temperature, molar ratio of
methanol to FFAs, and particle size of catalyst were optimised over hypercrosslinked
poly(St-DVB) sulfonic acid M2E catalysis. Table 5.1 summarises the variables
investigated for each parameter. In each individual experiment, one parameter was
varied by fixing the other parameters to the standard conditions. The samples in the
reaction mixture at each time interval were withdrawn, and the FFA content was
quantified by titration with NaOH dissolved in ethanol anhydride using
phenolphthalein as indicator [3, 4]. Eq. 5.1 was used to determine the percentage

conversion of FFAs at a specific time (t).

100(V, — V)

X, (in %) = v
0

, (Eq. 5.1)

where X, is the percentage conversion of FFAs, Vo and V. is the volume of NaOH

solution required for neutralisation at initial stage of the reaction and at the time (t).

The surface area of reused M2E was measured using a Micromeritics ASAP 2020
analyser and acid site concentration was determined by aqueous titration followed
by ion exchange with NaCl solution in an Autoclave Engineers Magnedrive III

instrument. The detailed procedures were the same as those in Chapter 3.
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Table 5.1. The variables for each parameter of the reaction condition

Parameter Variables

Catalyst type C100X4 Amberlyst 35 M2E
Methanol: FFAs molar ratio 8.83 12.4 17.7
Catalyst amount (g) 0.10 0.20 0.40
Temperature (°C) 50 60 65
Particle size of the catalyst beads powder

5.2.3. Data handling with Analysis of Variance

Analysis of Variance (ANOVA) is a useful tool for determining the effect of each
related parameter from a series of experimental data on the response performance,

and it has been widely used to optimise processing conditions [5].

In the case of ANOVA that interaction of main factors affects output values, ANOVA

partitions total variation into three components with the total sum of squares:

A is the factor of interest, B is the randomised block, and AB is the interaction
between A and B. In the case of our investigation, A stands for the treatment of each
investigated parameter and B summarises the sample analyses (known as subjects)
for the variables of each parameter at different reaction time for each variable of the
parameter. The sum of square for each term is:

r n 2
— , T
SST—ZZXH_E; (Eq. 5.3)

j=1 i=1
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SSp= Yy +———, (Eq. 5.4)
n m
j=1
n
x? T?
SSp =y ———, (Eq. 5.5)
r m

r and n are the number of subjects in each group of Factor A and B respectively, x is

the value of each subject and T is the sum of the total value of the subjects in ANOVA

matrix [6]. The error term is caused by the A/B interaction, so it is generally given

as.

The mean squares (MS) are calculated by dividing each sum of squares by the

associated degree of freedom (df) [6]:

MS, = 554 Eq. 5.7

A (r 1)' (Eq. 5.7)

MS; = —SSB Eq. 5.8

B ( 1)' (Eq. 5.8)

MS; = —SSE Eq. 5.9
E (r—l)(n—l)' (Eq. 5.9)

The F-value is used to test the validity of the null hypothesis. The null hypothesis

states that the effect of the subject of each variable does not significantly differ in

the analysed response, which is to be discounted when a statistically significant

F-value is obtained [7]. F-value is the relative ratio of the variance of interest (the

effect on the analysed response) to the variance of noninterest (the estimate of the

error term) [6], so the relation is expressed as:
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Variance of Interest ~ MSy,

= = . Eq. 5.10
Variance of Nonintest MSg (Eq )

The significance of the effect of the parameters on reaction activity in this
esterification is reflected in the p-value which is related to the F-value. The data in
our experiment were judged by 1% and 5% level of significance. For example, if p
<0.01, this means the result occurs less than once in 100 by chance, thus there is

a statistically significant difference in performance on the test among the variables.

For a valid ANOVA test, several assumptions are incorporated into the formulae: the
observations are independent, and are normally distributed in the population; the
variance within each source is of homogeneity [7]. To note the effect on the F-value,
Norton found that mild departures either from the homogeneity of variance or from
normal distribution have little effect on the F distribution [8]. As a result, ANOVA is
termed robust with respect to violations of assumptions underlying it as long as a
design with equal numbers of subjects per level is analysed [9]. It is also to be noted
that the mean square of error (MSg) in ANOVA is strongly affected by an outlier
measurement. Therefore, to achieve relative homogeneity of the experimental data,
the conversion of FFAs was replaced by percentage conversion of FFAs differentiated
by reaction time (AX,/At). The values of AXs/At are expected to be homogeneously
distributed over reaction time at low conversion of FFAs where the reaction rates
invariably appeared constant. Thus the data can be analysed through the ANOVA

method in which each value of AX,/At is regarded as a replicate of the experiment.
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Experimentally, sampling was conducted at 20 min intervals until 80 min. the

experimental results for each reaction parameter are shown in Table 5.2.

Table 5.2. The experimental data (AX,/At) used for Analysis of Variance for

condition optimisation for esterification step of biodiesel synthesis

Parameters AX /At (% /h)
Reaction time (min) 20 40 60 80
Catalyst type C100X4 1.88 2.81 2.50 1.41
Amberlyst 35 18.63 16.77 14.91 13.51
M2E 22.02 30.28 26.61 27.53
Molar ratio of 8.83 18.75 27.19 25.63 27.19
methanol: FFAs 15 4 28.57 32.65 31.97 28.06
17.7 22.02 30.28 26.61 27.53
Catalyst amount 0.10g 15.30 13.50 14.61 15.19
0.20g 22.02 30.28 26.61 27.53
0.40¢g 59.30 53.70 41.98 45.45
Temperature 50 °C 22.64 22.64 23.27 23.11
60 °C 22.00 30.28 26.61 27.52
65 °C 36.77 40.65 36.77 30.48
Particle size of beads 22.00 30.28 26.61 27.52
M2E powder 23.22 30.28 37.80 28.73

5.3. Results and discussion

5.3.1. Catalyst activity in pure oleic acid esterification

M2D exhibits higher surface area but slightly lower acid site concentration compared

to M2E (Page 48). In the pure oleic acid esterification M2D is more active than M2E

in the first esterification cycle (Fig. 5.1). This is illustrative of the need to balance

acid site concentration and surface area if optimal catalytic activity is to be achieved.

When the reactant is relatively large in size, increase in surface area of the catalyst
9



is more advantageous than higher acid site concentration. In terms of reusability,
the activity of M2E was preserved well in the second cycle, while M2D was obviously
deactivated. The reason is not clear; but this might be linked to their different
sulfonation routes (as has been discussed in Chapter 3). However, the objective of
this chapter is to obtain the most reusable hypercrosslinked poly(St-DVB) sulfonic
acid to be used as catalyst for FFA removal for biodiesel synthesis. M2E was chosen

for the study of esterification of oleic acid blended with rapeseed oil.

80 -
70
K60 I
) X
S h
S50 <
% x l M2D 1st cycle
- 40 | ‘
o
s ‘ X M2D 2nd cycle
-E 30 -
g *
§ 20 | [ | @ M2E 1st cycle
10 B M2E 2nd cycle
O . 1 1 1 1 J
0 50 100 150 200 250

Time (min)

Fig. 5.1. Activities of M2D and M2E in pure oleic acid esterification for the first cycle
and the second cycle (methanol: 20.0 g, oleic acid: 4.0 g, catalyst: 0.20 g,
temperature: 60 °C, stirring speed: 600 rpm).
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5.3.2. Catalytic performance in esterification of oleic acid blended with rapeseed oil

5.3.2.1. Results of Analysis of Variance

To distinguish from traditional methods for evaluating the effect of each reaction

parameter on reaction kinetics, ANOVA enables the analysis from the viewpoint of

statistics, which hence avoids subjective interpretation of the effect of each

parameter. However, it should be noted that there are still some shortcomings of

ANOVA in this optimisation analysis. Firstly, the optimisation was conducted within

the variables of each parameter which were still subjectively chosen. Secondly, this

work regarded the conversions (AX,/At) at initial reaction time periods of the single

reaction as the replicates. This treatment would also enlarge the error term in

ANOVA, hence weakening the power of this method to reject null hypothesis.

From the ANOVA results, it is, however, still possible to say that all the parameters

have a more or less positive effect on the rate of FFA conversion (Table 5.3). The

sulfonic acid activity shows high dependence on the catalyst type, which is at the 1%

significance level. The particle size of hypercrosslinked catalyst M2E has less effect

on the rate of FFA conversion at the chosen judgement levels (p>0.05). Higher

molar ratios of methanol to FFAs at the selected variables increased the reaction

rate at p<5% level of significance. For the temperature, and catalyst concentration,

there is evidence at p<1% level that the variations in the tested range have

significantly affected reaction rate. Within the M2E catalysed esterification, the

significance of the effect of each parameter on the reaction rate can be ranked as
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catalyst amount > temperature > molar ratio of methanol to FFAs > catalyst size.
Based on the ANOVA results, the optimal parameters for FFA esterification in the
acidic rapeseed oil are 0.40 g hypercrosslinked poly(St-DVB) sulfonic acid M2E in
bead form as the catalyst, temperature of 65 °C and molar ratio of methanol to FFAs
of 17.7 with stirring speed of 600 rpm, under which conditions the final FFA

conversion achieved was 97.2% (Fig. 5.2).

Table 5.3. ANOVA results for the effect of each reaction condition on the reaction

rate of FFA conversion in the acidic rapeseed oil

parameter Treatment Error F P

SS df MS SS df MS
Catalyst type 1203 2 601.5 39.16 6 66.53 92.17 0.000313
Molar ratio? 65.47 2 32.73 23.32 6 3.887 8.420 0.0181
Catalyst amount 2593 2 1297 172.7 6 28.79 45.03 0000244
Temperature 374.3 2 187.1 54.79 6 9.132 20.49 0.00209
Catalyst size? 3.112 1 1.582 3.112 3 0.527 5.901 0.0934

1. Molar ratio of methanol to FFAs.
2. The catalyst is M2E

5.3.2.2. Effect of catalyst type

For the mixture of oleic acid and rapeseed oil to react with methanol over solid acid

catalysis, methanol consumption by both esterification and transesterification would

be expected [10, 11]. However, under the investigated condition, less than 1% of

triglycerides were transesterified. This means triglycerides are almost inert over

gel-type C100X4, macroporous Amberlyst 35 and home-made hypercrosslinked

M2E catalysis. In other words, the catalyst only enhanced the rate of esterification

of FFAs. The interest is to compare the activity of the three generations of
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styrene-based sulfonic acids in esterification of FFAs in the presence of triglycerides.

The ANOVA result shows that the reaction rate strongly depends on the catalyst type.

With catalyst amount, molar ratio of methanol to FFAs, temperature and stirring

speed set to constant values, the superiority of hypercrosslinked M2E over

Amberlyst 35 and C100X4 can be seen in Fig. 5.2. Generally, the relative activity

order of the catalysts followed their order of degree of cross-linking (C100X4 <

Amberlyst 35 < M2E) which is also reflected by their relative BET surface areas. The

extremely low p-value was due to the poorest activity of C100X4. Less than 5 % of

FFAs was converted on C100X4 in 1500 minutes. It is generally known that the gel

resins with light crosslinking only have high swelling capacity in the presence of

polar media [12]. Good performance of gel-type catalyst was observed in the

presence of more hydrophilic reaction mixtures such as liquid phase ethyl tert-butyl

ether synthesis [13] and transesterification of isopropyl acetate with ethanol [1].

However, in the more hydrophobic mixture where a large amount of triglycerides is

present, high activity in FFA esterification would only be performed by more

hydrophobic resin [14]. As a consequence, M2E vyielded the highest amount of

methyl ester from FFAs during the same time of reaction. With the highest activity,

M2E was used as the catalyst to test the effect of reaction parameters on the rate of

esterification of acidic rapeseed oil.
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Fig. 5.2. Effect of catalyst type on the conversion of FFAs in the rapeseed oil
(catalyst in beads: 0.20 g, methanol: 5.00 g, acidic oil: 16.0 g, temperature: 60 °C,
stirring speed: 600 rpm).

5.3.2.3. Effect of molar ratio of methanol to FFAs

The esterification reactions were performed in excess methanol in order to favour
the forward reaction. The effect of molar ratio of methanol to FFAs was studied at
the ratios of 8.83:1, 12.4:1 and 17.7:1 over M2E catalysis (Fig 5.3). The ratio was
adjusted by increasing the amount of methanol while keeping the quantity of acidic
oil constant. Minor transesterification under this condition was detected, so the
effect of molar ratio of methanol to FFAs on the FFA conversion was only due to the
esterification. It was expected that a higher molar ratio of methanol to FFAs would
increase the rate of reaction as well as the equilibrium conversion of FFAs. This
agreed with the experimental results, as the equilibrium conversion shifted from
92.6% to 97.2% and the reaction proceeded faster with the increase of molar ratio

of methanol to FFAs from 12.4 to 17.7. However, ANOVA analysis revealed that at
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the initial stage of the reaction the molar ratio of methanol to FFAs is a less
significant parameter that affects the reaction rate (p>0.01). This is because the
increase in the quantity of methanol led to the decrease of catalyst concentration in
the reaction mixture, subsequently lowering the chance of effective collision
between the FFAs and the catalyst. Strictly speaking, evaluation of the effect of
molar ratio is not easily practical, because varying the reactant molar ratio always
companies varied catalyst concentration or change in the total volume of the
reaction mixture, both of which would affect the reaction rate. The method for
evaluating the effect of reactant molar ratio on the reaction kinetics is not always

addressed by the researchers in the papers.
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Fig. 5.3. Effect of molar ratio of methanol to FFAs on the conversion of FFAs in
rapeseed oil over hypercrosslinked poly(St-DVB) sulfonic acid M2E catalysis
(catalyst in beads: 0.20 g, temperature: 60 °C, stirring speed: 600 rpm).
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5.3.2.4. Effect of catalyst amount

In general, a higher catalyst amount would increase the frequency of collision,

hence increasing the reaction rate. This effect was observed when the M2E amount

was varied from 0.10 g to 0.40 g (Fig. 5.4). As the catalyst amount increased, the

trend of difference in the FFA conversion became smaller. This indicates that the

benefits of increasing catalyst amount reduced when the number of active acid sites

was close to being sufficient for conversion of the reactants. This trend also predicts

that there would be a maximum catalyst amount that enhances the reaction rate,

and that beyond that amount adding more catalyst is not effective in experiments

[15]. Additionally, some researchers claimed increasing catalyst amount also

enhanced the final conversion of the acid in esterification [16, 17]. This was not

observed in FFA esterification catalysed by M2E, and it is believed that the

equilibrium conversion of FFAs should be independent of catalyst amount, which

follows the Le Chatelier’s principle.

103



100
90 “0 * *
[ |
80 [ - H
9 [ |
S 70 [ |
<
w 60 - ¢
"L::; ‘0 [ |
g 0 ':l 0.40 g M2E
2 a0 (oW
>
S 30 'm ©0.20 g M2E
o -
20 MO0.10 g M2E
10
0 1 1 J
0 1000 2000 3000
Time (min)

Fig. 5.4. Effect of catalyst amount on the conversion of FFAs in rapeseed oil over
hypercrosslinked poly(St-DVB) sulfonic acid M2E (beads) catalysis (methanol: 5.00
g, acidic oil: 16.0 g, temperature: 60 °C, stirring speed: 600 rpm).

5.3.2.5. Effect of temperature

As an endothermic reaction, the esterification of FFAs is favoured by higher
temperature. It is shown in Fig. 5.5 that the final FFA conversion differed from 89.6%
to 93.5% when temperature was increased from 50 °C to 65 °C. Higher temperature
accelerates the forward reaction, so the experiment at 65 °C reached the
equilibrium position faster than the other two. However it is necessary in that,
temperatures higher than 65 °C with the batch-wise setup are not practical for the
esterification reaction with methanol because they are beyond the boiling point of

methanol.
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Fig. 5.5. Effect of temperature on the conversion of FFAs in rapeseed oil over
hypercrosslinked poly(St-DVB) sulfonic acid M2E catalysis (catalyst in beads: 0.20 g,
methanol: 5.00 g, acidic oil: 16.0 g, stirring speed: 600 rpm).

5.3.2.6. Effect of particle size of the catalyst

There are two types of mass transfer resistance in heterogeneous catalysis. External
mass transfer resistance has been eliminated with the stirring speed of 600 rpm.
Internal mass transfer was assessed because acid site accessibility directly relies on
internal mass transfer. The comparison was made between the activities of the
beads and powder forms of M2E. The effect of particle size of catalyst was tested
with ANOVA analysis and it showed no difference in catalytic performance of M2E at
5% significance level for the two forms. This finding suggests that no internal mass
transfer resistance occurred using the M2E beads for esterification of FFAs. Though
catalysis is dominated by acid sites that are close to the catalyst surface, the

internal acid sites of the hypercrosslinked catalyst are also readily accessible to FFAs.
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To facilitate the recycling process, it is better to use the catalyst in the form of

beads.

Table 5.4. Summary of the BET surface area and acid site concentration of M2E
before the first cycle and after the second cycle of esterification of oleic acid blended
with rapeseed oil

BET surface area Acid site conc.
(m?/g) (mmol/g)*
Before first cycle 458 0.78
After second cycle 327 0.59

1. Error: + 0.03 mmol/q.

5.3.2.7. Catalyst reusability and deactivation

Catalyst reusability of the hypercrosslinked poly(ST-DVB) sulfonic acid M2E in
esterification of oleic acid blended with rapeseed oil was evaluated by performing
consecutive batch runs on the standard reaction conditions as stated in the
experimental design section. It can be seen from Fig. 5.6 that the activity M2E
decreased on going to the second cycle. The surface area of reused M2E decreased
from 458.4 m?/g to 327.1 m?/g (Table 5.4) after the second cycle of the reaction.
This could be attributed to blockage of the fine pores by large molecules such as
triglycerides. Moreover, the acid site concentration was observed to decrease from
0.78 mmol/g to 0.59 mmol/g after the second reaction cycle. Considering there
would be some FFA molecules trapped in the catalyst pores, the true acid site
concentration of M2E after the second cycle would be lower than 0.59 mmol/g.
Russbueldt and Hoelderich explained the acid site loss of the polymer supported

sulfonic acid in esterification of FFAs would be caused by continuous neutralisation
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of sulfonic acid groups with salt contaminants presented in the oil feedstock [2].
This might also have occurred in our investigated case. Additionally, leaching of
sulfonic acid groups could also be responsible for the decreased activity of M2E,
considering the long-time interaction (over 2500 minutes) of M2E with the reactants

in each reaction cycle.

It is also noted that sulfonic acid on hypercrosslinked poly(St-DVB) is more
vulnerable to leach out when contacted with polar liquids (Chapter 2). This might
suggest methanol used in excess would not be suitable for the FFA esterification
over hypercrosslinked poly(St-DVB) sulfonic acid catalysis because methanol
potentially accelerates the rate of acid site leaching. It has been reported that to FFA
conversion within 10 % decrease over D5081 was sustained for 6 cycles applying
1:1 stoichiometric alcohol-to-acid molar ratio in the Carberry reactor, with each
cycle lasting for 6 hours [18]. Andrijanto et al reported the activity of D5081 was
retained in oleic acid esterification on repeated use with pressurised reactor at
temperature of 85 °C. They suggested organic deposition on the catalyst surface
would be prevented by fast diffusion of FFAs [14]. From this point of view,
hypercrosslinked poly(St-DVB) sulfonic acid would be more reusable for the FFA
esterification if a lower amount of methanol is used with a suitable reactor
configuration. A continuous flow reactor may be advantageous. It could not only
enhance reusability of the hyerpcrosslinked poly(St-DVB) sulfonic acid by reducing
the amount of methanol, but also enhance the activity by increasing the reaction

temperature and the products would be continuously removed.
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Fig. 5.6. Reusability study of M2E catalyst on esterification of oleic oil with methanol
in the presence of rapeseed oil (catalyst in beads: 0.20 g, methanol: 5.00 g, acidic
oil: 16.0 g, temperature: 60 °C, stirring speed: 600 rpm).

5.4. Summary of results

M2D is more active but less reusable in the esterification of pure oleic acid than M2E.
M2E is more active than macroporous Amberlyst 35 and gel-type C100X4 in the
esterification of oleic acid blended with rapeseed oil. The effect of each reaction
parameter on the rate of esterification of acidic oil over M2E catalysis was analysed
with ANOVA. Increase in catalyst amount was found to be the most significantly
effective, followed by increasing temperature, molar ratio of methanol to FFAs and
decreasing the catalyst particle size. Reusability study of M2E reveals deactivation
occurred in the successive cycle. The reason was speculated to be pore blockage
and acid site loss of the catalyst. Suggestion for avoiding the deactivation was to use

more suitable reactor configurations.
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Chapter 6

Conclusion and Suggestions for Future Work

6.1. Conclusion

6.1.1. Hypercrosslinked poly(St-DVB) sulfonic acids: activity and reusability

Purolite D5081, D5082 and the home-made hypercrosslinked poly(St-DVB) sulfonic
acids showed high activities in esterification of carboxylic acids with methanol. The
hypercrosslinked polymers differ from the macroporous ones in that they possess a
second cross-linking by methylene bridges. The acid site concentrations of the
home-made catalysts range from 0.42 mmol/g to 0.78 mmol/g, with corresponding
surface area varied from 657.2 m?/g to 458.4 m?/g. Though exhibiting lower acid
concentration than macroporous catalysts, the hypercrosslinked catalysts have
more effectively accessible acid sites to the reactants with a wide range of molecular
size, so they showed higher activities than Amberlyst 35 in esterification of oleic acid
with methanol. The relative activities of hypercrosslinked catalysts are strongly in

line with the corresponding acid site concentrations.

Reusability of the hypercrosslinked poly(St-DVB) sulfonic acids is a great concern
throughout the project. First of all, the link between catalyst deactivation in
consecutive reaction cycles of esterification of acetic acid with methanol and the loss
of acid sites of D5081 and D5082 was established. This suggests acid sites in

hypercrosslinked polymer networks would leach out in contact with the reactants.
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Further investigation revealed that the leaching is highly related to the polarity of

contacting liquid, i.e. acid sites leach out in polar liquids. In water, two thirds of the

acid sites leach out from D5081. By studying the temperature dependence on the

leaching rate, it was found that the leaching species is mainly sulfuric acid trapped

in the polymer. Therefore, the home-made hypercrosslinked poly(St-DVB) sulfonic

acids were thoroughly washed to remove the trapped acid species, before they were

used in the esterification of acetic acid and oleic acid with methanol. However,

catalyst deactivation still occurred in the oleic acid esterification in the presence of

rapeseed oil stimulating FFAs removal for biodiesel synthesis. It was speculated

that this would be due to pore blockage by large molecules such as triglycerides in

addition of acid site leaching or cation exchange with metal ions in the oil. The use

of a suitable reactor configuration was suggested to prevent the deactivation of

hypercrosslinked poly(St-DVB) sulfonic acids for FFA esterification.

6.1.2. Statistical study: kinetic modelling and optimisation of reaction conditions

This work presents the first kinetic modelling of acetic acid esterification catalysed

by hypercrosslinked poly(St-DVB) sulfonic acid M2E in which acid site leaching is

absent in short-time contact with the reactants. The analysis was conducted by

fitting initial reaction rates to various kinetic models. The Eley-Rideal model (Eq.

6.1) was found to best fit the experimental data. This derived model enables to

predict the reaction profiles over hypercrosslinked poly(St-DVB) sulfonic acid M2E
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with various molar ratios of methanol to acetic acid at catalyst amount of 0.200 g

and 60 °C. The kinetic expression for the acetic acid esterification is

dx, 0.00269C,
- = X
dt 1+ C,0[0.0536(n — X,) + 0.0267(1 — X,) + 5.49X,]

X3

(n =X (1 =Xy) ~Tool

(Eq.6.1)

Where X, is the conversion ratio of acetic acid, t is reaction time, Ca is the initial

concentration of acetic acid, n is the initial molar ratio of methanol to acetic acid.

In the esterification of oleic acid blended with rapeseed oil, the reaction conditions
were optimised to be 0.40 g hypercrosslinked catalyst M2E in bead form,
methanol-to-FFA molar ratio of 17.7, and temperature of 65 °C and stirring speed of
600 rpm to achieve the final FFA conversion of 97.2%. Analysis of Variance (ANOVA)
was introduced to evaluate the effect of each reaction condition on the reaction rate.
For the three generation of styrene-based sulfonic acids, the activity order was
ranked as hypercrosslinked M2E > macroporous Amberlyst 35 > gel-type C100X4.
The rate dependence on the change of each reaction condition was ordered as

catalyst amount > temperature > molar ratio of methanol to FFAs > catalyst size.

6.2. Suggestions for future work

6.2.1. More characterisation techniques

Sulfur content analysis should be conducted to ascertain the accuracy of titration

method for determination of the acid site concentration of the catalysts, provided
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that one sulfur atom is associated with one acidic proton in the thoroughly washed
resin. Higher sulfur content detected in the hypercrosslinked polymer supported
sulfonic acids can help the determination of trapped amount of sulfuric acid in the
fresh resins. Relative acid site accessibility, which is influential upon the catalyst
activity, can be characterised using base adsorption calorimetry [1]. Additionally,
the relationship between acid site strength and the activity of the hypercrosslinked
polymer supported sulfonic acids in esterification reactions is to be established using

base adsorption calorimetry [2].
6.2.2. Improvement of the kinetic model

Though the proposed Eley-Rideal model is able to predict the kinetic profiles of the
esterification reaction, the effect of reaction temperature and catalyst amount
should also be included in the kinetic expression. The temperature (T) dependence

of the reaction rate can be expressed with the Arrhenius equation:
nk = —22(1) 4 na Eq.6.2
nK = _F(T) + InA. ( q. 6. )

where k is the rate constant, T is the temperature, E; is the activation energy, R is
the universal gas constant and A is the exponential factor. A fixed amount of
catalyst is usually applied for kinetic modelling of a catalysed reaction. The catalyst
amount is noted to be proportional to the reaction rate in well-established kinetic
models. However, this is not always true because there would be an optimum point
beyond which the catalyst sites will be in excess and the reaction rate thereafter

remains constant. Therefore, in a specific kinetic model, the optimal range for the
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catalyst should be captioned. This can be done by depicting the effect of varied

amounts of the catalyst on the reaction rate.

6.2.3. Suitable reactor configuration

All the experiments in this project were conducted in the batch reactor where

continuously produced water kept inhibiting activity of the catalysts. It is worth

investigating the application of different reactor configurations that would

effectively remove water to enhance the catalyst activity and reusability.

Continuous flow systems, such as spray tower loop reactors and fixed-bed reactors

[3, 4], should be evaluated and might be advantageous for the use of

hypercrosslinked poly(St-DVB) sulfonic acid catalysts for esterification of carboxylic

acids with methanol. Firstly, the temperature can be raised over boiling point of

methanol to increase the reaction rate [5]. Secondly, the higher temperature could

possibly drive the organic deposition to diffuse out of the catalyst surface. Thirdly,

higher product yields are to be obtained because the equilibrium will shift toward

the product, which results from continuous removal of water [3]. Fourthly, with

continuous water removal, the catalyst is prevented from poisoning by water. Fifthly,

methanol used in excess is not required, which also avoids long-time

methanol/catalyst interaction hence reducing the possibility of acid site leaching

from the catalyst.
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