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Abstract 
 

The move to use heterogeneous solid acid catalysts as new, cleaner, renewable catalysts for 

liquid phase reactions is at the forefront of scientific research, with the focus on the ability to 

tailor and improve the physical and chemical properties of the catalysts in order to tailor their 

acidity to catalytic activity for specific liquid phase reactions. 

 

The aim of this project was to determine the role of the support in imparting acidity and 

catalytic activity in liquid phase reactions to three different types of supported solid acid 

catalyst; polystyrene, silica and a fluorinated hydrocarbon polymer. 

 

For the sulfonic acids supported on silica, two main synthesis routes (grafted and co-condensed) 

with the use of two alternative tethers (propyl, phenyl and also an additional non acidic tether) 

were compared. 

 

Of the synthesised materials, structural properties were characterised and compared using 

several techniques.  Nitrogen adsorption was used in order to ascertain the pore size and 

distribution, X-ray diffraction to determine the long range order, elemental analysis to determine 

the relative sulfur content and X-ray phototelectron spectroscopy to analyse the environment of 

the sulfur in order to establish successful acidification. 

 

Surface acidities of all three supported sulfonic acids were better characterised and compared 

using ammonia adsorption calorimetry.  The extent of the adsorption and molar enthalpies of 

ammonia adsorption (ΔHadsn) were interpreted in terms of abundance, accessibility and strength 

of surface acid sites.   

 

Catalytic activities were measured and compared using the isomerization of α-pinene liquid 

phase reaction.   

 

In brief, the main findings of this project indicate that the commercially available fluorinated 

polymer Nafion® resin demonstrated the highest acid strength and much higher specific 

catalytic activities compared to the other supported sulfonic acids.  The acid strengths on 

polymeric and silica supports were similar, with poor catalytic activities.  The routes used in 

order to synthesise, characterise and acidify the supported sulfonic acids were successful.  
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Chapter 1 Introduction and Background 
 

1.1  General Overview 
This chapter aims to give an overall view of the project, and to introduce the concepts 

and theories behind the fundamental aspects of the research that have been conducted. 

 

1.2  Overall Aim 
The Overall Aim of this project was to determine the role of the support in imparting 

acidity and catalytic activity in liquid phase reactions to three different types of 

supported solid acid catalyst. 

 

1.3  General Introduction 
Solid acid catalysts for use in gas phase reactions have been very successful, leading to 

the widespread use of zeolites, acid treated clays and other materials for industrial 

reactions such as methyl tert-butyl ethyl (MTBE) synthesis.  In comparison the use of 

heterogenous solid acid catalysts for liquid phase reactions is less common, but crucial 

in industry today.  Acid catalysed reactions for use in speciality liquid phase processes 

such as fine chemical synthesis and pharmaceutical manufacture are some of the most 

important in industry today.  Typically homogenous catalysts such as AlCl3, HF and 

H2SO4 are mainly used.  However the production of large volumes of toxic waste during 

the catalyst separation step is proving to be both highly environmentally unsound and 

cost inefficient.  There is a drive towards greener chemistry due to public, legislative 

and corporate pressure which tackle the serious environmental, and health and safety 

implications involved in the use of such processes.  The move to use heterogeneous 

solid acid catalysts as new, cleaner, renewable catalysts for liquid phase reactions is at 

the forefront of research, with the focus on the ability to tailor and improve the physical 

and chemical properties of the catalysts in order to tailor their acidity to catalytic 

activity for specific liquid phase reactions.[1-10] 
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1.4 Solid Acid Catalysts 
In general terms, a solid acid catalyst is a solid porous support (either rigid or non-rigid) 

upon which active acid groups are grafted or otherwise incorporated.  [Surface acidity 

and Bronsted acidity in particular is discussed later in Chapter Four]. 

The material’s use as a solid acid catalyst is governed by the number, type and strength 

of acid sites present.  The porosity of the solid limits the reaction systems the catalyst is 

suitable for, since the reactant molecules must first diffuse into the framework of the 

solid acid catalyst, enabling their attachment and subsequent reaction at the active sites.  

Therefore the size of the pore channels in the solid are crucial when considering its 

purpose.  The selective action of the solid with regards to the reactive molecules shape 

and size is known as “shape selectivity”, thus only molecules of suitable size to the 

solids pores can diffuse into and out of the solid, thereby the solid acts as a “molecular 

sieve”, a term used to commonly describe these materials [1-10]. 

 

According to the IUPAC classification, porous materials are grouped into three classes 

based on their pore diameter (d), firstly microporous materials with d < 2 nm, 

mesoporous materials with d = 2 – 50 nm, and finally macroporous materials with            

d > 50 nm.  The most common group of ordered microporous molecular sieves are the 

zeolites, which have been found to be a particularly good catalyst in gas phase reactions 

and are widely used in the petrochemical industry [2/7].  Zeolites are oxides of silicon 

and aluminium which are typically structured around an organic template molecule in 

the form of a gel which later crystallises.  The template is then removed via calcination 

leaving an ordered porous material.  They are ideal for use with relatively small 

molecules because their design and structure can be tailored to match the dimensions of 

the molecules that must diffuse into the solid’s and react. They are thermally stable, 

possess a high surface area, and possess a crystalline well defined ordered porous 

structure enabling favourable adsorption properties and the inclusion of active acid sites.  

Their “shape selectivity” allows the catalysts to be tailored to specific reaction 

requirements [2/7].  The total number of acid sites is controlled by the total number of Al 

ions in the framework.  The acid strength of these sites is somewhat dependant on the 

Si:Al ratio of the zeolite.  
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However for use in liquid phase reactions, a microporous solid acid catalyst is 

undesirable as the molecules involved are often too large to diffuse through at an 

appreciable rate to the active acid sites.  Therefore larger pore mesoporous materials 

would be the most logical choice. 

 

A commonly used, commercially available solid acid catalyst for liquid phase reactions 

is the well established polystyrene supported sulfonic acids (cationic ion exchange 

resins).  These non rigid resin catalysts are sometimes used as simple gel materials in 

which diffusion of the active site is through the solvated polymer gel.  They are also 

prepared with permanent macroporosity for use in solvents that do not swell the 

polymer gel so effectively.  They have been successfully utilised in various catalytic 

applications [13-20] and offer numerous advantages over other solid acid catalysts (high 

concentration of acid sites, uniform bead size, and very uniform structures), including 

the ability to allow reactions to be conducted in aqueous, non aqueous, polar and non-

polar media.  However despite these numerous advantages they are regarded as 

exhibiting relatively weak acid sites compared to those found on zeolitic and other solid 

acid catalysts and have been shown to be thermally unstable at temperatures exceeding 

150°C [11/17]. Water has been found to have a levelling effect on the strength of the acid 

groups (the hydronium ion is thought to be stronger than the supported acid groups and 

thus level the strength of the acid to that of its own strength)[17] thus it is thought that 

controlling the amount of water within the resin could control the resultant strength of 

acidity, but low thermal stability limits the extent to which they can be dehydrated.  

Therefore producing acid catalysts on inorganic supports is expected to allow the water 

content to be reduced further [11/17]. 

 

It is important to note at this point that interesting and novel work with the fluorinated 

polymer supported sulfonic acid Nafion® resin has observed this resin to have a high 

acid strength, and it is even regarded as “superacidic” , on account of the fluorine atoms 

close to the sulfonic acid groups[21-23].  In the work reported in this thesis, Nafion® has 

been tested and compared to other solid acid catalysts, and will be discussed in more 

detail later in this chapter. 

 

In producing acid catalysts on inorganic supports, a Mobil research group were the first 

to discover a new family of mesoporous oxide molecular sieves known as the M41S 
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family in 1992 based on the zeolite templating model.  Their pore sizes range from 1.5-

10nm in size, and due to the order of the pores, three key members of the family exist, 

the most important of which is the hexagonally ordered MCM-41.  These particular 

molecular sieves possess long range order and surface areas greater than 700m2g-1.  The 

materials are formed by what has become known as Liquid Crystal Templating (LCT), 

and now more commonly as sol-gel synthesis, where liquid crystal (highly ordered 

liquid structure) rod like micelles of cationically charged copolymer surfactant 

molecules serve as organic templates for the materials (in this case alkyltrimethyl 

ammonium salt surfactant) [7/ 24-28].  The surfactant molecules are further treated by 

oxidation and acidification in order to produce sulfonic acid groups. 

 

Research by Corma, Diaz and co-workers has been carried out on these mesoporous 

oxide molecular sieves investigating their organic modification with methyl/propyl and 

phenyltrialkyloxysilane groups to further tailor the solids pore size and shape.  This 

modification occurs during the sol-gel synthesis but retains the use of the quaternary 

ammonium surfactant, followed by oxidation and acidification steps.   This synthesis 

route will be discussed in more detail further on in this chapter [6-7/ 29-32].  

Stucky and co-workers have developed an alternative model for sol gel synthesis, 

utilising different templates in order to modify the resultant gel.  Giving distinct 

advantages over MCM-41 that the composition and gel crystallization variables could 

be extensively varied offering a wider variety of tailored porous materials with different 

properties dependant on the specific catalyst required [23].  The alkyl poly(ethylene 

oxide, propylene oxide) triblock copolymer surfactant was used, and generated a highly 

ordered hexagonal structured material named SBA-15 [7/33-35].  Further organic 

modification utilising both propyl/phenyltrialkyloxysilane groups in order to see their 

effect on the resulting materials has also been investigated [36-38], and will be discussed 

in more detail further on in this chapter.   

 

Using cationically charged surfactant template molecules, and triblock copolymer 

materials offer the distinct advantage of the ability to tailor the porous material by 

varying the concentration of the surfactant used, this in itself can be disadvantageous as 

when the concentration is too low, subsequent surfactant template removal leads to the 

collapse of the ordered structure.  Therefore new synthesis routes which allow the 

surfactant template to be removed more easily are highly sought after. 
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To this end, utilising a neutral surfactant template during the sol-gel synthesis produced 

materials with weaker intermolecular bonding with respect to the neutral surfactant and 

neutral inorganic precursor interface.  Pinnavaia, Clarke, Macquarrie and co-workers 

detail their synthesis of hexagonally ordered mesoporous silicas (HMS) utilising the 

neutral amine surfactant, and its subsequent organic modification with propyl/phenyl 

groups, and will be discussed in more detail later on in this chapter [1-5]. 

 

These three inorganic mesoporous silicas have been the focus of various studies 

regarding synthesis and resulting pore size and distribution, and the effects on the 

subsequent physical properties of the catalyst.  Altering the concentration of the 

precursors and the chain length of the surfactant used results in various pore channel 

sizes.  Work has been completed on the use of alternative routes to synthesise a higher 

order of non-functionalised and functionalised mesoporous materials, including the use 

of alternative hydrophobic tethers (in this case phenyltriethoxysilane) in a bi-

functionalisation process [32], and the use microwave thermal technology [39-43]. Further 

organic modification resulted in the use of the more negatively charged phenyl 

functional groups, and more interestingly subsequent fluorination to determine the 

effect on the resultant activity of the acid catalyst [23/ 43-45].  As well as sulfonic acid 

supported catalysts, work has been completed with alternative acids, more recently with 

heteropolyacids supported on siliceous and other materials [46-47].  More recently Alazun 

and co-workers have used the sol-gel synthesis technique to further organically modify 

MCM type materials to allow them to possess antagonistic acidic and basic properties 

on the same material by the use of protection groups to ensure the functionality of the 

aminopropyl group is not effected during the chemical treatment.  This is promising 

research in the new and upcoming field of bi-functional catalysis [48-49].  

 

Along side synthetic organic-inorganic mesoporous molecular sieve routes, attempts 

have also been made to synthesise catalytic materials based on amorphous silicas, due 

to their relatively low cost, again through organic modification with alternative 

surfactants [50-55], silica supported heteropolyacid [45] and fluorinated or silica supported 

Nafion® [56].  Alternative functional group grafting techniques have been used in order 

to establish their effect on the catalytic activity of the resultant material.  These include 

pre-activation of the silica support before synthesis [57-58], grafting of the functional 

group through an incipient wetness technique [49], as well as the subsequent 
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incorporation of metal ions into the amorphous structure.  More recently research is 

underway into the synthesis of mesoporous molecular sieve silica containing aluminium 

and titanium ions, through the use of sol-gel synthesis, but without the expensive 

surfactant template, again highlighting the variability of these materials to be       

tailored [44].   

Aside from organic-inorganic supported solid acid catalysts, research has been 

completed on alternative non porous supports.  In the early eighties some transition 

metal oxides were found to be highly acidic containing both Lewis and Bronsted acid 

sites, and like Nafion® today, were claimed to be “superacidic”.  However, today it is 

more common practice to incorporate these transition metal oxides such as titanium, 

zirconium, zinc and aluminium into tailored sol-gel supports, thus increasing the surface 

area of the active acid catalyst.  Yet in comparison to other solid acid catalysts 

sulfonated metal oxides have been found to deactivate quickly, and produce unwanted 

environmental waste (toxic metal solid deposits and noxious gases), thus limiting their 

use [6]. 

 

There is a need for further study to characterise solid acid catalysts in order to relate 

physical and chemical properties to acidity and catalytic activity in liquid phase 

reactions.  And also to investigate further the subsequent effect of the solvent used in 

these reactions on the materials. 

 

The use of silica supported mesoporous molecular sieve materials for use as solid acid 

catalysts for liquid phase reactions is of high interest in current research.  Many 

different types of solid acid catalyst exist and have been studied as demonstrated in the 

above text.   

 

1.5 Specific Objectives 

 
 To synthesise, functionalise and characterise a series of supported sulfonic acid 

catalysts in terms of structure, acidity and catalytic activity. 
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 To determine the role of the support in controlling acidity and activity of the 

catalysts based on chemically supported sulfonic acid, and the optimization of 

these materials as catalysts in liquid phase reactions. 

 

 To determine the influence of the nature of the support and the sulfonic acid 

tether on the resultant properties of the supported acid catalyst.  

 

 To evaluate the effect of the solvent used in catalytic reactions on the 

accessibilities and strengths of surface acid sites in the differing supports. 

 

 To investigate the relationship between acidity measured by base adsorption 

calorimetry in the liquid phase and catalytic activity. To evaluate base 

adsorption calorimetry in the liquid phase to predict catalytic properties, and 

their relationship to the acidity of the solid acid catalyst in liquid phase 

reactions. 

 

1.6 Catalysts Studied 
In the course of this research, three separate types of solid acid catalyst support for 

sulfonic acid were studied and characterised in terms of acidity and catalytic activity.  

Those catalysts were:  

a) Polymer supported sulfonic acid resins.  These consisted of two types, the 

sulfonated poly(styrene-co-divinylbenzene) ion exchange resins with varying 

levels of sulfonation, and the Nafion® sulfonated fluorinated polymer resins. 

b) Sulfonated silica gels.  Synthesised in house with both propyl and phenyl 

organic tethers for sulfonic acid, and the inclusion of a non acidic phenyl group. 

c) Sulfonated mesoporous molecular sieve silica gels.  Synthesised in house with 

both propyl and phenyl organic tethers for sulfonic acid, and the inclusion of a 

non acidic phenyl group.  Three types were synthesised, MCM-41, SBA-15 and 

HMS.  

 

All are discussed in detail below. 

 

 



Chapter One  Introduction and Background 
 
 

Andrea Davison  8

1.6.1 Polymer supported sulfonic acid resins 

 

 Sulfonated poly(styrene-co-divinylbenzene) ion exchange resins 
Acidic cation exchange resin supported polymer materials are well established since 

1935 and widely reported in literature for use in liquid phase reactions [12-16].  

Commercially available resin catalysts are produced in the form of spherical beads with 

diameters of 0.5-1.0mm.  In general ion exchange resins are based on addition 

copolymers prepared from the addition polymerisation of vinyl monomers in aqueous 

media [14].  Divinylbenzene is used as a cross linking agent to develop a semi-rigid 

structure which swells in the presence of organic solvents but has no ion exchange 

properties.  Commercially produced ion exchange resins exist in two main forms, gel 

and macroporous.  Gel type resins are polymerised as uniform beads with smooth 

external surfaces.  Polymer beads swell in non porous organic solvents but not in water.  

Functional group acid sites are found only within the gel matrix, and a suitable organic 

solvent must be used in order to swell the matrix for the reactant molecules to access the 

sites.  Gel type resins possess no overall degree of permanent porosity.  Macroporous 

resins are polymerised as beads in the presence of additional compound known as 

porogens.  The purpose of the porogen materials is to be trapped within the polystyrene 

and after polymerization is complete they are dissolved out leaving spherical beads with 

a degree of permanent porosity.  Subsequently due to the presence of large pores, 

diffusion of reactant molecules occurs through the pores of the resin without swelling 

and not within the gel matrix, thereby allowing the resin to act as a catalyst in both polar 

and non polar solvents, including gaseous media [59].   

 

Gel type resins despite their lower divinylbenzene concentration, generally possess a 

higher internal concentration of active acid groups than their macroporous counterparts 

(after functionalization with H2SO4).  However solvent presence is required to swell the 

gel matrix in order to access the intrinsic acid sites, therefore these resins are unsuitable 

for use in non-polar solvents, and generally collapse when dry. 

Macroporous resins possess a larger range of porosities and a greater surface area.  

Molecules are able to diffuse through the pores and not the gel matrix of the resin 

therefore allowing the resin to be more catalytically active in liquid phase media, both 

polar and non-polar, as well as gaseous media.  Due to the larger concentration of cross 
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linking these macroporous resins have an increased thermal stability compared to the 

gel type [17-21]. 

 

Functionalization of the resins occurs through reaction of the already formed polymer (a 

schematic of which is shown in Figure 1.1 below) with concentrated sulphuric acid, a 

schematic of which is shown below in Figure 1.2.  Commercially available resins are 

prepared and sulfonated at a stoichiometric level equivalent to one sulfonic acid group 

per styrene unit.  This is an over simplification, sulfonation may not be uniform, 

resulting in disulfonation or the possible formation of sulfone bridges (Figure 1.3).  

Some resins have also been prepared with higher than stoichiometric levels of 

sulfonation.  In theory these type of “persulfonated” resins contain stronger acid sites 

due to the interaction of the additional electron withdrawing sulfonic acid groups on 

disulfonated phenyl rings, thereby allowing easier donation of the proton.    

 

Figure 1.1 Schematic of the polymerization process during the formation of the 

polymeric resins. 

 

Figure 1.2 Schematic of sulfonation of the polymeric bead after treatment with 

concentrated sulphuric acid. 
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Figure 1.3 possible points of sulfonation of the polymeric resin beads. 

 

The extent of the sulfonation increases the likelihood of interactions between 

neighbouring sulfonic acid groups which are believed to control the acid strength of the 

resin.  A molecules’ ability to diffuse into the polymer matrix is dependant on several 

factors including the level of sulfonation of the polymer thus its hydrophilicity, the 

polarity of the solvent used and so the extent to which it is able to swell the resin.  The 

ability of the resin to swell is also dependant on its degree of crosslinking. 

 

This ability to tailor the polymeric resins by controlling the degree of crosslinking and 

pore size through specific porogen compounds, degree of sulfonation and specific 

surface area is a distinct advantage over other solid acid catalysts.  Other advantages 

include ease of handling, structural uniformity and a high abundance of acid sites.  

However they have been found to be thermally unstable at temperatures exceeding 

150°C, and despite high levels of acid sites they have been found to be weaker than 

those found on zeolitic solid acid catalysts and clays [1].  

It has been reported in previous work that the relationship between the accessibility of 

the acid sites and the solvent type is critical in assessing the function of the catalysts and 

thus the possible reactions to which they would be most suited.  One of the most 

important factors indicated in the previous research which affects the resulting catalytic 

activity of the incorporated sulfonic acid groups is the presence of water.  Water has 

been found to have a levelling effect on the acid strength.  The acid strength and 

catalytic activity of the resins has been found to decrease with increasing water content 
[18/20].  The most active sites are thought to be the undissociated sulfonic acid groups or 

their monohydrates [21].  

 

SO3HSO3H

SO3HSO3H
SO3H

SO2
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In this study the polymeric resins SP21/15, C100H, CT175, CT275 were provided by 

Purolite Ltd, Amberlyst 15 was provided by Rohm and Haas.  After drying they were 

characterised in terms of acidity and catalytic activity as a benchmark comparison for 

the synthesised sulfonated inorganic supports.  The resins possess a variety of levels of 

sulfonation.  The macroporous SP21/15 resin is sulfonated to a level under that of 

stoichiometric sulfonation (less than one sulfonic acid group per styrene monomer unit).  

The gel type C100H resin, the macroporous CT175 and the Amberlyst15 resins are 

stoichiometrically sulfonated, and finally the macroprous CT275 resin is 

“persulfonated” to a level higher than normal stoichiometric sulfonation. 

 

 Sulfonated Fluorinated Polymer Resins. 
Perfluorinated sulfonic acid based ion exchange resins are currently of high interest 

when compared to the commercially available sulfonated polymeric supported resins.  

The comparatively higher acid strength is believed to be due to the presence of the 

highly electronegative fluorinated regions of the resin and the resultant ability of the 

attached sulfonic acid groups to donate protons is increased [23/56].  A cross linked 

perfluorinated polymeric sulfonic acid is commercially available under the name 

Nafion® from Dupont and the structure is shown below in Figure 1.4. 

 

 

Figure 1.4 Structure of perfluorinated polymeric sulfonic acid Nafion®. 

 

Nafion® is a copolymer of tetrafluoroethene and perfluoro-2-

(fluorosulfonylethoxy)propyl vinyl ether.  It has been found to increase many reaction 

rates when compared to traditional homogenous catalysts, including alkylations, 

acylations, isomerizations, esterifications, hydrations, dehydrations, nitrations and 

etherifications [23].  The resin is commercially available in bead form.  Despite its 
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superacidic potential, the resin bead possesses only a small surface area of less than 

0.02m2g-1, and a concentration of only 0.8 mmol g-1 acid sites.  The acid sites within the 

polymer bead are potentially difficult to access as the bead’s structural matrix is not 

prone to swelling in most solvents.  Hamer and Sun have reported the use of Nafion® 

catalyst supported on a silica framework SAC-13.  The subsequent surface area of the 

catalyst was greatly increased, despite its much lower concentration of acid sites at 0.1 

mmol g-1, and yet there was an increased accessibility to the active acid sites due to the 

sol-gel synthesis of a porous material support [23].  The SAC-13 silica supported 

sulfonated Nafion® composite is also commercially available and was researched here 

as another benchmark comparison to not only the sulfonated polymeric resins, but also 

to the synthesised silica supported materials. 

 

1.6.2 Sulfonated silica gels (grafting route) 
Commercially available amorphous silica is prepared by a sol-gel technique using an 

aqueous silicate solution with subsequent acidification, neutralization and 

polymerization reactions to form the silica hydrogel, or from reaction of silicon 

alkoxides with water, and the subsequent hydrolysis and self condensation reactions to 

form the polysilicate [27].  The generalised structures of the resultant polysilicate gels are 

crystalline cross linked chains of alternate layered silicon and oxygen atoms in an SiO4 

tetrahedral structure as shown in Figure 1.5 below [64].  These silica networks have 

however been found to possess relatively few acid sites, with source of acidity 

generated from the outside SiO3(OH) tetrahedral sites.  Silcates with these structures are 

readily interdispersed with alternative metal atoms such as aluminium and subsequently 

SiOHAl bridges are formed, thus enabling an increased availability of readily donated 

protons thereby allowing the aluminosilicate material to act as a Bronsted acid.  Thus 

man-made clays are synthesised, with an increasing number of acid sites dependant on 

the increasing Si:Al ratio.  
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Figure 1.5 Schematic of the crystalline cross linked silicon/oxygen chains that form the 

structure of the polysilicate gel (amorphous silica) generated by the two types of 

synthesis route. 

 

The term sol-gel synthesis comes from the two distinct steps in the synthesis: step one is 

the condensation polymerization of the formed silicic acids with other silicic acids or 

alkoxides to form high molecular weight polysilicate chains represent the formation of 

the “sol”.  In step two the formed polysilicates then link together to form a three 

dimensional network, the pores of which are filled by solvent molecules forming a 

“gel”.  The material is then dried, creating an amorphous, high surface area, porous 

solid. 

 

Functionalization of the amorphous silica gel in this case can be achieved by grafting 

the desired functional groups to the silica surface.  With work reported in literature and 

produced here, two types of organosilane functional group tethers were grafted; 3-

mercaptopropyltrimethoxysilane (MPTMS) and 2-4chlorosulfonyltrimethoxysilane 

(CSPTMS), shown in Figures 1.6 and 1.7 below.  The object of comparing the two 

tethering compounds was to ascertain the effect of the more electronegative phenyl 

group on the resultant acidity/catalytic activity of the material compared to its propyl 

funtionalised counterpart.  Bi-functionalization of the material was also achieved by the 

grafting of an additional phenyl group using phenyltriethoxysilane (PTES) shown in 

Figure 1.8 below.  Oxidation and acidification of the thiol groups to sulfonic acid was 

achieved by oxidation with hydrogen peroxide and acidification with sulfuric acid, 

shown below in Figure 1.9.  In the case of CSPTMS, there was no need for oxidation, 

only acidification to sulfonic acid, therefore only the MPTMS schematic is shown. 

 

Si O Si O Si
OH OH OH

O O O
Si SiO O Si
OH OHOH
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Figure 1.6 3-mercaptopropyltrimethoxysilane (MPTMS) 

 

Figure 1.7  2-(4-chlorosulfonylphenyl)trimethoxysilane (CSPTMS) 

 

Figure 1.8 phenyltriethoxysilane (PTES) 

 

  
Figure 1.9 Grafting and subsequent oxidation/acidification processes of the amorphous 

silica with MPTMS. 
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With this form of sol gel derived amorphous silica structure, the pores are highly 

disordered in terms of shape and size.  Order is obtained by heat treatment of the gel in 

the presence of a “structure directing” template species.  Thus the synthesis of 

mesoporous molecular sieves produces non crystalline amorphous framework in which 

the pores are uniform and ordered. 

 

1.6.3 Sulfonated Mesoporous molecular sieve silicas (co-condensation 

route)  
From the various syntheses reported by workers from Mobil group, Klinowski, Diaz, 

Stucky, Shanks, Cheng, Pinnavaia, Clarke, Macquarrie and co-workers [29-59] all of 

which are detailed further in Chapter Two, three main types of sulfonated mesoporous 

silica gels have been produced, one of which uses a cationic surfactant template 

molecule (MCM-41), another an amphillic polymer template surfactant molecule 

(SBA-15), and the remaining material utilises a neutral surfactant template molecule 

(HMS) in order to tailor the resultant pore size.  These co-condensation sol gel synthesis 

routes enable the incorporation of the organic functional groups within the silica 

structure during synthesis with pore directing surfactant agents, resulting in the 

production of an ordered mesoporous material with functional groups within the pore 

structure as well as on the surface able to be further oxidised and acidified to yield 

sulfonic acid groups.  In theory this tailoring of the pore size enables the material to be 

synthesised more specifically with regards its organic functionalization which allows 

the control of the materials surface properties, hydrophilicity/hydrophobicity 

modification and subsequent alteration of the surface reactivity of the material and 

therefore its use in specific catalytic reactions as a Bronsted acid.  Figure 1.10 below 

shows a schematic of the MPTMS (in this instance) functionalised hexagonally 

structured mesoporous MCM-41 material.  The MPTMS molecule is believed to be 

located within the pore.   
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Figure 1.10 Schematic of the possible functionalization of the hexagonal porous 

structure of the mesoporous sulfonated silica gel materials. 

 

 MCM-41 
The MCM-41 type mesoporous material is synthesised via a co-condensation of 

alkoxysilanes and 3-mercaptopropyltrimethoxysilane which is further oxidised and 

acidified to yield propylsulfonic acid groups anchored onto the silica framework [29].  

This particular route uses alkyltrimethylammonium cation surfactants, and 

tetramethylammoniumhydroxide (TMAOH) as a co-structuring agent.  The pore 

ordering of the final material depends on the hydrolysis and condensation kinetics of the 

alkoxysilane precursors used in the functionalization step of the synthesis, in this case 

3-mercaptopropyltrimethoxysilane (MPTMS), or chlorosulfonylpropyltrimethoxysilane 

(CSPTMS), and phenyltriethoxysilane (PTES).  The silica sources in this instance were 

methyltrimethoxysilane (MTMS) and tetramethoxysilane (TMOS).  The surfactants 

used were hexadecyltrimethylammonium (C16TAB) and dodecyltrimethylammonium 

(C12TAB) bromides [30].     
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 SBA-15 
The SBA-15 type material is synthesised in the same manner but alternatively using an 

amphiphillic block copolymer as an organic structure directing agent (surfactant), in 

this case poly(ethyleneoxide, alkyene oxide) triblock copolymer “Pluronic®” 10400, 

and tetraethoxysilane as the silica source (TEOS)[35].  Again functionalization of the 

material occurs with the use of MPTMS, CSPTMS and PTES.  SBA-15 has the larger 

pores compared to MCM-41 due to the Pluronic® 10400 copolymer. 

In 1998 Stucky and co-workers proposed the surfactant-inorganic mechanism pathways 

for the synthesis of mesoporous materials utilising the electrostatic interactions between 

positively charged surfactant molecules (S+) and negatively charged inorganic species 

(I-) [34].  The proposed schematic for hexagonal mesoporous MCM-41/SBA-15 material 

synthesis is shown in Figure 1.11, and is detailed in the paragraph below. 

 

 

Figure 1.11.  Schematic of the formation of hexagonal mesoporous material MCM. 

With four distinctive steps a-d. 
 

The surfactants (S+) containing a polar head group and a non polar hydrocarbon tail 

form micelles in polar environments (A).  The hydrophobic tails aggregate together in 

the centre of a sphere to avoid contact with the polar water solvent.  The polar head 

groups form a layer on the surface of the sphere (charge dependant on the type of 

surfactant used).  Silicate (I-) and organic precursor polymerisation now occurs around 

a 
 
 
 
b 
 
 
 
 
c 
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the micelles forming a micellar rod (“Sol”) (B).  The micellar rods aggregate together to 

form a hexagonal rod framework (“Gel”) (C), upon calcination the surfactant template 

is removed leaving a hexagonal mesoporous structure (D) (mesostructure).   

 

 HMS 
In comparison Pinnavaia and co-workers [60/65-66] researched into new synthetic routes to 

allow for easier removal of the surfactant molecules without the destruction of the pore 

walls.  In this instance neutral surfactant template molecules were used, resulting in 

weaker hydrogen bonds at the surfactant-inorganic interface, and therefore making it 

easier to extract the surfactant template with solvent.  In this case a neutral amine 

template was used (dodecylamine).  The sol-gel synthesis routes remain the same, as did 

the functionalization, oxidation and acidification steps.  These materials have been 

found to have a higher thermal stability compared to the MCM-41 materials due to their 

stronger bonding interactions. 

 

1.7 Summary. 
In this chapter the use of and the reasons behind the use of solid acid catalysts in liquid 

phase reactions have been discussed, with particular emphasis on mesoporous silica 

supported materials that have been synthesised, functionalised, acidified and 

characterised, and then compared to commercially available acidic ion exchange resin 

catalysts.   

 

As stated previously, in the course of this research three separate types of solid acid 

catalyst support were studied and characterised in terms of acidity and catalytic activity.  

Those catalysts were:  

 

I. Polymer supported sulfonic acid resins.  These consisted of two types, the 

sulfonated poly(styrene-co-divinylbenzene) ion exchange resins with varying 

levels of sulfonation, and the sulfonated fluorinated polymer resins. 

II. Sulfonated silica gels.  Synthesised in house with both propyl and phenyl organic 

tethers, and the inclusion of a non acidic phenyl group. 

III. Sulfonated ordered mesoporous molecular sieve silicas.  Synthesised and 

functionalised in house with both propyl and phenyl organic tethers, and the 



Chapter One  Introduction and Background 
 
 

Andrea Davison  19

inclusion of a non acidic phenyl group.  Three types were synthesised, MCM-41, 

SBA-15 and HMS.  

 

Techniques of synthesis and characterization of structure, surface acidity and catalytic 

activity are detailed and compared in the following chapters. 
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Chapter 2 Catalyst Syntheses 
 

2.1 General Overview 
This chapter aims to introduce and detail the experimental pathways and instrumental 

parameters followed in the synthesis of the solid acid catalysts and their subsequent 

functionalization, acidification and characterization.  This chapter also includes 

alternative synthesis routes in order to establish their effect on the resultant 

acidity/catalytic activities of the materials. 

 

2.2 Catalyst Types, Preparation and Synthesis 
The commercially available polymer-supported sulfonic ion exchange resins were 

provided by the manufacturers.  The sulfonated mesoporous silica and sulfonated silica 

gels were synthesised in house using the techniques detailed below. 

 

The nature of the three types of catalyst studied in this research have been detailed 

previously in Chapter 1.0 but below is a brief summary. 

 

• Polymer supported sulfonic acid resins.  Commercially available cationic ion 

exchange resins, macroporous and rigid in structure.  These consisted of two 

types, the sulfonated poly(styrene-co-divinylbenzene) ion exchange resins, and 

the sulfonated fluorinated polymer resins with varying levels of sulfonation. 

• Sulfonated silica gels.  Post grafting functionalization of an amorphous silica 

gel surface, non-rigid in structure.  These were synthesised in house with both 

propyl and phenyl organic tethers for acid groups, and the inclusion of a non 

acid bearing phenyl group. 

• Sulfonated mesoporous molecular sieve silica gels.   Sulfonated inorganic 

mesoporous materials, synthesised via sol-gel techniques with subsequent 

functionalization and acidification.  Three types were synthesised, MCM-41 

(alkyltrimethylammonium cationic surfactant), SBA-15 (amphiphillic triblock 

copolymer) and HMS (neutral amine surfactant).   Again they were synthesised 

in house with both propyl and phenyl organic tethers for acid groups, and the 

inclusion of a non acid bearing phenyl group.   
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2.2.1 Polymer Supported Sulfonic Acid Resins 

 

 2.2.1.1 Sulfonated Poly(styrene-co-divinylbenzene) Resins 
The sulfonated poly(styrene-co-divnylbenzene) resins were provided by Purolite 

International Ltd[1] and Amberlyst 15 was provided by Rohm and Haas Ltd[2].  All 

resins were used in their hydrogen ion (H+) form.  Sulfonic acid group concentrations 

(are in the range of 2.97-5.33 meqg-1) and water concentrations were provided by the 

manufacturer[1-2].  The C100H resin is a gel resin, the CT175, CT275, Amberlyst 15 and 

SP21/15 are macroporous resins.  The C100H gel resin, Amberlyst 15 and the CT175 

macroporous resin contain approximately stoichiometric levels of sulfonation (one 

sulfonic acid group per DVB or styrene monomer unit) deemed normal sulfonation.  

The SP21/15 macroporous resin is partially sulfonated, to a level less than normal 

stoichiometric sulfonation.  The CT275 macroporous resin is persulfonated to a level 

greater than normal stoichiometric sulfonation. 

 

 2.2.1.2 Fluorinated Sulfonated Polymer Resins 
Nafion® resin beads were purchased from E. I. Du Pont de Nemours and Co. Inc.  The 

sulfonic acid group concentration was determined by the manufacturer to be 0.8 meqg-

1.  Nafion® SAC-13, a Nafion polymer supported on amorphous silica was obtained 

from Sigma-Aldrich, but manufactured by DuPont and claimed to contain 

approximately 13 % w/w Nafion[3].  

 

Before characterization all resins were ground to fine powders (<125 μm), sieved and 

dried in a conventional oven at 373 K for 1 hour and when necessary saturated 

overnight in the appropriate solvent. 

 

2.2.2 Sulfonated Silica Gels and Sulfonated Mesoporous Molecular 

Sieve Silicas. 
 The propyl/phenyl sulfonic acid functionalised mesoporous silicas were synthesised 

using procedures as detailed in the literature.[4-20] 

 

All chemicals were obtained from Sigma-Aldrich unless otherwise stated. 
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The main silica sources for the synthesis of the supports were tetraethoxysilane 98 % 

(TEOS), tetramethoxysilane 98 % (TMOS) and silica gel (99.8 %) (EP-116 obtained 

from Ineos Chemicals Ltd).  The silicas were functionalised in the various syntheses 

using the silane precursors: 3-mercaptopropyltrimethoxysilane 95 % (MPTMS) and  

2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane (CSPTMS).  Further functionalization 

of the silicas to modify the hydrophobicity of the catalyst surface was achieved using 

phenyltriethoxysilane (PTES).  For silicas prepared from TEOS and TMOS, the 

surfactant templates used denote the type of mesoporous molecular sieve silica 

produced. The neutral surfactant dodecylamine produced the silica HMS, the ionic 

surfactants cetyltrimethylammoniumbromide (C16TAB) and 

dodecyltrimethylammonium bromide (C12TAB) were used in the synthesis of MCM-

41.  Those synthesised using the poly(ethylene oxide, propylene oxide) triblock 

copolymer Pluronic PE 10400 (BASF), were denoted SBA-15. 

 

In the syntheses of sulfonated mesoporous molecular sieve silicas, three types of 

support were used, MCM-41, SBA-15, HMS, and for the sulfonated amorphous silica 

gels, the silica gel EP-116 was used.  Two common synthesis routes were utilised: 

firstly, the grafting route whereby functionalization, oxidation and acidification occur 

after the initial silica framework synthesis which is later described in section 2.2..2.1, 

and secondly, a “one-pot” co-condensation route, whereby the MPTMS or CSPTMS is 

incorporated in the silica synthesis mixture, oxidised and acidified in situ as later 

described in Section 2.2.2.3. 

 

2.2.2.1 Sulfonated Silica Gels. Grafting route 
The amorphous silica gel EP116 was chosen as a silica gel with a significant volume of 

pores of variable pore dimensions.  It was decided to investigate the effect of pre-

treatment of the silica on its subsequent ability to be functionalised.   

There were two types of pre-treatment of the amorphous untreated silica gel (EP116) 

used. 

1) Using conventional ovens, heated at a high temperature (423 K for 10 hours)[4]. 

2) By refluxing in 6M HCl for 24 hours[5].   

The post-grafting functionalization and subsequent oxidation and acidification 

procedures were as detailed below.  Organic modification of the silica gel support 
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occurred through functionalization with mecaptopropylthiol (MPTMS) and 

chlorosulfonylphenyl (CSPTMS) tethers, as well as the non acid bearing phenyl group 

(PTES). 

 

 2.2.2.1.a Propyl sulfonic acid functionalised silica gel 
In a typical synthesis 3.58 g 3-mercaptopropyltrimethoxysilane (MPTMS) was added to 

1.50 g of dried silica gel EP116 in 50 ml toluene.  This mixture was refluxed for 12 

hours at 383 K.  The resulting mixture was filtered and the solid washed with hot 

toluene, centrifuged with a 50/50 water/methanol mix, and air dried overnight at 373 K 

for initial experiments.  The oxidation and acidification of the mercaptopropyl groups to 

sulfonic acid was achieved by treating 1 g of extracted sample with 16 ml H2O2 (33 vol 

%) at room temperature overnight, followed by washing with deionised water and 

acidification with 16 ml 0.1 M H2SO4 at room temperature overnight, with subsequent 

washing and drying at 333 K overnight. 

 

The oxidation and acidification steps were further varied in an attempt to optimise 

conditions for maximising the sulfonic acid loading on the silica. 

 

• 2.2.2.1.b Oxidation 
As the H2O2 solution used during synthesis was concentrated (33 vol %), it was decided 

to alter only the volume used.  From the standard treatment of 16 ml to 1 g solid, the 

volume was altered to five times that at 80 ml to 1 g solid, left stirring at room 

temperature overnight. 

 

• 2.2.2.1.c Acidification 
The concentration of H2SO4 was varied and samples were prepared using 0.1, 0.5, 1.0 

and 2.0 M acid.  Standard acidification treatment was carried out using 16 ml acid to 1 g 

of solid, left stirring overnight at room temperature. 

 

 2.2.2.1.d Propyl sulfonic acid and phenyl functionalised silica gel 
Further functionalization of the silica gel in attempts to render the surface more 

hydrophobic was achieved by functionalising some samples with simple non acid 

bearing phenyl groups in addition to the sulfonic acid propyl groups.  The additional 
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groups were grafted onto the surface of the silica by adding phenyltriethoxysilane 

(PTES) at the same time as the MPTMS in equal amounts of 3.58 g. 

 

 2.2.2.1.e Phenyl sulfonic acid functionalised silica gel 
The phenyl sulfonic acid functionalised silica gel was synthesised using the same 

procedure as detailed above, but with the alternative 

2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane (CSPTMS) in place of MPTMS.  No 

oxidation step was required, (as sulfonyl chloride does not require oxidation before 

acidification to sulfonic acid) and acidification was carried out using 16 ml 0.1 M 

H2SO4 per 1 g solid sample.  Further filtration and washing steps were as previously 

mentioned.  

 

 2.2.2.1.f Phenyl sulfonic acid and phenyl functionalised silica gel 
Further functionalization of the silica gel with additional non acid bearing phenyl 

groups was achieved in situ using equal amounts of PTES and CSPTMS at the point of 

organosilane addition. 

 

2.2.2.2 Sulfonated Silica Gels. Grafting route:  Incipient Wetness 

technique 
Following an alternative method reported in the literature [6], a comparison between the 

standard grafting technique and an incipient wetness technique was made, with the same 

variation of precursors.   

 

 2.2.2.2.a Propyl sulfonic acid functionalised silica gel (IW) 
Following the reported method of Cano-Serrano et al[6], 0.68 g of MPTMS was added 

dropwise onto 2.0 g of dried amorphous silica until the entire volume was absorbed. To 

ensure complete absorption, the resulting mixture was left for 24 hours at room 

temperature.  The thiol groups were then oxidised using 32 ml of 33 % H2O2 at 333K 

stirring the mixture for 1 hour.  The solid was then filtered and washed three times using 

32 ml of deionised water.  The solid was acidified by stirring with 32 ml of 10 wt % 

H2SO4 solution at room temperature.  The resulting solid was filtered, washed three 

times with 32 ml deionised water and dried at 333 K for 24 hours.  Note, the oxidation 

step was carried out at a higher temperature than in the previous grafting process in line 
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with the published results of Canno-Serrano et al who claim that oxidation at 333 K was 

more effective than at 298 K.   

 

 2.2.2.2.b Propyl sulfonic acid and phenyl functionalised silica gel 

(IW) 
Functionalization of the silica gel was achieved with the simultaneous addition of 1.32 g 

of PTES again ensuring that both MPTMS and PTES were fully adsorbed. 

 

 2.2.2.2.c Phenyl sulfonic acid functionalised silica gel (IW) 
The phenyl sulfonic acid functionalised silica gel was synthesised with CSPTMS in 

place of MPTMS (0.68 g).  No oxidation step was required.  Acidification and post 

treatment were performed as above. 

 

 2.2.2.2.d Phenyl sulfonic acid and phenyl functionalised silica gel 
Simultaneous functionalization of the silica gel with phenyl silane groups was achieved 

with the addition of 1.32 g of PTES along with the CSPTMS. 

 

2.2.2.3. Sulfonated Mesoporous Molecular Sieve Silicas. Co-

condensation Route 
The sulfonated ordered mesoporous molecular sieve silica supports were synthesised 

and functionalised in-house using a range of methods reported in the literature[7-20].  

Organic modification of the mesoporous supports occurred through functionalization 

with mercaptopropylthiol (MPTMS) and chlorosulfonylphenyl (CSPTMS) tethers, as 

well as the simple phenyl group (PTES), followed by oxidation and acidification steps.  

Three main mesoporous molecular sieve silica supports were synthesised and 

characterised, MCM-41, SBA-15 and HMS. 

 

MCM-41 
This ionic surfactant based support was synthesised using procedures detailed in the 

literature [7-13].  Initially purely siliceous MCM-41 was synthesised following the 

method of Klinowski et al[7], and Hall et al[8]. Synthesis of the pure unfunctionalised 

material was conducted in order to obtain a highly ordered material that could act as a 
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suitable comparison to the co-condensed materials during characterization.  MCM-41 

was then synthesised and functionalised in a co-condensation route following the 

method of Diaz et al[9-13].  Post-grafting functionalization of the pure material using the 

Klinowski method was found to be unsuccessful compared to the co-condensation 

method, in which the tether components were incorporated in the MCM-41 synthesis 

mixture.     

 

 2.2.2.3.a Pure MCM-41 [7] 
In a typical synthesis procedure, 72 g of deionised water was added to a mixture of 1.73 

g tetramethylammonium hydroxide (TMAOH) and 9.84 g cetyltrimethylammonium 

bromide (C16TAB).  The resultant solution was stirred until clear at 303 K.  To this 

solution, 6.00 g fumed silica was added and stirred for 30 minutes at 303 K.  The 

subsequently formed gel was aged for 24 hours at 293 K, and a pH of 11.5 was 

maintained through adjustment with 0.1 M acid or base.  The reaction mixture was then 

introduced to a 100 ml teflon lined stainless steel autoclave which was heated to 423 K 

for 48 hours without stirring.  The solid products were recovered by filtration, washed 

with deionised water and dried at 333 K overnight, and lastly calcined in air at 823 K 

for 8 hours. 

 

After synthesis of the pure material using the Klinowski[7] method, it was hoped to 

functionalise the material with propyl thiol groups via a grafting process, followed by 

subsequent acidification and oxidation steps.  This grafting method of the pure material 

however resulted in very low levels of functionalization when compared to the direct 

functionalization of the material in situ during synthesis utilising the Diaz method.[9-13] 

 

 2.2.2.3.b MCM-41 propyl sulfonic acid. One step, co-condensation 

synthesis[9-13] 
In a typical synthesis 1.74 g of C16TAB and 0.61 g dodecyltrimethylammonium 

bromide (C12TAB) surfactants were dissolved in a mixture of 34 g MeOH and 74 g 

deionised water.  To this solution, a mixture of 6.2 g tetramethoxysilane (TMOS), 2.87 

g MPTMS and 0.23 g methyltrimethoxysilane (MTMS) was added.  Finally 5.52 g of 

tetramethylammonium hydroxide (TMAOH) was added drop wise to the solution.  The 

resultant gel was stirred at room temperature for 16 hours in order to evaporate the 
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methanol.  The reaction mixture was then introduced to a sealed 100 ml teflon lined 

stainless steel autoclave which was heated to 368 K for 48 hours without stirring.  The 

solid products were recovered by filtration, washed with deionised water and dried at 

333 K overnight.  The surfactant was removed by stirring 3.0 g of dried sample with a 

solution of 40 ml HCl (35 wt%) in 410 ml EtOH at 343 K for 24 hours.  The solid 

products were recovered by filtration, washed with deionised water and dried at 333 K 

overnight.  The oxidation of the mercaptopropyl groups was achieved by treating 1.0 g 

of extracted sample with 16 ml H2O2 (33 vol  %), followed by washing with deionised 

water and acidification with 0.1 M H2SO4, with subsequent washing and drying at 333 

K overnight.  These conditions were identified as optimal in the previous syntheses. 

 

 2.2.2.3.c MCM-41 propyl and phenyl functionalised sulfonic acid. 

One step, co-condensation synthesis 
Functionalization of the MCM-41 was achieved in situ using an equal amount of PTES 

and MPTMS to the original solution described above, based as a direct comparison to 

the arene-functionalised SBA-15 cited in the literature by Stucky[23] 

 

 2.2.2.3.d MCM-41 phenyl sulfonic acid. One step, co-condensation 

synthesis  
The phenyl sulfonic acid functionalised MCM-41 was synthesised with CSPTMS in 

place of MPTMS in the method described in 3.1.2.3.b and omitting the oxidation step 

from the final treatment. 

 

 2.2.2.3.e MCM-41 phenyl sulfonic acid and phenyl functionalised. 

One step, co-condensation synthesis 
Functionalization of the MCM-41 was achieved in situ using an equal amount of PTES 

and CSPTMS to the original solution in the method described in 3.1.2.3.b and omitting 

the oxidation from the final treatment. 

 

2.2.2.4 Microwave heating synthesis route 
Microwave heating as an alternative to conventional heating was investigated in an 

attempt to produce a more ordered and more acidic mesoporous inorganic silica as was 
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reported separately in the literature by Bein, Newalker and Macquarrie (the relative 

pressures generated from the microwave heating resulting in the higher order formation 

of the product materials[14-18].  From these methods it was decided a comprehensive 

study of the oven ageing step in the synthesis of pure MCM-41, SBA-15, and the 

propyl sulfonic acid functionalised co-condensed MCM-41 and SBA-15 silicas would 

be completed.  The heating time was varied up to and including the same time used in 

the conventional oven synthesis route.  Note that the details of the SBA-15 synthesis 

routes appear below in Section 2.2.2.5. 

 

Syntheses were performed in a MARSX microwave digestion system by CEM 

technologies.  The system was operated at 300W, control of the microwave power was 

via pressure monitoring in the sealed reaction vessels. (The oven can be controlled 

using a temperature probe, but the glass sheath around the probe cannot be used in 

alkaline solution).  It was assumed that the vapour pressure of the synthesis solution was 

the same as pure water and the control pressure was set to the estimated vapour pressure 

of water at the temperature required.  The same temperatures were used in the 

microwave experiments as in the conventional heating experiment. 

   

The syntheses of the inorganic silicas were as stated in their synthesis routes, with the 

exception of the ageing step now taking place in the microwave digestion oven. Table 

2.1 below indicates the various synthesised silicas and the relevant vapour pressure and 

times for the microwave heating experiment.  The post treatment (oxidation and 

acidification) of the silicas was as stated in the synthesis notes. 

 
Silica Conventional heating route, 

temperature and duration. 

Microwave heating route, control 

water vapour pressure and 

duration. 

Pure MCM-41 423 K, 48 hrs 475.7 kPa, 1-48 hrs 

Co-condensed MCM-41 propyl 

sulfonic acid 

368 K, 48 hrs 84.5 kPa, 1-48 hrs 

Pure SBA-15 363 K, 24 hrs 70.1 kPa, 1-24 hrs 

Co-condensed SBA-15 propyl 

sulfonic acid 

373 K, 24 hrs 101.3 kPa, 1-24 hrs 

Table 2.1 Microwave heating control vapour pressure parameters compared to the 

conventional heating synthesis route. 
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2.2.2.5 SBA-15 
This ethylene oxide, propylene oxide triblock copolymer surfactant based support 

was synthesised using procedures detailed in the literature [19-24].  Initially, purely 

siliceous (un-functionalised) SBA-15 was synthesised[19].  It is important to note here 

that the literature reported Pluronic P123 compound is not readily available in the U.K., 

therefore all syntheses took place using its nearest relative molecular weight counterpart 

Pluronic 10400.  

 

 2.2.2.5.a Pure SBA-15[19/20] 
In a typical synthesis procedure reported by Lapkin et al[19] 2.0 g Pluronic copolymer 

was dissolved in a mixture of 52.5 g H2O, and 12.0 g HCl (35 wt%) at 313 K.  To this 

solution, 4.28 g tetraethoxysilane (TEOS) was added drop wise, and the resulting 

mixture stirred for 24 hours.  The resulting mixture was introduced into a polypropylene 

bottle and aged for 24 hours at 363 K.  The solid product was filtered, washed with 

deionised water and dried for 48 hours under atmospheric conditions, and finally 

calcined in air at 773 K for 6 hours to remove the Pluronic template. 

 

Using a “one-pot” co-condensation synthesis method, it was possible to incorporate 

the copolymer and organic mercaptopropylthiol, chlorosulfonylphenyl functional 

groups into the silica framework during precipitation as reported by Stucky and 

Cheng[21-24], rather than a secondary grafting step on the pure material. 

 

 2.2.2.5.b SBA-15 propyl sulfonic acid. One step, co-condensation 

synthesis[20/21/23] 
In a typical synthesis procedure 4.0 g of Pluronic copolymer was dissolved in a mixture 

of 125 g 1.9 M HCl and 120 g deionised H2O under stirring, at 313 K.  To this solution 

7.69 g TEOS was added, with a pre-hydrolysis time of 45 minutes before the 

subsequent addition of a mixture of 0.80 g of MPTMS and 1.25 g H2O2 solution (30 vol 

%).  The resulting solution was stirred for 24 hours at 313 K and aged for 24 hours at 

373 K under static conditions.  The solid product was recovered by filtration, washed 

with a 50/50 methanol/water mix and air dried at room temperature overnight.  The 

copolymer template was removed by reflux in ethanol for 24 hours (1.50 g solid per 400 
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ml ethanol).  The solid products were recovered by filtration, washed with deionised 

water and dried at 333 K overnight. 

 

 2.2.2.5.c SBA-15 propyl sulfonic acid and phenyl functionalised. 

One step, co-condensation synthesis 
Functionalization of the mesoporous silica SBA-15 was achieved in situ using an 

equivalent amount of PTES and MPTMS as described in section 2.2.2.5b.  

 

 2.2.2.5.d SBA-15 phenyl sulfonic acid. One step, co-condensation 

synthesis[23] 
The phenyl sulfonic acid functionalised SBA-15 was synthesised using the same 

procedure as detailed above, but with CSPTMS in place of MPTMS, and omitting the 

oxidation step. 

 

 2.2.2.5.e SBA-15 phenyl sulfonic acid and phenyl functionalised. 

One step, co-condensation synthesis 
Functionalization of the mesoporous silica SBA-15 was achieved in situ using a 

equivalent amount of PTES and CSPTMS following the method as described in 

2.2.2.5.b.  

 

2.2.2.6  Co-condensed HMS propyl sulfonic acid 
This neutral surfactant based support was synthesised using procedures detailed in 

the literature by Pinnavaia and Macquarrie[25-27].   In a typical synthesis procedure, 4.0 g 

dodecylamine was dissolved in a mixture of ratio 3:2 (10:15 ml) water and ethanol.  To 

this mixture, 4.0 g TEOS and 0.94 g MPTMS was added drop wise.  The resulting 

mixture was stirred at room temperature for 24 hours, and then filtered.  The amine 

template was extracted from the as-synthesised material with boiling ethanol (1.50 g 

solid per 400 ml ethanol) at 343 K for 24 hours.  The solid products were recovered by 

filtration, washed with a 50/50 methanol/water mix and dried at 333 K overnight.  The 

oxidation of the mercaptopropyl group to sulfonic acid was achieved by treating 1.0 g of 

extracted sample with 16 ml H2O2 solution (33 vol %), followed by washing and 
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acidification with 16 ml 0.10 M H2SO4, with subsequent washing with a 50/50 

methanol/water mix and drying at 333 K overnight. 

 

The chlorosulfonylphenyl functionalised HMS material was also synthesised using the 

same procedure as above with CSPTMS in place of MPTMS, however only a very 

small yield was obtained, and therefore no discernable characterization could be 

achieved.  

 

The resulting materials were characterised in terms of structure, acid site concentration 

and catalytic activity. 

 

2.3 Summary 
The experimental methods discussed in this chapter were the actual routes used for the 

synthesis, functionalization and characterization of the solid acid catalysts, the results of 

which are detailed in Chapters 3-5. 
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Chapter 3 Catalyst Structural Characterization 
 

3.1 General Overview 
This chapter aims to introduce the theory behind the techniques of characterization 

used, and to discuss the results of this research in order to determine the physical 

characteristics of the solid acid catalysts.  The following physical characteristics of the 

catalysts were analysed and compared: surface area, average pore size and distribution, 

long range order, and the subsequent concentration and oxidation state of the sulfur 

atoms in order to confirm successful acidification.  The techniques used in this instance 

were: nitrogen adsorption, x-ray diffraction, x-ray photoelectron spectroscopy and 

elemental analysis.  A complete summary table of all results obtained is shown in the 

appendix of this thesis. 

 

3.2 Catalyst Physical Characterization: Techniques and Background 
 

3.2.1 Nitrogen Adsorption 
Nitrogen adsorption is one of the most commonly used techniques to ascertain the 

surface area and pore size distribution of solid materials [1-5].  Nitrogen adsorption is a 

process by which a known volume of gas (adsorbate) is physisorbed onto the surface of 

a solid sample (adsorbent) at 77 K.  The adsorbate gas (nitrogen) is added in controlled 

doses to the previously degassed sample, adsorbing to its surface at increasing pressures 

until the saturated vapour pressure of the adsorbate gas is reached.  Once the saturated 

vapour pressure is reached, the adsorbate gas fills the pores of the sample by capillary 

condensation.  The pressures are then reduced to evacuate the pores.  The pressures, 

volume of gas adsorbed and desorbed are monitored and measured.  Analysis of the 

samples occurs at constant temperature which allows the adsorption/desorption isotherm 

to be generated.  Thus through subsequent calculations [6-8], the surface area and pore 

size distribution of the sample can be determined using the BET method, and BJH 

method respectively.  As discussed in further detail later on in this chapter.     

 

Adsorption of a gas to a solid surface can occur in different ways, physical and chemical 

adsorption [9-11].   
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 Physisorption is the non specific bonding to the surface as a result of physical 

attraction between the adsorbate and adsorbent molecules.  These attractive 

forces are usually weak Van der Waals and electrostatic.  Physisorption is a 

readily reversible process at the temperature of adsorption.  Multilayer 

adsorption is possible due to the electrostatic forces of interaction between 

adsorbate molecules. 

 

 Chemisorption is the specific formation of chemical bonds between the 

adsorbent and adsorbate molecules, with much higher energies involved due to 

chemical bonding.  It is therefore considered irreversible at the temperature of 

adsorption.  Only monolayer formation is considered possible due to the specific 

nature of the chemical bond formations. 

 

Solid/gas systems have been shown to exhibit characteristic adsorption isotherms, of 

which there are six main types, first classified in 1940 by Braunauer, Deming, Deming 

and Teller (BDDT) and then again in 1985 by IUPAC.  Figure 3.1 below shows the six 

different types of adsorption isotherm. 

 

Figure 3.1 IUPAC classification of adsorption isotherms. 
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Type I adsorption isotherm is related to adsorption limited to one molecular layer.  

Most adsorption occurs at low pressure due to high adsorption in pores resulting from a 

strong interaction between pore walls and adsorbate.  The plateau is due to monolayer 

formation from physisorption, no more adsorption is possible.  This type of isotherm is 

most commonly observed with microporous solid materials. 

 

Type II isotherm is related to multilayer adsorption most commonly observed with non 

porous solids.  After the first monolayer is formed, increasing the pressure causes the 

second layer of molecules to adsorb to the first layer, until adsorption becomes 

complete. 

 

Type III isotherm is again related to multilayer adsorption most commonly observed 

with non porous solids.  Adsorption is difficult at low pressures with no initial uptake of 

gas, once the surface is filled adsorption onto monolayer to form multilayer is easier.  

(The adsorption interaction of adsorbate with adsorbate molecules is easier than the 

initial adsorbate to adsorbent). 

 

Type IV isotherm is related multilayer formation with mesoporous materials.  The slope 

increases at increasing pressure indicating an increase in the uptake of adsorbate as the 

pores are filled.  Once the mesopores are filled, further adsorption occurs slowly on the 

surface. 

 

Type V isotherms are uncommon yet related to type III.  Adsorbent/adsorbate 

interactions are weak, and therefore adsorption is limited as the pores are filling. 

 

Type VI isotherms are rare.  The stepped isotherm represents monolayer capacity for 

each adsorbed layer. 

 

Adsorption isotherms are interpreted using two main theories, Langmuir and BET.   

 

 Langmuir Theory of Adsorption. 
Langmuir describes the simplest isotherm, the “Langmuir isotherm” (Type I) based on 

monolayer coverage using a derived equation based on the following assumptions. 
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(1) Adsorption is a dynamic process. 

(2) Adsorption of gas molecules on a surface cannot exceed monolayer coverage.  

(3) All sites are equivalent and the surface is uniform. 

(4) The ability of a molecule to adsorb at a given site is independent of the surrounding 

sites, assuming no interactions between adsorbed molecules. 

 

Adsorption is considered dynamic, so at equilibrium the rate of adsorption equals the 

rate of desorption. 

 

When equilibrium is reached, only a fraction of the surface is considered covered by 

adsorbed molecules (θ), therefore a fraction of which is not covered is (1- θ). 

 

The rate of adsorption (Ra) is proportional to the concentration of molecules in the gas 

(Pa) and to the fraction of the surface that is vacant, where ka is the rate constant for 

adsorption. 

 

The rate of desorption (Rd) is proportional to the fraction of the surface that is covered.  

Where kd is the rate constant for desorption. 

 

At equilibrium, the rate of adsorption is equal to the rate of desorption. 

 

 

We can replace ka/kd with a constant K  
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Therefore 

 

and 

 

Where coverage varies, the amount of gas adsorbed varies.  θ the fractional coverage of 

the gas adsorbed can be defined as 

 

where X is the specific amount of gas adsorbed at equilibrium pressure, and Xm is the 

monolayer capacity.   

 

Therefore 

 

When rearranged: 

 

With a plot of Pa/X vs Pa, a straight line graph would give a gradient of 1/Xm.  The 

monolayer capacity value (Xm) expressed in grams, can then be used to calculate the 

surface area of adsorbent using the known surface area occupied by a molecule of the 

adsorbate gas.  Where rmm is the relative molecular mass of the adsorbate gas, NA is 

Avagadros number, and AM is the cross sectional area of the molecules. 
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The Langmuir theory of adsorption has its disadvantages, one of which is that it only 

applies to monolayer formation and does not take into account adsorption past this 

level.   

 

 BET Theory of Adsorption. 
The BET theory is an extension of the Langmuir theory.  BET theory extends the 

adsorption to multilayer adsorption, and is represented by the Type II isotherm.  It is 

based on the following assumptions. 

(1) Enthalpy of adsorption and desorption in all layers beyond the monolayer are the 

same. 

(2) Rates of adsorption are the same in all layers above the monolayer and equal to the 

heat of condensation. 

(3) At the saturated vapour pressure, the adsorbate condenses into liquid where the 

number of adsorbed layers are infinite. 

 

The derived BET equation is used to describe adsorption isotherms II and IV.  Where 

(P) is the vapour pressure in equilibrium, (PO) is the saturated vapour pressure, (X) is 

the specific amount of gas adsorbed, (XM) is the monolayer capacity, and (C) is a 

constant. 

 

 

A plot of P/X(PO-P) vs P/PO gives a straight line graph of gradient equal to C-1/XmC 

and an intercept of 1/XmC.  The monolayer capacity can therefore be determined and 

used to calculate the BET surface area. 

  

Nitrogen adsorption isotherms are commonly used to physically characterise 

mesoporous materials in terms of surface areas (via the adsorption curve of its 
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hysteresis loop and the calculations using the BET theory), from its desorption curve 

and the BJH method, it can also be used to determine pore size distributions and pore 

volumes of the solid materials [1-5]. 

 

 Pore Size Distribution and Pore Volume from Nitrogen 

Adsorption. 
The effect of pores on the adsorption of the gas molecules is taken into account using 

the Kelvin equation and the BJH theory. 

When a surface is flat, the liquid will condense when the vapour pressure of the 

adsorbate above the surface is equal to the saturation vapour pressure of adsorbate.  Yet 

when the surface is porous, the liquid will condense at lower pressures because the 

liquid forms a curved surface within the pore. 

 

The Kelvin equation relates the equilibrium vapour pressure of the adsorbate gas to the 

radius of curvature of the liquid surface in a cylindrical pore with which it is in 

equilibrium.  Where γ is the surface tension of the condensed adsorbate, PO is the 

saturated vapour pressure, P is the pressure of vapour in equilibrium with the adsorbate 

layer, rK is the radius of curvature of the surface, V is the molar volume of the liquid 

adsorbate, R is the universal gas constant, T is the temperature and θ is the contact angle 

between the adsorbate and the pore walls: 

 

If the contact angle is zero, the radius of the liquid surface is equal to the radius of the 

pore.  

 

Therefore vapour will condense in small pores at low pressures, and in large pores at 

higher pressures.  By measuring the amount of liquid that condenses on the solid at a 

particular pressure, the Kelvin equation can be used to calculate the pore volume in 

pores of particular radii.  However the radius of the condensed vapour meniscus is 
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smaller than the diameter of the pore wall as there is already a film of liquid present, 

and this is not taken into account using the Kelvin equation. 

 

The BJH method is the most commonly used method for the determination of pore size 

distributions of mesoporous solids.  This method uses the Kelvin equation to determine 

the distribution of mesopores in a solid, but allows for the pore being slightly larger 

than the meniscus due to the presence of the film of liquid.  The desorption part of the 

hysterisis loop is used for this calculation. 

 

3.2.2 Powder X-Ray Diffraction 
Powder X-ray diffraction is a versatile, non destructive technique used to analyse the 

characteristic 3-dimensional structure of a solid crystalline sample [13].  The finely 

ground sample is placed onto a sample holder on a rotating platform.  Both the X-ray 

generator and detector rotate around the plane of the sample.  The generated X-rays hit 

the sample and diffract.  The intensity of the reflected beam is measured as a function of 

incident (and reflected) angle, and recorded by the detector. 

 

A crystalline solid consists of a repeating array of atoms.  The distance (d) between the 

layers of atoms is characteristic of each individual solid, thus a distinctive XRD pattern 

is generated.  When a monochromatic beam of X-rays (at an incident angle θ to the 

solid) hits the sample, each atom diffracts the beam in different directions.  If the solid 

consists of a regular repeating array of atoms, constructive interference of the X-ray 

beams occurs as shown in Figure 3.2.  Constructive interference is detected at incident 

and reflected angles of θ when the distance between scattering centres are of the same 

magnitude as the wavelength of radiation.  Then the distance (d) between the reflecting 

plane of atoms can be determined using Bragg’s equation where θ is the angle of 

diffraction, λ is the wavelength of the incident beam, and n is the number of beams 

diffracted.  The most intense reflection is when n=1. 

 

The Bragg’s Law Equation 
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Figure 3.2 Schematic of X-ray electron diffraction on a crystal sample in XRD 

 

For each crystal structure there is a number of sets of planes from which diffraction of 

the x-ray beam can occur.  Each set of planes reflects at a characteristic angle.  The 

generated x-ray diffraction plot of intensity of reflection vs 2θ gives a characteristic 

diffraction pattern for each crystalline structure. 

 

Each set of planes in an ordered crystalline material is described by a set of Miller 

indices (h, k, l).  These refer to the frequency with which the planes intercept the x, y, 

and z axes relative to the dimension of the unit cell.  The strongest reflection in a 

powder X-ray diffraction patterns tends to be “low angle reflection” from planes with 

low or zero values for h, k and l [14]. 

 

Powder X-ray diffraction is the most common method used to characterise the long 

range order of the ordered materials for example MCM-41 and SBA-15 [1-5].  Their 

regular repeating hexagonal framework is shown by the presence of characteristic 

reflections from 100, 110, 200, and 210 planes.  A decrease in the long range order of 

the structure is indicated by the broadening of the 100 reflections, the minor reflections 

at 110, 200 and 210 planes may well disappear altogether.  It is important to note here 

that the value of d determined using Braggs equation from the 100 reflections is directly 

related to the size of the unit cell and hence is related to the pore size in the mesoporous 

molecular sieves. 
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3.2.3 Elemental Analysis 
The percentage hydrogen, carbon, nitrogen and sulfur content were established using 

elemental analysis by Medac Ltd.  In elemental analysis, the percentage C, H, N and S 

content are obtained by combustion analysis, whereby the organic sample is combusted 

in a flow of pure oxygen, the resultant gases all trapped separately and analysed. This 

was performed by Medac Ltd using a CE-440 and Carlo Erba elemental analysers.  In 

the case of mesoporous materials, this technique was used to analyse the elemental 

composition of the samples in order to determine how the surface groups were bound, 

and thus help theorise on the resultant acidity and catalytic activity of the materials. 

 

3.2.4 X-Ray Photoelectron Spectroscopy (XPS) 
Further sulfur analysis on some samples was completed by Dr Karen Wilson using a 

KRATOS AXIS HSi XPS instrument at the University of York.   

 

XPS is a spectroscopic surface science technique that characterises the chemical and 

electronic state of each of the elements on the surface of the sample, as well as the 

uniformity of its surface chemical composition.   

The instrumentation consists of an x-ray source for the monochromatic x-rays, an 

electron collection lens, and an electron detector which measures the kinetic energy of 

the excited electrons.  The process is conducted under ultra high vacuum conditions.  

The x-ray beam is generated by diffracting and focussing a beam of non monochromatic 

x-rays off a crystalline quartz disc.  The x-ray beam irradiates and excites the electrons 

in the inner shells of the atoms on the surface of the sample.  This irradiation provides 

the electron with the energy required to escape from its orbital, otherwise known as the 

binding energy, any excess energy appears as kinetic energy.  The kinetic energy is 

measured by the detector and the binding energy calculated.  An XPS spectrum plots the 

number of electrons detected against the binding energies.  Each element on the surface 

produces a characteristic plot of XPS peaks at characteristic binding energy values, 

therefore enabling the direct identification of each element.   

 

The binding energies are unique to the chemical environment of the atom, and therefore 

XPS is very useful in identifying the oxidation state of an atom on the surface.  In the 

case of mesoporous materials, this technique was used to analyse the environment of the 



Chapter Three                                      Catalyst Structural Characterization 
 
 

Andrea Davison   52

sulfur atoms present, in particular to differentiate between sulfur as SO3H and as thiol 

(SH).  

 

3.3 Catalyst Physical Characterization: Experimental 
 

3.3.1 Powder X-Ray Diffraction measurements 
The X-Ray diffraction patterns of the ordered mesoporous molecular sieve 

materials were obtained with a BRUKER AXS D8 ADVANCE instrument, using CuKα 

(λ=1.5452A°) radiation.  The finely ground powders were scanned over a 2θ range = 

0.70° to 10.0° in 0.020° steps.  The diffraction patterns were recorded and plotted as 

peak height vs 2θ scale using the DIFFRACplus software package.  

 

3.3.2 Porosity Measurements 
The surface areas, and pore size distributions of all samples were characterised 

using nitrogen adsorption at 77 K using a COULTER OMNISORB SA3100 instrument.  

The silicas were degassed for two hours at 423 K.  The subsequently generated 

adsorption isotherm was used to calculate the BET surface area, and using the BJH 

method from the desorption isotherm the pore size distribution was determined. 

 

3.3.3 Elemental analysis characterization 
 Both standard elemental analysis and X-ray photoelectron spectroscopy (XPS) 

were conducted on the samples.  The percentage hydrogen, carbon, nitrogen and sulfur 

content were established using elemental anaylsis by Medac Ltd.  Further data on sulfur 

content on some samples was completed by Dr Karen Wilson using a KRATOS AXIS 

HSi XPS instrument at the University of York. 

 

3.3.4 Concentration of acid groups, by conventional titration 
 General purpose laboratory equipment was used for these experiments. 

In a typical experiment, 0.05 g of catalyst (resin, or the as-synthesised inorganic silicas 

and functionalised silicas) was suspended in water, excess NaCl was added.  Using 

phenolphthalein indicator, standardised 0.005M NaOH solution was titrated into the 

acidic solution with vigorous stirring.  From the equivalence point the concentration of 

the acid on each catalyst was determined (in mmolg-1).   
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3.4 Catalyst Physical Characterization Results and Discussion 
This section aims to show the results obtained from the structural characterization of the 

synthesised materials  

 

3.4.1 Polymer Supported Sulfonic Acid Resins 
 

 Sulfonated Poly(styrene-co-divinylbenzene) Resins 
This type of polymeric supported acid exists in the form of small uniformly sized beads, 

and can be sulfonated to give concentrations of acid sites (up to 5.33mequiv g-1).  The 

resin beads (provided by Purolite International Ltd) used in this study were of the gel 

type (C100H) and the macroporous type (SP 21/15, Amberlyst 15 [provided by Rohm 

and Haas Ltd], CT175, CT275) in nature.  The C100H gel resin and the CT175 

macroporous resin contain approximately stoichiometric levels of sulfonation (one 

sulfonic acid group per DVB or styrene monomer unit).  The SP21/15 macroporous 

resin is partially sulfonated, to a level less than normal stoichiometric sulfonation.  The 

CT275 macroporous resin is sulfonated to a level greater than normal stoichiometric 

sulfonation (known as “persulfonated”).   

 

 Fluorinated Sulfonated Polymer Resins 
The fluorinated polymer resin sulfonic acid Nafion (provided by E. I. Du Pont de 

Nemours and Co. Inc) exists in the form of small uniformly sized polymer beads and 

has been sulfonated to give an acid site concentration of 0.8mequiv g-1.  In the 

commercially available Nafion silica composite (SAC-13), the Nafion polymer 

(obtained from Sigma-Aldrich) is supported on amorphous silica gel, and is 13% w/w 

Nafion.  The fluorinated Nafion resin is regarded to possess a high acid strength, being 

referred to as possibly “superacidic”.  

 

Acid site concentration data were provided by the manufacturers.  Nitrogen adsorption 

experiments were not carried out on these materials because they are known to possess 

relatively low surface areas (at less than 40 m2 g-1).  The resins were characterised in 

terms of acidity and catalytic activity (detailed later in chapters 4 and 5). 
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 3.4.2 Sulfonated Silica Gels. Grafting route 
These silica gel supports were functionalised by the grafting route, whereby 

functionalization, oxidation and acidification of the supported thiol groups are 

performed on a porous silica support.  The silica was functionalised with both propyl  

(3-mercaptopropyltrimethoxysilane MPTMS) sulfonic acid and phenyl  

(2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane CSPTMS) sulfonic acid precursor 

tethers and also an additional non acidic hydrophobic group (phenyltriethoxysilane 

PTES).  The oxidation of the starting thiol groups and subsequent acidification steps 

were varied, along with initial pre-treatment of the silica support.  The silica supported 

sulfonic acids were characterised using nitrogen adsorption, elemental analysis and by 

manual titration.  The results were as follows. 

 

 Pre-treated silica 
The as-supplied silica support (EP116 provided by Ineos Chemicals Ltd) after drying 

was subjected to pre-treatments in the hope that they would activate the surface towards 

functionalization reaction with methoxy groups, and so yield higher ultimate acid 

loadings.  The silica was kept in a dessicator at all times to keep it dry.  As detailed in 

Chapter Two, there were two types of pre-treatment applied to the silica supports in an 

effort to enhance susceptibility to functionalization.  In the first the silica was 

dehydrated for 10 hours in an oven at 423K and then added to the toluene solution 

without exposure to moisture.  In the second the silica was refluxed in 6M HCl for 24 

hours, and then dried in an oven at 333K overnight.  In a typical synthesis, (after pre-

treatment if it was applied) the amorphous silica was refluxed in toluene with the 3-

mercaptopropyltrimethoxysilane sulfonic acid precursor.  The materials were then 

oxidised with hydrogen peroxide solution and acidified with 0.10M sulfuric acid.    

Following functionalization and conversion of thiol and acid chloride groups to sulfonic 

acid, [the acid site concentrations were measured by titration with 0.005M NaOH in 

water with phenolpthalein indicator and the results are shown below in Table 3.1]. 
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Pre-treatment Sulfonic acid loading 

(mmolg-1) acid sites 

Drying for 10 hours at 423K 0.36 ± 0.02 

6M HCl for 24 hours at room temperature 0.38 ± 0.02 

Normal synthesis (no pre-treatment) 0.36 ± 0.02 

Table 3.1 Dependence of sulfonic acid loading of the propyl sulfonic acid functionalised 

silica gels on the pre-treatment of the silica support.  The values are expressed as an 

average of triplicate data sources. 

 

It appears that the pre-treatments of the silica had no significant effect on the sulfonic 

acid loading, the materials surface susceptibility to functionalization has not been 

increased.  This may be due to the action of a pre-treatment, and not in-situ when the 

material is functionalised.  Or that the silane functional groups remain partially resistant 

to oxidation and acidification through inaccessibility, and thus yield a comparable 

sulfonic acid loading to the non pre-treated materials.    

Therefore for the remaining syntheses, no pre-treatment was used. 

  

 Propyl sulfonic acid functionalised silica gel, optimisation of 

oxidation/acidification conditions 
Based on standard synthesis conditions as noted in Chapter Two, a typical synthesis 

consisted of 1.5g of the amorphous silica and 3.58g of the 3-

mercaptopropyltrimethoxysilane.  In attempts to refine the synthesis procedure, both 

oxidation and acidification steps were varied, and the resultant acid site concentrations 

analysed by manual titration.  The standard synthesis volume of 33% hydrogen 

peroxide, and the 0.1 M concentration of sulfuric acid used was varied as recommended 

in the published method being followed.  The results are shown in Table 3.2 below, 

indicating the various synthesis conditions.  
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H2O2 Solution (33%). 

Volume used (ml) 

H2SO4 solution. 

Concentration used (M) 

Sulfonic acid loading 

(mmolg-1) acid sites 

16 0.1 0.36 ± 0.02 

80 0.1 0.25 ± 0.02 

16 0.5 0.32 ± 0.02 

16 1.0 0.25 ± 0.02 

16 2.0 0.35 ± 0.02 

Table 3.2 Dependance of sulfonic acid loading (mmolg-1 acid sites) of propyl sulfonic 

acid silica gels.  The values are expressed as averages of triplicate data sources. 

 

From the Table 3.2, increasing the volume of hydrogen peroxide solution used in the 

oxidation step had no positive effect on the resulting sulfonic acid loading of the 

sample.  Therefore the volume of the hydrogen peroxide solution used was maintained 

at 16 ml for further synthesis procedures.  Increasing the concentration of sulfuric acid 

did not increase the observed acid loadings significantly.  Therefore the initial 0.1 M 

acidification step was maintained for all further syntheses. 

 

As an alternative method for functionalising the silica, a comparison between the 

standard grafting technique and another published method which relied on establishing 

incipient wetness when treating the silica with the solution of grafting agent. 

 

 Functionalised silica gel – Incipient wetness route 
Based on standard synthesis conditions as noted in Chapter Two, a typical synthesis of 

the propyl functionalised material consisted of 1.5 g of the amorphous silica and 3.58 g 

of the 3-mercaptopropyltrimethoxysilane sulfonic acid tether.  These solutions were 

added until incipient wetness was observed. After subsequent oxidation with hydrogen 

peroxide at both room temperature and 100°C, and acidification with 0.1M sulfuric acid 

at room temperature, followed by washing and drying, the material was ready for 

analysis.  The higher temperature is thought to increase the effectiveness of the 

oxidation step.  The results appear in Table 3.3 below.  
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Sample Sulfonic Acid Loading (mmolg-1 acid sites) 

SiO2-propylSO3H (Room temp oxidation) 0.17 ± 0.03 

SiO2-propylSO3H (100°C oxidation) 0.35 ± 0.03 

Normal synthesis (no pre-treatment, room temp 

oxidation) 

0.36 ± 0.02 

Table 3.3 Sulfonic Acid Loading (mmolg-1 acid sites) of the silicas prepared by the 

Incipient wetness technique.  The values are expressed as averages for triplicate data 

sources. 

 

As demonstrated when comparing the values in Table 3.3, the incipient wetness 

technique does not significantly increase the sulfonic acid loading of the solid acid 

catalysts when compared to the standard grafting synthesis route at room temperature.  

Increasing the oxidation temperature during the incipient wetness synthesis route also 

has no discernable effect on the sulfonic acid loadings of the samples when compared to 

the standard synthesis route at room temperature.  However using the incipient wetness 

technique the sulfonic acid loadings of the samples oxidised at room temperature were 

much less when compared to the standard grafting synthesis, yet increasing the 

temperature doubled the loadings.  The question remains as to whether oxidising at 

100°C would affect the standard grafting synthesis route in the same way. 

 

Therefore for the standard syntheses the method as described below was used for all 

further syntheses. 

 

With the optimum synthesis conditions now established for the standard grafting route, 

it was necessary to reproduce and structurally characterise the functionalised silica gels 

in terms of sulfonic acid loading, surface area, pore size and distribution.  The results 

were as follows. 

 

 Functionalised silica gel – grafting route 
In Table 3.4 below, the acid loadings for the three types of functionalised silica gel 

which were used for this study are shown.  The first, SiO2-propylSO3H was prepared 

using optimised conditions with the MPTMS propyl thiol tether.  The second, phenyl-

SiO2-propylSO3H, was prepared by grafting with MPTMS propyl thiol and, at the same 

time, the non acidic hydrophobic phenyl group PTES tether.  The third, SiO2-
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phenylSO3H, was prepared by grafting with the CSPTMS phenyl tether.  The fourth 

material planned for this study, with phenyl sulfonic acid functionalised plus phenyl 

functional groups, was made but yields were low and insufficient for effective 

characterization and catalytic testing. 

 
Sample Sulfonic Acid Loading (mmolg-1 acid sites) 

SiO2-propylSO3H 0.36 ± 0.02 

phenyl-SiO2-propylSO3H 0.52 ± 0.02 

SiO2-phenylSO3H 0.72 ± 0.03 

Table 3.4 Sulfonic Acid Loading (mmolg-1 acid sites) of the propyl, phenyl and co-

functionalised Sulfonated Silica Gels. The values are expressed as averages for 

triplicate data sources. 

 

It is worth noting that these grafting experiments were performed a number of times and 

the samples with which this data is associated were the best produced in reasonable 

yields.  Subsequent experiments were based on these optimal samples of sulfonic acid 

functionalised silicas.  This approach of “picking the best” was not adopted earlier when 

optimising synthesis conditions, so acid loadings quoted for those experiments tend to 

be lower. 

 

Figures 3.3-3.5 below show the nitrogen adsorption/desorption isotherms at 77 K for the 

three materials.  The generated data was used to calculate the BET surface areas from 

the adsorption isotherms and, from the BJH method, the pore size distributions from the 

desorption isotherms.  The results summary is shown in Table 3.5 below. 

 

Figure 3.3 Nitrogen adsorption/desorption isotherms for SiO2-propylSO3H 
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Figure 3.4 Nitrogen adsorption/desorption isotherms for phenyl-SiO2-propylSO3H 

 

Figure 3.5 Nitrogen adsorption/desorption isotherms for SiO2-phenylSO3H 

 
Sample Sulfonic Acid 

Loading 

(mmolg-1 acid 

sites) 

BET Surface Area 

(m2 g-1) 

Average Pore 

Diameter (nm) 

Pore Volume 

(cm3 g-1) 

Unfunctionalised 

SiO2 

0.0 324 19.9 2.01 

SiO2-propylSO3H 0.36 ± 0.02 271 16.8 1.39 

phenyl-SiO2- 
propylSO3H 

0.52 ± 0.02 232 17.6 1.19 

SiO2-phenylSO3H 0.72 ± 0.03 191 15.4 0.95 
Table 3.5 Physical properties of the Sulfonated Silica Gels. 

 

From Figures 3.3-3.5 the isotherms all possess the ‘S’ shape indicative of a mesoporous 

material.  From Table 3.5, it is evident that functionalization of the material decreases 

surface area and pore volume which is consistent with the idea that a bulky functional 

group reduces pore size upon inclusion.  Furthermore the average pore diameters are 

lower for the functionalised materials.  
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After the sulfonic acid loading of the material and its porosity were determined, 

elemental analysis was performed to ascertain how the tether was bound within the bulk 

of the material and, later, XPS to determine the amount of sulfonic acid present on the 

external surface of the silica support, and to further confirm the sulfonic acid loading 

data.   

 

Table 3.6 shows the results obtained from elemental analysis of the sulfonated silica 

gels.  The carbon to sulfur molar ratios were determined.  This ratio gives an indication 

of the binding mode of the tether to the silica support.  There are three ways in which 

the silane could be bound to the SiO2 surface, through condensation of one, two or all 

three methoxy goups with surface silanol groups.  As shown in Figures 3.6 – 3.9 below 

the carbon/sulfur molar ratios would be 5/1, 4/1 and 3/1 for the 

mercaptopropyltrimethoxysilane tether, and 10/1, 9/1 and 8/1 for the 

chlorosulfonylphenyltrimethoxysilane tether for the three binding modes.   

Further analysis of the samples using XPS to determine the oxidation state of the sulfur 

and hence gives an indication to the extent of which it is converted to sulfonic acid.  

Separate signals for sulfur as thiol (SH) and sulfur as sulfonic acid (SO3H) can be 

integrated to give its relative concentration of the two forms.   

 

MPTMS  

 

Figure 3.6 3-Mercaptopropyltrimethoxysilane (MPTMS) 
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Figure 3.7 Possible binding modes of MPTMS on silica. 

 

CSPTMS 

 

Figure 3.8 2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane (CSPTMS) 
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Figure 3.9 Possible binding modes of CSPTMS on silica. 

 

It is worth noting at this point, that the bi-functionalised (with additional non acidic 

phenyl group) materials were analysed by elemental analysis, but due to the nature of 

the two tethers present it is impossible to assume how each is bound due to the possible 

variations, and therefore how many carbon atoms are detected.  It is also worth noting 

that the phenyl functionalised materials were not analysed using XPS, because the 

technique would not be able to distinguish between the sulfur atom present in the 

sulfonyl chloride (SO2Cl) and the sulfonic acid (SO3H) forms, giving a resolved band 

for one, not two as the oxidation state of the sulfur atom is the same. 

 

Tables 3.6 below shows the results obtained from sulfur and carbon analysis of the 

sulfonated silica gels, by comparing with the acid site concentration data by titration, 

the overall the percentage Sulfur in SO3H form in the bulk of the material is given. 

 
Sample Sulfonic Acid 

Loading 

(mmolg-1 acid 

sites) 

% S in SO3H form 

in the bulk 

Molar C:S ratio 

SiO2-propylSO3H 0.36 ± 0.02 48 4.01 : 1 

phenyl-SiO2-

propylSO3H 

0.52 ± 0.02 56 N/A 

SiO2-phenylSO3H 0.72 ± 0.03 69 7.57 : 1 

Table 3.6 Elemental analysis data of the Sulfonated Silica Gels. 

 

In the three materials prepared for this study, the acid sites for the propyl functionalised 

materials (presumably sulfuric acid sites) account for 48 and 56 % of the total sulfur 

S OO
Cl

Si O Si O Si O Si OO
O

Si

O O
SiO
OH OH

C:S = 8:1
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added as tethered thiol groups.  Therefore 52 and 44 % of the then thiol groups have 

resisted either oxidation or acidification.  The most obvious explanation for this 

surprisingly high concentration of residual thiol groups may be linked to limited 

accessibility of the groups to peroxide and acid, possibly due to restricted access within 

the pores from the molecule itself, or from synthesis the functional group becomes 

inaccessible as is buried within the bulk of the material.  However, it was anticipated 

that a possible advantage of the grafting route might be that surface thiol groups would 

virtually all, by definition, be accessible for further reaction.  This was confirmed by 

XPS data (shown in Table 3.7 below) where 74 and 84 % of the sulfur was converted on 

the surface of the particles.  This result and relatively poor conversion of thiol to acid 

within the bulk of the material was disappointing.   

 

For the material prepared from the thionyl chloride precurser (CSPTMS), the percentage 

of sulfur eventually converted to sulfonic acid is much higher at almost 70 %.  The 

hydrolysis reaction converting the chloride to acid is clearly more facile than that 

required for thiol conversion.  It seems likely that it is this difference in reactivity of the 

thionyl chloride compared to the thiol that explains the different conversions and that is 

less to do with functional group accessibility.  If this is the case then it would be worth 

investigating other, more effective ways of converting tethered thiol groups to sulfonic 

acid for future work. 

 

With XPS measurements it was possible determine the percentage of sulfur in sulfonic 

acid form on the surface of the material, thus making a suitable comparison against that 

observed in the bulk of the material from elemental analysis.  Table 3.7 below compares 

the results obtained. 

 
Sample Sulfonic Acid 

Loading 

(mmolg-1 acid 

sites) 

% S in SO3H 

form in the 

bulk 

(E.A) 

% S in SO3H 

form on 

surface 

(XPS) 

SiO2-

propylSO3H 
0.36 ± 0.02 48 74 

phenyl-SiO2-

propylSO3H 
0.51 ± 0.02 56 84 
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Table 3.7 Comparison of the data obtained of the Sulfonated Silica Gels derived from 

elemental analysis and XPS. 

The phenyl functionalised material demonstrates the higher percentage of sulfur in 

sulfonic acid form on the surface and within the bulk of the material in comparison to 

its propyl counterpart.  The percentage of sulfur in sulfonic acid form is greater on the 

surface than within the bulk in both of the materials highlighted above, which was to be 

expected as the materials were oxidised and acidified after the fact. 

In summary from the structural data obtained for the sulfonated silica gels, it seems by 

using the grafting method, the silica support has been successfully functionalised with 

the MPTMS, CSPTMS and the additional non acidic PTES tethers, and furthermore, 

successfully converted to sulfonic acid with loadings in the region of 0.36-0.71mmolg-1, 

and sulfur present in the form of sulfonic acid on the surface in the high percentiles.  It 

is worth noting that when compared to the sulfonated polystyrene resins, this sulfonic 

acid loading is low (as they demonstrate an average 4.9mmolg-1 acid loading).   

 

However, as the objective of this research was to compare the observed structural 

characteristics, acidities / catalytic activities of sulfonic acid functionalised on different 

supports, the sulfonated silica gels made by the grafting method offered a suitable basis 

for comparison with the next type of supported sulfonic acid. 

 

3.4.3 Sulfonated Mesoporous Molecular Sieve Silicas (Co-condensation 

route) 
The sulfonated mesoporous molecular sieve silicas were synthesised utilising the “one 

pot” co-condensation route, whereby the sulfonic acid precursor thiol groups are 

incorporated into the solid matrix.  The mesoporous silicas were functionalised with 

both MPTMS, CSPTMS tethers, and an additional phenyl group tether (PTES).   

 

The surfactant templates used control the type of mesoporous silica produced. The 

neutral surfactant dodecylamine 98% produced the silica HMS, and the ionic 

surfactants cetyltrimethylammonium bromide (C16TAB) and 

dodecyltrimethylammonium bromide (C12TAB) were used in the synthesis of MCM-

41.  Those synthesised using the poly(ethylene oxide, propylene oxide) triblock 
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copolymer Pluronic PE 10400 (BASF), were denoted SBA-15.  (The typical syntheses 

of these materials are described in chapter two). 

 

Of the samples produced, each of the three different types MCM-41, SBA-15 and HMS 

with their corresponding different tethers were synthesised many times and the best of 

which (highest acid loading) were selected for complete characterization.  

These selected co-condensed sulfonated mesoporous silicas were characterised in terms 

of structure, using X-ray diffraction, nitrogen adsorption, elemental analysis, XPS and 

by manual titration.  Each sample was tested in triplicate (in the cases where there was 

not an ample amount to test thoroughly, the samples were pooled). 

 

Of these materials a selected few were chosen (shown in Table 3.8 below) as a typical 

illustration of functionalization of this type of support.  The characterization results of 

which are shown later in this section.  

 

Table 3.8 below shows the sulfonic acid loadings of the functionalised mesoporous 

silicas determined by titration with 0.005M sodium hydroxide solution, and nitrogen 

adsorption data indicating the physical properties of the materials.  

The nitrogen adsorption isotherms from which this data was derived appear later in this 

chapter.   

 
Sample Sulfonic Acid 

Loading 

(mmolg-1 acid 

sites) 

BET Surface Area 

(m2 g-1) 

Average Pore 

Diameter (nm) 

Pore Volume 

(cm3 g-1) 

Pure MCM-41 0 638 3.42 0.69 

MCM41-

propylSO3H 

1.09 ± 0.05 301 - - 

MCM41-

phenylSO3H 

0.40 ± 0.03 301.7 3.63 0.176 

     

Pure SBA-15 0 612 8.59 0.38 

SBA-propylSO3H 0.56 ± 0.01 438.5 10.33 0.56 

SBA-phenylSO3H 0.67 ± 0.01 385 15.78 0.94 

Table 3.8 Physical properties of the selected co-condensed sulfonated mesoporous 

molecular sieve silicas. 
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In a general trend, for the sulfonated mesoporous molecular sieve silicas, the surface 

areas decrease with the level of functionalization of the materials.  The pore volume 

also decreases as expected with functionalization, and the pore diameter increases as 

expected which is consistent with the idea that a bulky functional group reduces pore 

volume upon inclusion.  There appears to be no real difference in the difference in 

physical properties between the propyl and phenyl functional group tethers.  The 

selected materials demonstrated a mesoporous pore size based on the “S” shape of the 

resultant nitrogen isotherms.   

 

Specifically the propylSO3H functionalised MCM-41 demonstrated the highest sulfonic 

acid loading of all the synthesised materials, prepared both by grafting and by the co-

condensation routes.  The addition of the non acidic phenyl group along with the propyl 

sulfonic acid group (in order to increase the hydrophobicity of the synthesised material) 

appears to decrease the overall concentration of acid sites and an increase in surface 

area when compared to the propyl/phenyl alone functionalised materials.   

The PhenylSO3H functionalised SBA-15 material demonstrated the slightly highest 

sulfonic acid loading of its group, with the addition of the non acidic phenyl group 

again causing a decrease in sulfonic acid loading but an increase in overall surface area 

when compared to the propyl or phenyl functionalised materials. 

The propylSO3H functionalised HMS only demonstrated an average value for sulfonic 

acid loading and surface area when compared to its counterparts and was discounted 

from further characterization due to lack of reproducibility during synthesis. 

With the exception of propyl-MCM41, the acid loadings of the co-condensed 

mesoporous materials are comparable to the grafted silicas. 

 

Bulk elemental analysis of the co-condensed materials for carbon and sulfur yielded the 

results shown in Table 3.9 below.   

 

The elemental analysis data in Table 3.9 below also gives an indication to the amount of 

SO3H present within the bulk of the material.  Further analysis of the samples using 

XPS determines which form the sulfur atom has adopted and gives an indication of the 

amount of SO3H present on the external surface of the material, thereby allowing a 
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comparison of support, tether and bulk/surface SO3H presence.  Table 3.10 below 

shows the XPS results obtained. 

 

It is important to note that only a select few were chosen to illustrate the results 

observed of the differing supports. 

 

 
Sample Sulfonic Acid 

Loading 

(mmolg-1 acid 

sites) 

% S in SO3H form 

in the bulk 

(E.A) 

Molar C:S ratio 

MCM41-

propylSO3H 

1.09 ± 0.05 47.4 4.31 : 1 

MCM41-

phenylSO3H 

0.40 ± 0.03 35.5 10.48 : 1 

    

SBA-propylSO3H 0.53 ± 0.01 51.4 9.05 : 1 

SBA-phenylSO3H 0.67 ± 0.01 85.9 13.39 : 1 

Table 3.9 Elemental analysis data of the Selected Sulfonated Mesoporous Molecular 

Sieve Silicas. 

 
Sample Sulfonic Acid 

Loading 

(mmolg-1 acid 

sites) 

% S in SO3H 

form in the 

bulk 

(E.A) 

% S in SO3H 

form on 

surface 

(XPS) 

MCM41-

propylSO3H 
1.09 ± 0.05 47.4 75.0 

SBA-

propylSO3H 
0.53 ± 0.01 51.4 53.6 

Table 3.10 Comparison of the data obtained of the Selected Sulfonated Mesoporous 

Molecular Sieve Silicas derived from elemental analysis and XPS. 

 

With the propyl functionalised MCM-41 and SBA-15, acid sites within the bulk account 

for 47 and 51 % of the total sulfur added indicating 53 and 49 % remains resistant to 

conversion to sulfonic acid.   These co-condensed materials with a high percentage of 

sulfur still remaining resistant to conversion, as with sulfonated silicas it must again be 

assumed there is limited accessibility to the thiol groups or they are simply more 
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awkward to convert.  As the material is co-condensed it is assumed the thiol groups 

would be dispersed relatively uniformly throughout the material, yet the data from XPS 

(shown in Table 3.11 below) demonstrates a higher percentage of sulfur in sulfonic acid 

form on the surface, indicating when synthesised the functional group tethers must align 

with the surface of the material. 

 

With the phenyl functionalised MCM-41 and SBA-15, acid sites within the bulk 

account for surprisingly 35 and 86 % of the total sulfur added, a much lower and also 

much higher amount than their propyl functionalised counterparts.  With the higher 

percentage conversion to sulfonic acid within the bulk, it must be assumed the larger 

phenyl tether is more accessible or its thionyl chloride group is more readily converted.      

 

In comparison to the grafted propyl-silica samples, the co-condensed propyl-materials 

show a slightly decreased percentage of sulfonic acid on the surface but comparable 

amounts within the bulk which was unexpected, as co-condensed would imply 

functionalization would occur within the material as oppose to its surface.  The exact 

results of which are shown in Table 3.11 below. 

 
Sample Sulfonic Acid 

Loading 

(mmolg-1 acid 

sites) 

% S in SO3H 

form in the 

bulk 

% S in SO3H 

form on 

surface 

MCM41-

propylSO3H 
1.09 ± 0.05 47.4 75.0 

SBA-

propylSO3H 
0.53 ± 0.01 51.4 53.6 

SiO2-

propylSO3H 
0.36 ± 0.02 48.0 74.0 

phenyl-SiO2-

propylSO3H 
0.51 ± 0.02 56.0 84.0 

Table 3.11 Overall comparison of the data obtained of the Selected Sulfonated 

Mesoporous Silicas and the Sulfonated Silicas derived from elemental analysis and 

XPS. 
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The powder X-ray diffraction patterns obtained from the selected synthesised 

mesoporous materials are shown below; accompanied with nitrogen 

adsorption/desorption isotherms. 

 

Figure 3.10 below shows the powder XRD pattern recorded for a siliceous un-

functionalised MCM-41 sample prepared by the synthesis route described earlier in this 

chapter.  It shows intense and well resolved reflections assigned to the 100, 110 and 210 

planes.  This pattern is typical of MCM-41 made in this way and indicates the structure 

has good long range order.  The 100 reflection at 1.00° corresponds to a d100 of 4.78nm.  

The nitrogen adsorption isotherm shows a sharp rise at P/P0 between 0.4 and 0.5 in both 

adsorption and desorption, with some hysterisis.  Note that there is a discontinuity in the 

desorption isotherm at about P/P0 of 0.4 but this is due to an instrumental artefact and 

can be ignored.  The surface area (BET) calculated from the adsorption branch is 638 

m2 g-1, again typical of MCM-41.  The pore size distribution calculated using the BJH 

method, while not shown, gives a well defined maximum in pore size at pore diameter 

of 3.42 nm, with an overall pore volume (in pores of diameter greater than 0.2 nm) of 

0.69 cm3 g-1.  This again is typical.  The difference between the 100 spacing and the 

pore diameter gives an indication of the pore wall thickness.  This XRD and the N2 data 

will be used as a baseline with which equivalent data collected on the sulfonic acid 

functionalised MCM-41 materials will be compared. 
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Figure 3.10 X-ray diffraction pattern and Nitrogen adsorption/desorption isotherms for 

Pure MCM41 

 

Attempts to synthesise the same materials were made using microwave, rather than 

conventional heating, on the basis that this might be beneficial when preparing 

functionalised MCM-41 as has been reported in the literature.  Details were given in 

chapter 2.  In fact, even though several attempts using various heating times were made, 

the XRD patterns of the co-condensed MCM-41 products were invariably poor, 

suggesting that little if any of the required ordered materials were produced.  This could 

be attributed to problems during synthesis or to characterisation equipment error.  

 

Sulfonic acid functionalization of MCM-41 was carried out by the co-condensation 

route, incorporating tethered propylthiol MPTMS (which then required oxidation and 

acidification) and tethered phenylsulfonylchloride CSPTMS (which then required 

hydrolysis to the acid form).   

 

A typical powder XRD and N2 adsorption/desorption isotherm for nominally MCM-41-

propylSO3H is not shown as no reasonable visual data was obtained despite several 

attempts, indicating it may be amorphous in nature.   
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When attempts to prepare the same MCM41-propylSO3H using microwave heating 

were tried, similar results were obtained, producing even weaker powder XRD patterns. 

 

After functionalization with the phenyl propyl tether CSPTMS, and subsequent 

acidification, a typical powder XRD and N2 adsorption/desorption isotherms are shown 

in Figure 3.11 for MCM-41-phenylSO3H.  The XRD shows an intense reflection at low 

angle (less than 1.00°) assigned to the 100 planes, but no further peaks as seen with pure 

MCM material. The XRD pattern indicates a reasonable long rang order and the 

isotherms give a surface area of 301.7 m2 g-1 and a pore size maximum at diameter 3.63 

nm with a pore volume of 0.176 cm3 g-1.  The resultant shape of the isotherm is not 

indicative however of a mesoporous material, despite the pore volume demonstrating a 

mesoporous size. 

 

 

Figure 3.11 X-ray diffraction pattern and Nitrogen adsorption/desorption isotherms for 

MCM41-PhenylSO3H 
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The other ordered mesoporous molecular sieve material on which this study has been 

based is SBA-15.  As above, the first data to show is that for the siliceous SBA-15 

prepared using the published method and with no added functional groups.  Figure 3.12 

shows the powder XRD pattern and N2 adsorption/desorption isotherms for this 

material.   

 

 

Figure 3.12 X-ray diffraction pattern and Nitrogen adsorption/desorption isotherms for 

Pure SBA 

 

The isotherms show steps at around P/P0 of 0.6 indicative of larger pores than MCM-41 

and the XRD pattern shows an intense reflection at low angle (less than 1.00°) assigned 

to the 100 plane.  This data is all typical of that published for SBA-15.  The XRD 

pattern indicates good long rang order and the isotherms give a surface area of 612 m2 g-

1 and a pore size maximum at diameter 8.59 nm with a pore volume of 0.38 cm3 g-1. 

 

Attempts to synthesise siliceous SBA-15 using microwave heating was unsuccessful, 

yielding an XRD pattern with no identifiable reflections. 
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Combining mercaptopropyltrimethoxysilane (MPTMS) in a co-condensation synthesis, 

oxidising and acidifying, gave materials with equally good XRD patterns (a typical 

pattern is shown in Figure 3.13).   

 
Figure 3.13 X-Ray diffraction pattern and Nitrogen adsorption/desorption isotherms for 

SBA-PropylSO3H 

 

The N2 adsorption/desorption isotherm shows a step corresponding to adsorption 

in/desorption from mesopores.  This SBA-15-propylSO3H has a surface area of 438.5 

m2 g-1, a pore volume of 0.56 cm3 g-1, and a pore size distribution with a maximum at 

pore diameter of 10.80 nm.  This is consistent with an SBA-15 silica structure in which 

pore volume and pore size is reduced by the presence of functional sulfonic acid groups, 

tethered to the surface by alkyl chains. 

 

It is worth noting here that performing the same co-condensation synthesis of SBA-15-

propylSO3H using microwave rather than conventional heating surprisingly resulted in a 

material with a stronger and better defined powder XRD pattern (Figure 3.14). 

 

P
EA

K 
H

E
IG

H
T

0

1000

2000

3000

4000

5000

6000

7000

2-Theta scale

1 2 3 4 5 6 7 8 9 10

9.23 nm d100 spacing 

10.80 nm  Average 
Pore 

0.560 cm3 g-1Pore Volume 

438.5 m2 g-1Surface Area 



Chapter Three                                      Catalyst Structural Characterization 
 
 

Andrea Davison   74

Figure 3.14 X-Ray diffraction pattern for Microwave SBA-PropylSO3H (20 hours) 

 

Despite this “one-off” material that seemed to benefit from microwave heating, all other 

materials for which microwave and conventional heating were compared showed 

conventional heating to lead to more highly ordered materials.  For this reason 

syntheses reported from here on have used conventional heating. 

 

Upon functionalization with the phenyl sulfonic acid group, as demonstrated in Figure 

3.15 below, the SBA-15 material is ordered, demonstrating a reasonably sharp, intense 

peak at the 100 plane, and two weak reflections at the 100 and 200 peak locations.  Its 

adsorption/desorption isotherm resembles the Type IV “S” shape which is indicative of 

a mesoporous material.  Again the pore size distribution data obtained defines this 

material as mesoporous in nature with an average pore diameter of 7.01 nm. 
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Figure 3.15 X-Ray diffraction pattern and Nitrogen adsorption/desorption isotherms for 

SBA-PhenylSO3H 

 

The N2 adsorption/desorption isotherm shows a smaller step corresponding to 

adsorption in/desorption from mesopores.  This SBA-15-phenylSO3H has a surface area 

of 385 m2 g-1, a pore volume of 0.94 cm3 g-1, and a pore size distribution with a 

maximum at pore diameter of 15.78 nm.  This is consistent with an SBA-15 silica 

structure in which pore volume and pore size is reduced by the presence of functional 

sulfonic acid groups, tethered to the surface by alkyl chains. 
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3.5 Summary 
The solid acid catalysts were characterised in terms of physical properties using the 

following techniques; 

I. Nitrogen adsorption.  Gives information on surface areas, pore sizes and 

distributions. 

II. Powder X-Ray Diffraction.  Provides information on the three dimensional 

structure and long range order of the samples. 

III. Elemental analysis.   Provides information on mass percentage of carbon, 

hydrogen and sulfur, in order to determine if the synthesised materials have been 

successfully functionalised.  XPS analyses the environment of the sulfur atom in 

order to determine if it has been successfully acidified. 

IV. Base Adsorption Calorimetry in the liquid phase.  Measures the 

concentration of acid sites via heats of adsorption measurements from the 

neutralization reaction of base to solid material in varying solvents. 

V. Base Adsorption Calorimetry in the gas phase.  Measures the concentration 

of acid sites via heats of adsorption measurements of the base gas to the solid 

material in the absence of solvents. 

VI. Catalytic Activity Reaction; Isomerization of α-pinene using GC.  Measures 

the activity of the solid material in a sample reaction.   

 
From the structural data obtained for the synthesised samples, with both grafted 

sulfonated silica gels and the co-condensed sulfonated mesoporous silicas, each 

support type has been successfully functionalised with the propylSO3H MPTMS, and 

phenylSO3H CSPTMS and the additional non acidic phenyl PTES tethers, and 

furthermore successfully oxidised and acidified to give sulfonic acid loadings in the 

region of 0.36-1.09 mmolg-1.  Both synthesis routes produced materials within the 

mesoporous range and with structural order.  The accompanying adsorption/desorption 

isotherms are very distinctive of a mesoporous material with a type IV ‘S’ shape loop.  

This data is in accordance with that found in the literature for these materials.[1-5].   

The results reported here show that the derived sulfonic acid loadings of the silica 

supports are similar despite the use of grafting and co-condensation for synthesis.  

However the commercially available polystyrene and Nafion resins loadings are 

significantly higher. 
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Pore size determination does verify that after functionalization in both synthesised types 

of support (compared to the pure unfunctionalised material) the pore size does indeed 

decrease along with the surface area, which is consistent with the idea that a bulky 

functional group reduces pore size upon inclusion.   

 

Elemental analysis and XPS show both grafted and co-condensed supports to possess 

sulfonic acid in both the bulk and the majority on the surface of the materials.  Both 

grafted and co-condensed materials demonstrated comparable amounts of sulfonic acid.  

It was notably unusual that the co-condensed materials contained a higher percentage of 

sulfur in the sulfuric acid form on the surface compared to its bulk which would have 

been expected due to the nature of its synthesis. 

In both synthesis routes a reasonable percentage of the silane groups remained resistant 

to conversion, indicating not all groups were accessible to oxidation/acidification.  

 

Altering the functional group tether from propyl to phenyl sulfonic acid or the addition 

of the extra phenyl group made no discernable difference between the synthesised 

samples, with the exception of the highest observed sulfonic acid loading on the 

propylSO3H MCM-41 in comparison to the other synthesised materials. 

 

However in comparison the commercially available polystyrene resins are still more 

viable as solid acid catalysts due to their high sulfonic acid loadings (4.9 mmolg-1 

compared to 1.08 mmolg-1 at highest). 

 

After comparing the three types of support structurally, the next objective was to 

compare their acidity and catalytic activity using techniques IV-VI summarised above. 
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Chapter 4 Acidity Measurements 
 

4.1 General Overview 
This chapter aims to introduce the theory behind surface acidity and the techniques used 

to measure it.  In the second section, as the primary technique used in this research, 

Base Adsorption Calorimetry will be discussed in detail including the experimental 

routes followed and the results of the characterised supports discussed.  A complete 

summary table of all results obtained is shown in the appendix of this thesis. 

 

4.2 Introduction and Background to Surface Acidity  
With the extensive use of solid acid catalysts in industry today, the concentration, 

strength, nature and accessibility of the acid sites are crucial in controlling catalyst 

properties, in order to specifically tailor the physical properties of a catalyst to the 

individual reactions requirements.  Before the acidity of the solid acid catalyst can be 

related to its catalytic performance, the relative strength of the surface acid sites present 

must be determined and characterised.  There are several known techniques that have 

been used and reviewed in various literatures [1-5] that will be further discussed in this 

chapter. 

 

 The catalytic properties of a solid acid catalyst also need to be considered: its lifetime, 

thermal stability, regeneration capabilities, and possible leaching and poisoning 

tendencies. 

 

4.2.1 Surface Acidity 
Solid acid catalysts are characterised in terms of acidity by the presence of both 

BrØnsted and Lewis acid sites on their surfaces. 

 

 BrØnsted Acidity 
A BrØnsted acid is a substance which has the ability to donate a proton [6-7].  As 

represented in the equation below, the BrØnsted acid AH is the proton donor, the 

BrØnsted base B is the proton acceptor.  BH+ is the conjugate acid of base B (the species 

formed when a proton has been gained).  And A- is the conjugate base of acid AH (the 

species formed after a proton is lost). 



Chapter Four                                                Acidity Measurements 
 
 

Andrea Davison   80

 

Sulfuric acid H2SO4 is an example of a BrØnsted acid, and in the following example 

reaction, water is acting as the BrØnsted base. 

 

 

BrØnsted acidity in solid acids typically arises from the exchange of H+ ions associated 

with anionic sites on the solid, which in this project are the most relevant. 

 

 Lewis Acidity 
A Lewis acid is a substance which has the ability to accept an electron pair [6-7].  As 

represented in the schematic below using the most commonly used Lewis acid in 

industry, aluminium chloride AlCl3, the Lewis base : NH3 is the electron donor, and the 

Lewis acid AlCl3 is the electron pair acceptor.  Aluminium chloride acts as a good 

Lewis acid, because it contains only 6 electrons in the outermost shell of the Al atom, 

and can therefore readily accept an electron pair. 

 

 

Lewis acidity typically arises in zeolites and clays when they have been ion exchanged 

with high charge to radius metal cations which, in the absence of water, may be 

powerful electron acceptors.  Many other sites on typical solid acids behave as Lewis 

acids but it is worth mentioning that Lewis acids tend to react with water when present 

to become a Bronsted acid site.  Thus in the characterization of solid acid catalysts in 

this particular project, Lewis acidity is not the most relevant. 
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4.3 Methods of characterization of surface acidity [1-5] 
 

4.3.1 Titration Methods 
The quantitative measurement of all the acidic properties of a solid acid catalyst is 

difficult.  The simplest and most commonly used method of acid site determination for 

solid acid catalysts involves the use of a suitable colour indicator adsorbed onto its 

surface.   

 

In dilute aqueous media, the relative strength of an acid can be measured using the pH 

scale.  This scale assumes the strength of individual H3O+ ions to be fixed.  The pH of a 

solution is expressed below, where [H3O+] is the concentration, and aH+ is the activity 

of the hydronium ions.  The acid/base pH scale varies from 0 (pure 1.0 M HCl) to 14 

(1.0 M NaOH). 

 

pH = - log [H3O+] 

or strictly: pH = - log a[H3O+] 

 

However in strong acid media the colour indicator driven pH scale is extrapolated to 

cover the assumption that the strength of H3O+ ions are not fixed.  This extended scale 

is called the Hammet Acidity scale (Ho).  The Hammet acidity function Ho is related to 

the degree of transformation of a weakly basic indicator B into its conjugate acid BH+.  

 

 

+

+ ×=
BH

BH

a
aaKa  

+

+ ×−=
BH
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Hammet defined the acidity function Ho as [ ]
[ ]B

BHpKa
+

− log  

BH+ [H+] + [B]



Chapter Four                                                Acidity Measurements 
 
 

Andrea Davison   82

In dilute solutions the concentration of conjugate acid [BH+] is equal to the activity of 

the conjugate acid aBH+, and the concentration of base [B] is equal to the activity of the 

base aB.  Therefore the Hammet acidity function is equal to the pH. 

  

H0 = - log aH+ = pH 

 

However, in concentrated solutions this is not the case.  In heterogenous systems, 

Hammet acidity indicators can be used to ascertain the pKa value of a solid acid (BH+) 

in the system, by adsorbing onto the surface of the solid, and the solid adopting its 

colour.  Each Hammet indicator has a known pKa value, and exhibits different colours 

when in the protonated and unprotonated forms, as demonstrated in Table 4.1 below.  In 

a typical experiment each Hammet indicator in a dilute benzene solution is added to the 

surface of the solid acid catalyst.  The indicator is adsorbed onto the surface of the solid 

and adopts the colour of the conjugate acid if the acid sites Ho is lower than that of the 

indicators.  Titration of the solution with a suitable strong base to its endpoint allows the 

determination of the concentration of acid sites with a lower pKa/Ho than the indicator.   

 
Indicators Colour in Basic 

Form 

Colour in 

Acidic Form 

pKa Equivalent 

(H2SO4 %) 

Natural Red Yellow Red +6.8 8*10-8 

Methyl Red Yellow Red +4.8  

Phenylazonapthylamine Yellow Red +4.0 5*10-5 

p-

(dimethylamino)azobenzene 

Yello Red +3.3 3*10-4 

2-amino-5-azotoluene Yellow Red +2.0 5*10-3 

Benzeneazodiphenylamine Yellow Purple +1.5 2*10-2 

Crystal Violet Blue Yellow +0.8 0.1 

p-nitrobenzeneazo(p-

nitrodiphenylamine) 

Orange Purple +0.43  

Dicinnamalacetone Yellow Red -3.0 48 

Benzalacetophenone Colourless Yellow -5.6 71 

Anthraquinone Colourless Yellow -8.2 90 

2,4,6-trinitroaniline Colourless Yellow -10.10 90 

Table 4.1 Commonly used Hammett Indicators 
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Despite the relative ease of use of this system, it is not without its limitations.  Detecting 

the colour change of the Hammet indicator is not always easy.  The solid surface itself 

may hide any colour changes, and in addition the indicators may not be able to access 

all the acid sites present thereby providing inaccurate values. 

 

4.3.2 Thermal Characterization Methods [1-5] 
 

 Calorimetric Titration 
The base adsorption calorimetry technique is widely regarded as the most reproducible 

thermochemical method for the measurement of the concentration of acid sites on a 

solid acid and their relative strengths [8-13], from the direct determination of the heats of 

adsorption of basic probe molecules.  This technique has proven successful with acidic 

zeolites and ammonia, leading to extensive experimentation by Auroux et al to use 

calorimetry to distinguish between the physisorbed and chemisorbed sites [10-13].   

Ammonia and pyridine vapour have been successfully used to determine the number of 

acid sites and their relative strength on zeolites and on other solid acids [13/14], as 

reported by Gorte et al the thermochemical cycle below was used to justify the 

relationship between the molar heat of adsorption of ammonia and acid strength [17].  It 

is also possible to titrate acid sites with a probe base compound in solution.  Typically, a 

liquid base probe solution at an equilibrated temperature is dosed into the system in 

aliquots.  Any heat changes as a direct result of the addition of base is measured in the 

form of a pulse, and integrated.  Once the reaction is complete, the dosing ceases.  The 

calorimetric data is represented via plots of molar enthalpy of adsorption against extent 

of reaction.  This technique offers the direct evaluation of the abundance and relative 

strength of acid sites.  It cannot however be used to distinguish between the different 

types of acid site.  The heat measured on the addition of base is also not the precise 

action of a proton transfer, but a combination of proton transfer from the base to the 

acid site, and the proton affinity of the base, and the heat of interaction of the resulting 

ion-pair.  Relating the data to catalytic activity is also complicated, as there is no 

guarantee that the acid sites to which the base is adsorbed are catalytically active. 
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However this technique is the primary technique used in the course of the research 

documented here, and is discussed further in this chapter. 

Figure 4.1 Thermochemical cycle for the adsorption of ammonia by a solid acid 

catalyst. 

 

 Temperature Programmed Desorption 
Temperature programmed desorption is a method which studies the kinetics and 

thermodynamics of the desorption of gaseous molecules from a solids surface.  When 

molecules adsorb to a solid surface, they decrease their energy in forming 

chemical/physical bonds.  When heat is applied to the sample molecules will desorb at 

different rates depending on the strength of their binding energies to the surface.  The 

higher the temperature required to desorb the molecule; the stronger its binding energy.   

 

It is a technique widely used (particularly with zeolites and clays) to determine the 

number of acid sites on solid catalysts, using volatile bases, such as ammonia, pyridine 

and n-butylamine.  This technique is a direct measure of the heats of adsorption of the 

pre-adsorbed base at different temperatures.  Typically, an excess of base is adsorbed 

onto the solid catalyst.  What is considered physically adsorbed is removed by 

evacuation.  After evacuation, what is left is regarded as chemically adsorbed, and can 

be used to measure the total amount/concentration of acid sites.  Despite its wide 

reported use with zeolitic catalysts, its use with thermally sensitive solids i.e. ion 

exchange resins is limited, as the desorption temperatures may cycle higher than the 

NH4
+………(SAC)O-ΔH binding 

-Proton 
Affinity(SAC)O- 

NH4
+ + (SAC)O- 

ΔH 

interaction 
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temperatures at which the solid becomes structurally unstable.  This technique also does 

not distinguish between the Bronsted and Lewis acid sites, but measures the total 

amount of both.  Identical conditions are required for comparison, these may be 

complicated to reproduce, and certain heat transfer effects may affect the analysis [15]. 

 

4.3.3 Vibration Spectroscopic Methods 
 

 Infra-red and Raman Spectroscopy 

Both of these techniques are widely used and reported in literature [1-5/9] to determine 

the concentration of acid sites, and indeed the type of acid sites present in the solid 

catalysts.  Due to the unique characteristic bands which both Bronsted and Lewis acid 

sites exhibit.  Generally, the most effective base probe molecules used are pyridine and 

ammonia.  The protonated pyridine or ammonium molecules exhibit IR bands separate 

to those of the co-ordinately bonded pyridine and ammonia molecules.  Therefore 

enabling the distinction between the protonated BrØnsted acid sites, and the co-

ordinately bonded Lewis acid sites.  However Raman spectroscopy has been found to be 

relatively insensitive to BrØnsted acid sites, and so infra-red adsorption spectroscopy is 

the more useful technique.[1-5]  Infra-red identifies the environments of the hydroxyl 

groups present on the solid acid catalyst surface, and which interact with the base probe 

molecules.  The intensity of the IR band generated gives an indication of the 

concentration of acid sites.  With the use of pyridine as a basic probe molecule, both 

protons on the acid sites vibrate at particular individual wavelengths, thereby enabling 

the distinction between their environments.  Pyridine protonated at a BrØnsted acid site 

characteristically vibrates at around 1540 and 1640 cm-1, whereas the pyridine bound to 

the co-ordinately bonded Lewis acid sites characteristically vibrate at 1450 and 1620 

cm-1.  In comparison hydrogen atoms bonded to the surface vibrate at 1400-1600 cm-1.  

Quantitative expression of the data is difficult though, after measuring the intensity of 

the bands, and using the values of the extinction coefficients, it has been found possible 

to calculate the total number of BrØnsted and Lewis acid sites that are capable of 

absorbing and retaining the Pyridine base molecules. 
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4.3.4 Nuclear Magnetic Resonance (NMR) Methods 
 

 1H NMR and 13C NMR 
Nuclear Magnetic Resonance is a technique used to determine the structure of samples.  

It studies the magnetic moments of atoms within a sample.  A strong magnetic field 

splits the nuclear energy levels of the sample.  At certain resonating frequencies, 

particular energy levels are split and recorded.  The resonance frequencies of a 

particular element are influenced by the electronic environment in which the atom is 

situated.  The resonance frequencies that are recorded are displayed as a spectrum, the 

extent and nature of the nuclei coupling can be ascertained giving further information 

on the molecular structure of the element from chemical shifts and coupling constants 

compared to known standards.  1H NMR detects the environment of the hydrogen 

protons within a sample, and 13C detects the environment of the carbon atom. 

 

In various publications [1-5/16/17], 13C NMR methods have been used to study the acidity 

of solid acid catalysts, the most notable results having been performed with acidic 

zeolites.  Using advanced techniques such as cross polarization (CP) and magic-angle 

spinning (MAS) NMR it has been possible to determine the total number of acid sites 

and their relative strength, based on the intensity and 13C chemical shift signals due to 

the environment of the OH acidic groups studied, using both strong and weak base 

probe molecules.  However it is not possible to distinguish between the two types of 

acid sites using this technique. 

 

4.3.5 Conclusion 
All of the methods mentioned above have been found to be successful in part 

determining the relative concentration of acid sites on solid acid catalysts (in particular 

zeolites) and indeed distinguishing between the two types of acid sites.  Quantitative 

analysis of the acids sites has proven more complex, and therefore directly relating the 

results of one particular technique to the predictions of catalytic activity is sometime 

difficult, and in some cases giving contradictory results.  However with the use of dual 

techniques such as IR and NMR combined with TPD, it is possible to determine the 

relative abundance of both BrØnsted and Lewis acid sites, and their relative strengths, 
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and thus predict its relationship to catalyst performance, all of which is of course 

dependant on the nature of the base probe molecules used. 

 

4.4 Base Adsorption Calorimetry (Acid Site Concentration 

Characterization Technique) 
Adsorption calorimetry is a direct technique that enables the measurement of the heats 

of adsorption of a reference base at the solid acid sites.  The specific use of base 

adsorption calorimetry as a dual technique to characterise solid acid catalysts is well 

documented in the literature [18-22].  This involves the injection of set amounts of 

reference base onto the solid acid catalyst at a given temperature (isothermal) until 

saturation of the solid is complete.  The resulting heat outputs are measured for each 

addition and integrated.  The cumulative heat is plotted against the amount of base 

added, the gradient calculated and expressed as the molar enthalpy of neutralization in 

kJ mol-1 [23].   

 

There are limitations to this technique however that mean it cannot be used alone as a 

measure of acid strength, but acts as a measure of the concentration of acid sites.  The 

nature of the binding sites cannot be known through calorimetry.  Adsorption may occur 

at both Bronsted and Lewis acid sites, or as a result of surface/vapour attractive forces.  

The heat of adsorption is not a direct measure of the proton affinity of the acid sites, but 

of a combination of proton affinity of the acid sites on the solid, the proton affinity of 

the reference base and the acid sites, and the heat of interaction of the resulting ion pair 

formation.   

 

4.4.1 Surface Acidity 
The concentration of acid sites on a solid’s surface is termed its surface acidity and is 

commonly expressed as the number of mmol of acid sites per unit weight or surface 

area of the solid.  Solid acid catalysts are characterised in terms of acidity by the 

presence of both BrØnsted and Lewis acid sites on their surfaces.  BrØnsted acidity 

dominates in the case of this research.   
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4.4.2 Thermodynamics of Calorimetry [24/27] 
A Calorimeter is an instrument that measures the thermal production of heat from a 

reaction.  The First Law of Thermodynamics states “The energy of an isolated system is 

constant”.  This law considers the internal energy (U) of a system and how it is affected 

by the work done on it (w) and the heat energy added to it (q).  The change in internal 

energy of a system (ΔU) is determined using the equation below. 

 

 

If the system is maintained at constant volume, and the system is only affected by 

pressure/volume work, then  

 

 

However, most changes occur not at constant volume, so w is generally zero.  

Measuring ΔU is very complicated, measuring the change in enthalpy (ΔH) is easier, 

and can be directly related to ΔU.  Where P is the pressure of the system. 

 

If change takes place at constant pressure, then VΔP = 0 

 

 

When replacing equation 1 with the equation above 

 

 

If work done on the system is only pressure or volume related, then w = -PΔV 
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Therefore 

 

The calorimeter used in this research operates at a constant pressure, therefore the 

measurement of heat is equal to the enthalpy change of the system. 

Evolution of heat at constant pressure is regarded as exothermic, the enthalpy of the 

system decreases and the ΔH is negative.  When heat is taken from the surroundings of 

the system, the reaction is endothermic and the ΔH is positive. 

 

For a given reaction to be spontaneous according to the second law of thermodynamics, 

the entropy (S) of the universe must increase.  It is possible to predict the spontaneity 

based only on the entropy of a system using the state function Gibbs free energy (G).  

Gibbs free energy combines enthalpy and entropy and allows the combination of their 

effects on the system only. Where T is the temperature of the system. 

 

 

Free energy change ΔG serves as an indicator for the potential of a reaction to take 

place, and if change is thermodynamically favourable ΔG is negative.  Table 4.1 below 

demonstrates the relationships between ΔG, ΔH and ΔS and their effect on the 

spontaneity of the reaction. 
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ΔH ΔS ΔG = ΔH-T ΔS 

-ve +ve -ve spontaneous at all 

temperatures 

-ve -ve -ve spontaneous at low 

temperatures where ΔH 

outweighs T ΔS 

OR 

+ve non spontaneous at all 

temperatures 

+ve -ve +ve non spontaneous at all 

temperatures 

+ve +ve -ve spontaneous at high 

temperatures where T ΔS 

outweighs H 

OR 

+ve non spontaneous at low 

temperatures where ΔH 

outweighs T ΔS 

Table 4.2 Thermodynamics of a spontaneous system 

 

ΔG can be further related to the equilibrium constant (K) using the following equation  

 

 

ΔGθ is the Gibbs free energy change under standard conditions.  Where R is the 

universal gas constant and T is the temperature of the reaction. 

 

4.4.3 Types of Calorimeter 
There are two main types of calorimeter, (i) heat accumulation, (ii) heat exchange/heat 

conduction.  Both are composed of an inner vessel/s whereby the thermal production of 

heat from a reaction is measured.  The intensity of the heat exchange from the reaction 

in the inner vessel and its surroundings is measured but varies with each kind of 

calorimeter [25-26]. 

RTInKG −=Δ θ
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 Heat Accumulation Calorimeter 
Also known as an adiabatic calorimeter, this allows the temperature to increase for 

exothermic reactions, and decrease for endothermic reactions.  There is no heat 

exchange between the inner vessel and its surroundings, the temperature of the vessel 

varies when heat is generated or adsorbed. 

 

 Heat Conduction Calorimeter 
Otherwise known as an isothermal/heat flow calorimeter, operates at a constant 

temperature, the heat produced or adsorbed within the inner vessel which then flows or 

is “conducted” to or from the surrounding heat sink is measured. 

 

In the case of this research a Seteram (Tian-Calvet) Titrys Heat Flow 

Microcalorimeter was used, a diagram of which is shown in Figure 4.1 below.  The 

calorimeter consists of two cells (sample and reference) situated within the same 

calorimetric block (heat sink).  The cells are surrounded by thermoelectric piles (made 

up of a number of thermocouples arranged in a series), which conduct any heat 

generated in the reaction away from the cell, converting it into an electrical signal.  The 

heat conducted by each injection is measured by thermocouples and calculated.  The use 

of both the sample and reference cells simultaneously allows the calorimeter to function 

in a differential mode, whereby voltage is only detected if the heat flow in the sample 

cell is different to that in the reference cell.  This mode compensates for any 

temperature fluctuations (when isothermally set) of the calorimeter, thereby minimising 

any potential error, resulting in a high stability. 
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Figure 4.2 Diagram of a Seteram Titrys Tain-Calvet Heat Flow Calorimeter. 

 

4.4.5 Base Adsorption Calorimetry in the Liquid Phase 
 

 Calibration of the Seteram Titrys microcalorimeter [28] 
As described later in the experimental section of this chapter, the calorimeter was 

initially electrically and chemically calibrated.  Electrical calibration was primarily used 

for the calculation of the sensitivity coefficient (A0) via an automated programme which 

cycled through a series of pre-set sensitivity coefficient values and temperatures.  The 

resultant curve was integrated, and the sensitivity coefficient calculated.  Once the 

sensitivity coefficient value had been established, the Titrys was calibrated chemically 

using standardised reactions.  In this case the neutralization reaction between 0.1M 

hydrochloric acid and 0.1M sodium hydroxide.  These acid base titrations were 

designed to establish confidence with the equipment, and to verify data in the literature.  

The microcalorimeter was also chemically calibrated using a standard barium 

chloride/crown ether reaction. 

 

 

 

Reference 
Cell + solvent 

    Syringe Pump+adsorbate base

Stirrer 

Thermopile 

Sample 
Cell + 
adsorbent 
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 Corrections for heats of addition/dilution 
In practice, Titrations were planned in which a standardised solution of base would be 

titrated with a solid acid suspended in the same solvent in the cell.  Blank experiments 

were conducted in order to establish if any overriding effect of the interaction of base 

with solvent or solvent with the solid acid catalyst would cause any extra heats to be 

generated, that would mask the true heats of neutralization. 

 

The established methods for determining and correcting for the heat of base dilution, 

and the interaction between the solvent and catalyst are summarised in Tables 4.2 and 

4.3 for both systems respectively.  

 
Sample Cell Reference Cell 

2ml 0.1M NaOH/H2O into 2ml 

H2O 

2ml H2O into 2ml H2O 

2ml 0.1M NaOH/MeOH into 

2ml MeOH 

2ml MeOH into 2ml MeOH 

2ml 0.1M NBA  

(n-butylamine)/MeOH into 2ml 

MeOH 

2ml MeOH into 2ml MeOH 

2ml 0.05M NBA/CH 

(cyclohexane) into 2ml CH 

2ml CH into 2ml CH 

Table 4.3: Method of correcting for the heat of base dilution as a blank run, for all the 

calorimetric systems investigated. 

 
Sample Cell Reference Cell 

2ml H2O into 2ml H2O + 100mg 

solid acid catalyst 

2ml H2O into 2ml H2O 

2ml MeOH into 2ml MeOH + 

100mg solid acid catalyst 

2ml MeOH into 2ml MeOH 

2ml MeOH into 2ml MeOH + 

100mg solid acid catalyst 

2ml MeOH into 2ml MeOH 

2ml CH into 2ml CH + 100mg 

solid acid catalyst 

2ml CH into 2ml CH 

Table 4.4: Method of correcting for the heat of interaction between solvent and catalyst 

as a blank run, for all the calorimetric systems investigated. 
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 Treatment of data 
A Seteram Titrys microcalorimeter conducted isothermally at 30° C was used for all 

experiments.  In a typical experiment, 2 cm3 of titrant was added in 0.20 cm3 aliquots at 

one hour intervals until neutralization of the solid acid catalyst suspended in 2 cm3 of 

the appropriate solvent was complete.  The resulting heat output (peak) for each 

addition of titrant into the solvent containing the solid acid, was measured and displayed 

as seen in Figure 4.2.  This sketch shows the gradual decline of each peak, and the 

abrupt change in peak size at the end, indicating complete neutralization of the solid 

acid.  After integration of the peaks, the cumulative heat was plotted against the volume 

of base added producing a straight line graph, the gradient of which was expressed as a 

molar enthalpy of neutralization in kJ mol-1, an example of which can be seen in Figure 

4.3.  It is assumed that (after the first addition is discounted due to possible injection 

error.) each aliquot of added base reacts completely with the solid acid.  This was 

verified by conducting parallel titrations outside the calorimeter, utilizing the 

appropriate base and solid acids.  Results showed a negligible excess of unreacted base 

remaining after titration from pH monitoring.    The line of best fit shown in Figure 4.3 

does not go through the origin because the first injection could not be fully controlled 

and almost certainly involved less than 0.2 ml being injected, resulting in a positive 

intercept. 

 

Figure 4.3 Sample heat output from the ITC 
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Figure 4.4: Typical plot of cumulative enthalpy versus amount of base added, for a 

titration of aqueous 0.1M NaOH solution against 0.1M HCl solution.  This gradient 

gives ΔH°neut : -57.33kJ mol-1. 

 

Figure 4.2 shows a sample heat output from the Titrys, resulting in a series of peaks or 

addition of titrant into the system.  This calorimetric output varies with each solid acid 

catalyst analysed.  Figure 4.3 above demonstrates an ideal output from an acid base 

calibration reaction (a homogenous system).  It is worth noting the flat baseline between 

the peaks, and the gradual decrease in peak height and an increase in width as the 

reaction comes to neutralization.  For each and every Titrys heat output sequence, the 

peaks are integrated in precisely the same manner.  The software allows the drawing of 

a baseline under and between each peak.  In this work it was drawn from the point 

where the calorimeter signal starts to rise at the beginning of each peak through to the 

same point on the next peak.  Once tabulated, the remaining cumulative heat outputs in 

the reaction are plotted against the volume of base added producing a straight line graph 

(each analysis possessing the same number of data points to enable a direct 

comparison), the slope of which is the molar enthalpy of neutralization for that reaction.  

Analysis in this way minimises possible errors. 

 

Three different types of support for the solid acid catalyst were used, and two main 

base/solvent systems were used.  Firstly, mainly for the poly(styrene-co-

divinylbenzene) resins, an aqueous system involving a strong base was used.  Some of 

the resins required a swelling solvent to allow the base to access their intrinsic acid 

sites.  In this case the 0.1M NaOH/H2O system was appropriate.  The synthesised 

inorganic solid acid catalysts however require no swelling in order to access their acid 

sites, so an appropriate non swelling solvent was used, in this case cyclohexane.  Due to 
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the change in solvent, it was necessary to alter the base used, in this case n-butylamine, 

as it is a simple alkylamine that dissolves in most solvents.  It is also bulkier than NaOH 

and should therefore be more selective with accessing acid sites due to stearic 

hindrance.  A 0.05M n-butylamine/cyclohexane system was used.  

 

As a source of comparison, the polymer resins were also tested using the n-

butylamine/cyclohexane, n-butylamine/methanol and NaOH/methanol systems, and the 

sulfonated inorganic silicas (both mesoporous and amorphous) were tested using the 

NaOH/H2O system.   

 

The relative concentration of acid sites measured by base adsorption liquid calorimetry 

is a measure of the relative proton donating ability of the solid acid catalyst to the 

reference base within the solvent medium.   

Three types of solvent medium were used, the highly polar water, the semi polar 

methanol and the non polar cyclohexane.  A polar molecule possesses a separation of 

charge over the bond between atoms resulting in a dipole moment (non equal charge 

distribution).  The greater the dipole moment, the more polar the solvent. 

 

The stronger the acid, the greater its acid dissociation constant Ka and the smaller its 

pKa.  The type of solvent used will effect the dissociation of the acid in solution, more 

specifically in terms of solvation and polar interactions.  Every molecule possesses a 

dipole moment; that is a distribution of electrical charge over the bond between atoms.  

The greater the dipole moment (non equal charge distribution) the more easily solvated 

the molecule is.  A polar solvent has a good solvating power as it has a greater dipole 

moment and is able to solvate molecules more readily.  In reactions whereby the 

activation step is accompanied by an increase in electrical charges on the reactants, a 

more polar solvent will cause an increase in the rate.  Solvents have been known to have 

a levelling effect on the strength of the acids in solution due to the subsequent charge 

neutralization during equilibrium of the reaction. 

Titration calorimetry provides the molar enthalpy of neutralization of the acid sites 

(ΔHθ
neut).  It was hoped that the values of ΔHθ

neut could be used as a relative indicator of 

the strength of acid sites on the catalyst, on the basis that it reflects the facilities of the 

reaction:  
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157 −+− −=+→+− kJmolBHSolidBHSolid  

 

In water, this was not going to be the case because water behaves as a base itself with 

the result that titration will involve neutralization of H3O+ if acid is strong enough to 

react with water.  This is the reported “levelling effect” of water as a solvent which 

suggests that any acids stronger than H3O+ will show the same ΔHθ
neut of -57 kJmol-1.   

 

In methanol the possibility of levelling exists as MeOH3
+ can form.  Methanol is 

regarded as a weaker base than water according to its established Ka value and therefore 

will not level as many acid sites.  However in Cyclohexane it is reasonable to expect 

neutralization reaction to be between the solid acid and its base and so ΔHθ
neut could 

reasonable be expected to reflect the strength of the acid sites. 

 

However the highly polar water solvent has been found to have a levelling effect on the 

absolute strength of the solid acid catalyst (its strong baseicity deprotonates the acid 

groups) and therefore measurements in water should not be used as a direct indicator of 

acid strength.  But it is required for use as a solvent with the polymeric resin catalysts as 

its high polar properties enable it to swell the resin in order for to access the intrinsic 

acid sites.  The use of the solvent with the other solid acids is as a comparison. 

The non polar cyclohexane behaves as a non swelling solvent, it has no specific 

interactions with solute molecules and only ion pair formation is expected with strong 

bronsted acid sites.  The enthalpy of reaction of a base with an acid in cyclohexane 

reflects the heat required to break the H-X bond.  And therefore the heats of 

neutralization could be related to acid strength. 

The semi polar methanol would be expected to behave in the region between water and 

cyclohexane, thereby acting as a comparative solvent system with the appropriate 

reference bases.   
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4.4.6 Base Adsorption Calorimetry in the Gas Phase 
Acid sites can be characterised using calorimetry by base adsorption in the absence of 

solvent, typically NH3 is used [29].  Samples are activated and held under vacuum and 

NH3 is introduced in small pulses to the sample and allowed to equilibriate after each 

addition.  The amount adsorbed is determined from pressure measurements in the gas 

handling system and enthalpies from the calculations.  After each pulse the ammonia 

that is adsorbed weakly and reversibly onto the catalyst surface desorbs back into the 

carrier after each pulse has passed.  This ensures that the ammonia which remains 

bound, and the enthalpies of adsorption, are associated only with irreversibly and 

strongly adsorbed ammonia – presumably that which is chemisorbed onto the acid sites. 

 

It is assumed that the binding enthalpy is measured when the strong base NH3 is 

adsorbed at an acid site forming NH4
+ which is ion paired to the deprotonated acid site.  

The binding enthalpy reflects the acid strength but cannot be measured by this type of 

calorimetry.  However it is assumed that the proton affinity of NH3 and the enthalpy 

change associated with the ion pair formation between the NH4
+ and the solid surface is 

the same for all solid acids of this type.  Therefore the heats measured by gas adsorption 

calorimetry reflect the variations in the proton affinity of the solid acid and therefore its 

acid strength.  The number of adsorbed base molecules is assumed to provide the 

number of acid sites, while the heats of adsorption can be considered a measure of acid 

strength.  The subsequent plot of enthalpy of adsorption vs coverage gives an indication 

of the distribution of acid site strength. 
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4.5 Base Adsorption Calorimetry: Experimental 
 

4.5.1 In the liquid phase; Base adsorption microcalorimetry 
 A SETERAM “TITRYS” differential heat flow microcalorimeter with 

continuous stirring mode was used for all experiments.  All experiments were conducted 

isothermally at 303 K.  The 0.10 M standardised NaOH (ampules provided by Aldrich) 

and the methanol and cyclohexane solvents were obtained from Aldrich chemicals.  The 

solvents were dried for 48 hours using molecular sieves.  The 0.10 M HCl solution was 

standardised using acid-base titration with the standard NaOH solution, and 

subsequently the aqueous 0.10 M and 0.05 M n-butylamine solutions were standardised 

by acid-base titration with the HCl solution.  

 

Blank experiments and heats of dilution experiments were conducted with every 

base/solvent system to ascertain the effect if any of the addition of the titrant into the 

solvent containing the solid.  In all cases any heats observed were negligible, therefore 

no corrections were necessary. 

 

In a typical experiment 80 mg of catalyst was suspended in 2.0 cm3 of solvent in the 

sample cell, with only solvent in the reference cell.  A 3 hour equilibration time was 

used to maintain the titrant at the desired temperature to ensure no adverse effects when 

added to the solution.  The preheated titrant was added simultaneously to both sample 

and reference cells using a programmable twin syringe pump.  Titrant was added in 0.2 

cm3 aliquots at one hour intervals until neutralisation was complete, usually after 15 

hours.  Titrant was added to the reference cell in the same manner. 

 

Various solvents and titrants were used when characterising the different solid acid 

catalysts, and are detailed below in the following text and Table 4.5 
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Sample Cell Reference Cell 

2ml 0.1M NaOH/H2O into 2ml 

H2O+ 100mg solid catalyst 

2ml H2O into 2ml H2O 

2ml 0.1M NaOH/MeOH into 

2ml MeOH + 100mg solid 

catalyst 

2ml MeOH into 2ml MeOH 

2ml 0.1M NBA/MeOH into 2ml 

MeOH + 100mg solid catalyst 

2ml MeOH into 2ml MeOH 

2ml 0.1M NBA/CH into 2ml CH 

+ 100mg solid catalyst 

2ml CH into 2ml CH 

2ml 0.05M NBA/CH into 2ml 

CH + 100mg solid catalyst 

2ml CH into 2ml CH 

Table 4.5: Experimental base adsorption calorimetry systems with varying solvents and 

titrants for use with the characterization of the solid acid catalysts in the liquid phase. 

 

The sulfonated polystyrene resin catalysts used were C1OOH, SP 21/15, CT175, and 

CT275.  The solvents investigated were deionised H2O, MeOH and cyclohexane 

(denoted CH).  The titrants investigated were, 0.1 M NaOH and 0.1 M n-butylamine in 

each of the solvents.  

 

 The resins were prepared by drying at 373 K for two hours, weighing, and then 

solvating in the appropriate solvent for 12 hours or more. 

 

The synthesised sulfonated mesoporous molecular sieve silicas and the functionalised 

silica gels were tested in the same manner, with the use of water and and pre-dried 

cyclohexane as solvents.  The titrants investigated were 0.1 M NaOH/H2O and 0.1 

M/0.05 M n-butylamine/Cyclohexane. 

 

The resulting heat output (peak) was measured for each addition of base probe molecule 

and integrated using the SETSOFT software package.  The cumulative heat was plotted 

against the amount of base added, the gradient calculated and expressed as the molar 

enthalpy of neutralization in kJ mol-1. 

 

Identical titration experiments using the same concentrations and solid acids were 

conducted outside the cell to ensure complete reaction of the titrant base after each 
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injection had occured.  Approximately 100 mg solid acid catalyst was solvated in 2.0 ml 

solvent with stirring, after 3 hours, 2.5 ml of base (NaOH or NBA) was injected (to 

correspond with 0.2 ml aliquots injected every hour for 15 hours).  The solution was 

then separated from the solid, if the solvent used was non aqueous then water was added 

to the liquid to extract any un-reacted base.  This was then back titrated with standard 

0.10 M HCl solution while monitoring the pH. 

 

4.5.2 Gas phase; Flow adsorption calorimetric studies 
 The calorimetric studies were performed in house by Dr. Prem Siril , using a 

SETARAM DSC111 DIFFERENTIAL SCANNING CALORIMETER connected to a 

HIDEN HPR 20 MASS SPECTROMETER GAS ANALYSER.  Dried helium and 1 % 

ammonia in helium mixture were obtained from BOC ltd. 

“In a typical experiment, the catalyst (5-30 mg) was activated at 423 K under dried 

helium flow at 5 ml min-1.  Following activation, and maintaining the sample 

temperature at 423 K, small (typically 1.0 ml but from 0.2 to 5.0 ml) pulses of the probe 

gas (1 % ammonia in helium) at atmospheric pressure were injected at regular intervals 

(every 30 minutes) into the carrier gas stream from a gas-sampling valve.  The 

concentration of ammonia downstream of the sample was monitored continuously with 

the mass spectrometer.  The interval between pulses was chosen to ensure that the 

ammonia concentration in the carrier gas (including that adsorbed and then desorbed 

after the pulse has passed) returned to zero, and to allow the DSC baseline to re-

establish itself.  The net amount of ammonia irreversibly adsorbed from each pulse was 

determined by comparing the MS signal during each pulse with a signal recorded during 

a control experiment through a blank sample tube.  Net heat released for each pulse, 

corresponding to irreversible adsorption of ammonia, was calculated from the DSC 

output curve.  From this molar enthalpy of adsorption of ammonia (ΔHads°) was 

obtained for the ammonia adsorbed from each successive pulse.  The ΔHads° values 

were then plotted against the amount of (irreversibly) adsorbed ammonia per gram of 

the catalyst, to give a ΔHads° / coverage profile for each catalyst.”[31] 
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4.6 Base Adsorption Calorimetry: Results and Discussion 

 

4.6.1 General Overview 
This section shows the results from the acidity characterization of the synthesised 

materials using: base adsorption calorimetry using water, methanol and cyclohexane 

solvents, and base adsorption calorimetry in the absence of solvent using ammonia. 

It was the aim of this work to answer the following hypotheses of the synthesised 

sulfonated materials. 

 

 In water all strong acids behave similarly giving an enthalpy of neutralization of  

-57 kJ mol-1.  Due to the internal solution concentration, the commercially 

available polystyrene resins behave as strong acids in accordance with results 

published in the literature, demonstrating enthalpies of neutralization greater 

than -57 kJ mol-1.  Do the synthesised solid acid supports with no internal 

solution (non swelling) behave like strong acids, or more like the sulfonated 

polystyrene resins in water? 
 

 Do the solid acid supports behave as strong acids in different solvent systems? 
 

 Does altering the propyl / phenyl sulfonic acid tether group or the additional 

phenyl group make any difference to the observed concentration of acid groups 

of the samples? 

 

The acidity of the supports was measured in the presence of liquid using base 

adsorption calorimetry, and in the absence of solvent using flow base adsorption 

calorimetry.  Measurements in the liquid phase were conducted isothermally using a 

Seteram Titrys differential heat flow titration calorimeter, with sodium hydroxide/water 

and n-butylamine/cyclohexane systems.  Measurements in the gas phase were 

conducted using a Seteram DSC111 differential scanning calorimeter connected to a 

Hiden HPR 20 mass spectrometer, with a 1% ammonia in helium gas flow mixture.   
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4.6.2 In the liquid phase; Isothermal Titration Microcalorimetry (Base 

adsorption calorimetry) 

 

 4.6.2.1 Calibration of the Seteram Titrys microcalorimeter 
Electrical calibration was primarily used for the calculation of the sensitivity coefficient 

(A0) which converts the electrical signal from the thermopile to power generated in the 

calorimeter in watts and milliwatts.  The resultant curve was integrated, and the 

sensitivity coefficient calculated.  The Titrys was then checked chemically using a 

standardised reaction, in this case the neutralization reaction between 0.100 M 

hydrochloric acid and 0.100 M sodium hydroxide.  0.100 M Standardised NaOH(aq) 

was titrated into 2.00 cm3 0.100 M HCl.  Deionised water was the solvent used and this 

was simultaneously titrated in aliquots of 0.200 cm3 into 2.00 cm3 water in the reference 

cell.  The resultant heats of neutralization were calculated and cross referenced against 

the literature value of -57.1kJ mol-1 as shown in Table 4.6 below.  

 
Sample Cell Enthalpy of neutralization kJ mol-1 

Acid Base: 0.1M NaOH (aq) : 2ml 0.1M HCl : 

ΔH neutralization before electrical calibration 

-53.9 ± 0.28 

Literature Value of ΔH Neutralization HCl -57.1 [32] 

ΔH neutralization after electrical calibration -57.39 ± 0.36 

Table 4.6: Average experimental enthalpy of neutralization HCl values compared to 

literature value before and after electrical calibration.  The values are expressed as an 

average from triplicate data sources. 

 

The microcalorimeter was also checked using a standard barium chloride/18-crown-6 

reaction giving consistent results with the literature [18] as shown in Table 4.7.  0.01 M 

barium chloride solution was titrated into 2.00 cm3 0.100 M 18 crown 6 in the sample 

cell.  Deionised water was simultaneously titrated into 2.00 cm3 water in the reference 

cell.  The results for ΔH0
react were within experimental error of the literature value 

therefore concluding that calibration of the equipment was successful. 
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Sample Cell Enthalpy of neutralization kJ mol-1 

0.100 M BaCl2 into 2.00 ml 0.100 M 18-Crown-6 Literature Value -31.42 ± 0.2 

ΔH0
experimental -31.29 ± 0.73 

Table 4.7: Chemical calibration of the calorimeter titrating 2ml 0.100M barium 

chloride into 2ml 0.01M 18 crown 6.  The values are expressed as an average from 

triplicate data sources. 

 

 4.6.2.2 Corrections for heats of addition/dilution 
With both the sodium hydroxide/water, and the n-butylamine/cyclohexane Titrys 

systems, blank experiments were conducted to investigate possible heats of dilution that 

might affect the overall results.  

 

The established methods for determining the heats of base dilution, and any heat effects 

associated with solvent addition to solid catalysts are summarised in Tables 4.8 and 4.9 

for both systems respectively.   

 
Sample Cell Reference Cell 

0.100 M NaOH/H2O into 2.00 ml 

H2O 

H2O into 2.00 ml H2O 

0.100 M NaOH/MeOH into 2.00 

ml MeOH 

MeOH into 2.00 ml MeOH 

0.100 M NBA/MeOH into 2.00 

ml MeOH 

MeOH into 2.00 ml MeOH 

0.05 M NBA/CH into 2.00 ml 

CH 

CH into 2.00 ml CH 

Table 4.8: Experiments to detect heats of dilution during the planned titrations. 
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Sample Cell Reference Cell 

H2O into 2.00 ml H2O + 100 mg 

solid acid catalyst 

H2O into 2.00 ml H2O 

MeOH into 2.00 ml MeOH + 

100 mg solid acid catalyst 

MeOH into 2.00 ml MeOH 

MeOH into 2.00 ml MeOH + 

100 mg solid acid catalyst 

MeOH into 2.00 ml MeOH 

CH into 2.00 ml CH + 100 mg 

solid acid catalyst 

CH into 2.00 ml CH 

Table 4.9: Experiments to detect heats due to interaction between solvent and solid acid 

catalysts. 

 

In all of these blank experiments, no significant additional heats were detected therefore 

no further correction was required to subsequent data. 

 

For the three different types of solid acid catalyst, two main base/solvent systems were 

used.  Firstly, mainly for the sulfonated poly(styrene-co-divinylbenzene) resins, an 

aqueous NaOH solution was used.  Some of the resins required a swelling solvent to 

allow the base to access their intrinsic acid sites.  The synthesised inorganic solid acid 

catalysts however require no swelling to access their acid sites, so an appropriate non 

swelling solvent was used, in this case cyclohexane with n-butylamine at a 0.05 M 

concentration. As a source of comparison, the polymer resins were also tested using  n-

butylamine/cyclohexane, n-butylamine/methanol and NaOH/methanol, and the 

sulfonated inorganic silicas were tested using NaOH/H2O.  The results for both systems 

with the relevant solid acid catalysts were as follows.   
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4.6.3 In the liquid phase; Isothermal Titration Microcalorimetry (Base 

adsorption calorimetry) Solvent Systems 
In a typical experiment 80 mg of catalyst was suspended in 2.00 cm3 of solvent in the 

sample cell.  Titrant was added in 0.20 cm3 aliquots at one hour intervals until 

neutralization was complete.  The reference cells contained the solvent, and solvent was 

titrated into the reference cell in the same manner.  The solid catalysts were prepared by 

drying at 60°C for two hours, weighing, and then solvating in the appropriate solvent 

for 12 hours or more before analysis.  The enthalpy of neutralization of 

paratoluenesulfonic acid (abbreviated to p-TSA) solution was determined.  In 

homogeneous solution p-TSA is an analogue of the supported sulfonic acids used here.  

The experimental method was unaltered.  This ΔH0
Neut value was found to be -52.3kJ 

mol-1.  This therefore offers a good comparison of strength along side the benchmark 

HCl data.  In the case of the methanol solvent system, the NaOH (s) was dried in the 

same way as the solid catalysts before preparing the solvent solution.  All 

concentrations of base solutions used were standardised using standard 0.1 M HCl 

purchased commercially.   

 

All the experiments were performed in triplicate from which the average values stated 

in the following tables were obtained. 

A series of sulfonated resins were examined covering a range of acid loadings, from an 

“under-sulfonated” macroporous resin SP 21/15 through to the conventional 

stiochiometrically sulfonated C100H gel resin and CT175 macroporous resin, to the 

persulfonated CT275 macroporous resin.  Also including the fluorinated Nafion and 

Nafion-silica composite resins.  The synthesised sulfonated silicas and sulfonated 

mesoporous silicas were also examined and compared. 

 

4.6.3.1 Water solvent system. 

 

0.1M NaOH/H2O system 
The highly polar water solvent has been found to have a levelling effect on the absolute 

strength of the solid acid catalyst (its strong basicity deprotonates the acid groups) and 

therefore measurements in water should not be used as a direct indicator of acid 

strength.  However with careful interpretation it can be a useful insight into the 
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enthalpies of neutralization of solid acid catalysts when compared to other solvent 

systems.  

Water is required for use as a solvent with the polymeric resin catalysts as its high polar 

properties enable it to swell the resin in order for to access the intrinsic acid sites.  The 

use of the solvent with the other solid acids acts as a comparison. 

The reported “levelling effect” of water as a solvent suggests that any acids stronger 

than H3O+ will show the same ΔHθ
neut value of -57 kJmol-1 as the strong acid HCl. 

In homogeneous solution p-TSA is an analogue of the supported sulfonic acids used 

here, and a useful comparison to the enthalpy values derived.    

The results of the three types of solid acid support are as follows. 

 

 Sulfonated Polymer Supported Sulfonic Resins 

 

Sulfonated Poly(styrene-co-divinylbenzene) Resins 
After drying and re-solvation and subsequent analysis, the results from the 0.1M 

NaOH/H2O (aq) titration system are shown in Table 4.10 below (also indicating the 

benchmark values for the two acids as a comparison).  

 
Resin Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.1 M HCl - -57.4 ± 2 

0.1 M p-TSA - -52.5 ± 2 

   

SP21/15 2.97 -55.3 ± 2 

C100H 4.9 -61.0 ± 2 

AMB 15 4.9 -64.7 ± 2 

CT175 4.9 -61.5 ± 2 

CT275 5.3 -64.5 ± 2 

Table 4.10 ΔH0
Neut value (kJ mol-1) from the 0.1M NaOH/H2O system for the Sulfonated 

Poly(styrene-co-divinylbenzene) Resins. (average triplicate values). 

 

In this system the persulfonated CT275 resin demonstrates the most exothermic molar 

enthalpy of neutralization value of -64.5 kJ mol-1.  It appears that as the sulfonic acid 

loading of the resins decreases, so do the observed molar enthalpies of neutralization.  It 

is worth noting that all observed values are higher than those of the two homogeneous 
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acid solution systems, proving that the water solvent has not completely levelled all the 

acid sites on the resins.  The trend of increasing enthalpies of neutralization with 

increasing sulfonic acid loading is in accordance with previous results in the literature.  

The lowest enthalpy of neutralization value is observed by the lowest sulfonated 

SP21/15 resin.  The stiochiometrically sulfonated resins (equivalent to roughly one 

sulfonic acid group per styrene unit) Amberlyst 15 and CT175 have very similar values, 

higher than that of the SP 21/15 resin.  The C100H gel resin gave a lower value than its 

macroporous stoichiometrically sulfonated counterparts, yet still higher than that of the 

low sulfonated sp21/15 resin.  The persulfonated CT275 resin demonstrates the highest 

enthalpy value of the resins. 

 

However in a stark contrast, the fluorinated Nafion resin which would have been 

expected to demonstrate the highest enthalpy of neutralization of the polymer resin 

group due to the presence of the electronegative fluorine groups giving rise to what was 

predicted to be a stronger solid acid (yet in water should demonstrate the same enthalpy 

of neutralization as the strong acid HCl), gave values lower than that of the resins in 

water as shown in Table 4.11 below.  It appears the water solvent has indeed levelled 

the strength of the acid sites on these fluorinated materials.  

 

Fluorinated Sulfonated Polymer Resins 
 

Resin Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.1 M HCl - -57.4 ± 2 

0.1 M p-TSA - -52.5 ± 2 

   

NAFION 0.8 -51.1 ± 2 

NAFION SiO2 0.1 -39.9 ± 2 

Table 4.11 ΔH0
Neut value (kJ mol-1) from the 0.1M NaOH/H2O system for the fluorinated 

sulfonated polymer resins. (average triplicate values). 

 

The fluorinated polymer resin Nafion with its perceived high acid strength demonstrates 

a molar enthalpy of neutralization very similar to that of two homogeneous strong acid 

solutions, but less than that observed by the sulfonated resins.  The silica supported 
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Nafion composite however demonstrates the lowest enthalpy of neutralization values of 

all the polymer supported resins.   

 

This is highly unexpected, the low value for Nafion resin suggests that the use of water 

as a solvent for enthalpy of neutralization experiments is not a useful indicator of acid 

strength in this case, either the solvent is unable to access some of the intrinsic acid 

sites, or has successfully levelled the acidity of these sites.   

 

The persulfonated CT275 resin demonstrates a higher enthalpy of neutralization than its 

CT175 stiochiometrically sulfonated counterpart, yet the stronger acid Nafion resin 

demonstrates a lower enthalpy value. 

 

As a comparison to the polymer supported sulfonic acid resin supports, the synthesised 

silica and mesoporous silica supports were also tested in this solvent.  As they require 

no swelling in order to access the intrinsic acid sites on the silica support, it is thought 

that water would not demonstrate as much of a levelling effect (its ability to access the 

intrinsic acid sites may be complicated by their smaller pore sizes). 

 

 Sulfonated Silica Gels. Grafting route 
In Table 4.12 below, the three types of functionalised silica gel are shown, 

functionalised with propyl, phenyl and the additional hydrophobic phenyl group. 

 
Sample Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.1 M HCl - -57.4 ± 2 

0.1 M p-TSA - -52.5 ± 2 

   

SiO2-PropylSO3H 0.36 ± 0.02 -32.5 ± 2 

SiO2-PhenylSO3H 0.72 ± 0.02 -55.8 ± 2 

Phenyl-SiO2-PropylSO3H 0.52 ± 0.03 -43.8 ± 2 

Table 4.12 ΔH0
Neut value (kj mol-1) from the 0.1M NaOH/H2O system for the Sulfonated 

Silica Gels (average of triplicate values). 

 

From the data shown in Table 4.12, the phenyl silica gel demonstrates the largest value 

of -55.8 kJ mol-1 which is comparable to the enthalpy of neutralization of the strong acid 
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HCl in aqueous solution.  The other molar enthalpies of neutralization observed from 

the sulfonated silica gels are less than that of the homogenous acid solutions and the 

commercially available polymer supported resins.  There is again a trend between 

increasing sulfonic acid loading and increasing enthalpies of neutralization. 

 

 Sulfonated mesoporous molecular sieve silicas. Co-condensed 

route 
From the data shown in Table 4.13 below, the benchmark acid systems produced higher 

enthalpy of neutralization values, with the exception of the propyl MCM-41SO3H 

material.  All the remaining samples demonstrate no reasonable correlation between 

increased sulfonic acid loading and enthalpy of neutralization values.   

 
Sample Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.1 M HCl - -57.4 ± 2 

0.1 M p-TSA - -52.5 ± 2 

   

MCM41-PropylSO3H 1.09 ± 0.05 -60.6 ± 2 

MCM41-PhenylSO3H 0.40 ± 0.03 -34.0 ± 2 

Phenyl-MCM41-PropylSO3H 0.12 ± 0.01 -24.5 ± 2 

   

SBA-Propyl-SO3H 0.53 ± 0.01 -40.1 ± 2 

SBA-Phenyl-SO3H 0.67 ± 0.01 -50.3 ± 2 

Phenyl-SBA-PropylSO3H 0.41 ± 0.03 -55.5 ± 2 

Phenyl-SBA-PhenylSO3H 0.39 ± 0.01 -44.4 ± 2 

   

HMS-Propyl-SO3H 0.48 ± 0.01 -35.4 ± 2 

Table 4.13 ΔH0
Neut value (kJ mol-1) from the 0.1M NaOH/H2O system for the Sulfonated 

Mesoporous Silicas (average of triplicate values). 

 

Despite their lack of trend, the molar enthalpies of neutralization demonstrated by the 

sulfonated mesoporous silicas are very similar to those of the sulfonated silica gels.   

 

However, in this acid/base system, it is the sulfonated polymer supported resins that 

demonstrate the highest molar enthalpies of neutralization values and the most 

comparable data, possibly due to their much higher levels of sulfonation compared to 
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the two types of silica support.  It is therefore evident that the role of the solvent with 

each support is crucial.  A swelling solvent such as water offers complications when 

characterising the synthesised solid acid catalyst’s concentration of acid sites, be it 

through problems with accessibility to the acid sites due to pore size of the solid acid or 

due to the subsequent levelling action of the water decreasing the observed enthalpies.  

It was assumed the sulfonic acid groups within the silica supported materials would 

completely dissociate when in contact with water, from the enthalpies of neutralization 

observed, this appears to not be the case.   

 

Therefore the following results in methanol and cyclohexane solvent systems will prove 

vital in the determination of the acid strength of the synthesised solid acid catalysts. 

 

4.6.3.2 Methanol solvent system 

 

0.1M NaOH/MeOH system 
In the semi polar methanol the possibility of levelling exists as MeOH3

+ can form.  

Methanol is regarded as a weaker base than water according to its established Ka value 

and therefore should not level as many acid sites in comparison. 

The results are as follows. 

 

 Sulfonated Poly(styrene-co-divinylbenzene) Resins 
After drying, re-solvation and subsequent analysis the results from the 0.1M 

NaOH/MeOH system were as shown in Table 4.14 below (also indicating the 

benchmark values for the p-TSA acid as a comparison).  
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Resin Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.1 M p-TSA - -36.59 ± 2 

   

SP 21/15 2.97 -33.4 ± 2 

C100H 4.9 -35.8 ± 2 

CT175 4.9 -34.3 ± 2 

CT275 5.3 -39.49 ± 2 

Table 4.14 ΔH0
Neut value (kJ mol-1) from the 0.1M NaOH/MeOH system for the 

Sulfonated Poly(styrene-co-divinylbenzene) Resins. (average of triplicate values). 

 

It appears in this system that as the sulfonic acid loading of the resins increases, so do 

the observed molar enthalpies of neutralization albeit by small amounts.  It is worth 

noting, that all observed values are comparable to the p-TSA homogeneous acid 

solution systems within experimental error, and all very similar.  As with the water 

solvent system, the lowest sulfonated resin SP 21/15 demonstrates the lowest enthalpy 

value, and the persulfonated CT275 resin demonstrating the highest enthalpy value.  

The stoichiometrically sulfonated resins (equivalent to roughly one sulfonic acid group 

per styrene unit) have very similar values higher than the lower sulfonated resin. 

 

However due to solvation complications entailed with the preparation of the base 

solution using solid sodium hydroxide in methanol, no further experiments were 

conducted with this particular system.  Poor reproducibility with uneven heat output 

signals were observed.  The alternative n-butylamine base probe molecule was used, it 

was decided upon as it is a simple alkylamine that dissolves in most solvents, and is 

considerably more bulky than the NaOH molecules thereby offering more selectivity 

towards acid sites. 
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0.1M n-butylamine/MeOH system 
The observed enthalpies of neutralization of the sulfonated polymeric resins in the n-

butylamine/MeOH system are shown below in Table 4.15 and 4.16 respectively. 

 

 Sulfonated Poly(styrene-co-divinylbenzene) Resins 
 

Resin Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.1 M p-TSA - -62.13 ± 2 

   

SP 21/15 2.97 -76.3 ± 2 

C100H 4.9 -60.28 ± 2 

CT175 4.9 -61.9 ± 2 

CT275 5.3 -76.8 ± 2 

Table 4.15 ΔH0
Neut value (kJ mol-1) from the 0.1M NBA/MeOH system for the Sulfonated 

Poly(styrene-co-divinylbenzene) Resins. (average of triplicate values). 

 

With the exception of the under-sulfonated SP 21/15 resin, the other resins again follow 

the trend that as sulfonation increases, the enthalpy of neutralization also increases with 

the persulfonated CT275 resin demonstrating higher enthalpy of neutralization value 

compared to its stiochiometrically sulfonated counterparts.  The gel type C100H resin 

demonstrates the lowest enthalpy in this system.  The values determined for the 

stoichiometrically sulfonated resins are equivalent to the benchmark acid, the 

persulfonated resins’ enthalpy value is higher.  [It is important to note here that the 

observed enthalpy of neutralization value from the under sulfonated SP21/15 resin is 

abnormally high and unexpected based on the observed trends]. 

Yet as with the sodium hydroxide/methanol system, there was poor reproducibility in 

this solvent with uneven heat output signals observed.  This lead to poor linearity and 

the observed enthalpies of neutralization possibly giving rise to the odd trends. 

  

It is worth noting that these particular MeOH systems were attempted with the Nafion 

type resin and sulfonated Nafion material and the synthesised silica materials, however 

all peaks produced upon the addition of base to solid acid were inconsistent, and did not 

resemble the sample output demonstrated earlier in this chapter, in most cases the peaks 
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were indistinguishable and very complicated to interpret.  Therefore the use of this 

particular methanol solvent system was discontinued. 

 

The third and final solvent used was the non swelling cyclohexane.  The three types of 

sulfonic acid supports were tested with this solvent system, a lower concentration of 

base was used in order to facilitate the solvation of the base within the solvent. 

 

4.6.3.3 Cyclohexane solvent system  
The non polar cyclohexane behaves as a non swelling solvent, it has no specific 

interactions with solute molecules and only ion pair formation is expected with strong 

bronsted acid sites.  The enthalpy of reaction of a base with an acid in cyclohexane 

reflects the heat required to break the H-X bond.  Therefore it is reasonable to expect 

the heats of neutralization could reflect the strength of the acid sites. 

 

0.05M n-butylamine/cyclohexane system 
This system was utilized for comparison of the polymer supported resins to the 

sulfonated silicas.  The non aqueous, non swelling organic solvent cyclohexane, would 

not be able to swell the resins to enable the base probe molecule to access the intrinsic 

acid sites, therefore the values produced would not have followed the same trend as 

with the aqueous swelling water solvent.  However the system may offer a comparison 

of the resins to the other sulfonic acid supports, and thus is included as results of this 

research. 

 

 Sulfonated Polymer Supported Sulfonic Resins 
Table 4.15 below shows the enthalpies of neutralization obtained for the sulfonated 

polystyrene co divinylbenzene resins in the n-butylamine/cyclohexane system. 
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Sulfonated Poly(styrene-co-divinylbenzene) Resins 

 
Sample Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.05 M p-TSA - -60.3 ± 2 

   

SP21/15 2.97 -99.2 ± 2 

C100H 4.9 -110.4 ± 2 

AMB 15 4.9 -107.6 ± 2 

CT175 4.9 -100.9 ± 2 

CT275 5.3 -90.45 ± 2 

Table 4.16 ΔH0
Neut value (kJ mol-1) from the 0.05M NBA/CH system for the resins 

(average of triplicate values). 

 

As demonstrated in Table 4.16, unlike the NaOH/H2O system, the trend of increasing 

sulfonic acid loading with increasing enthalpies of neutralization is not followed.  The 

resins with the higher acid loading values have not produced molar enthalpies of 

neutralization values of the same calibre.  The results are varied.  It is also worth noting 

that the enthalpy of neutralization values derived from the resins in this system are 

much higher than that observed from the homogenous paratoluenesulfonic acid solution 

system, thereby verifying the lack of trend in this solvent.  Unexpectedly the resin with 

the highest enthalpy of neutralization is the gel type C100H, the one resin that requires 

the solvent to swell its matrix in order to access the intrinsic acid sites, and in this case 

the non swelling cyclohexane should not have. 

 

Fluorinated Sulfonated Polymer Resins 
The same absence of trend is observed with the sulfonated polystyrene resins as seen in 

Table 4.16 below, the molar enthalpies of neutralization obtained are much higher than 

that observed by the benchmark paratoluenesulfonic acid system. Yet in this instance 

the solid acid catalyst with the higher sulfonic acid loading value, does demonstrate the 

higher molar enthalpy of neutralization. 
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Sample Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.05 M p-TSA - -60.3 ± 0.23 

   

NAFION 0.8 -103.2 ± 2.61 

NAFION SiO2 0.1 -77.17 ± 2.86 

Table 4.17 ΔH0
Neut value (kJ mol-1) from the 0.05M NBA/CH system for the resins 

(average triplicate values). 

 

It can therefore be concluded that the cyclohexane solvent is not appropriate for 

measuring the polymer supported sulfonic acid resins with respect to their enthalpies of 

neutralization 

 

 Sulfonated Silica Gels. Grafting route 
Table 4.18 below demonstrates the enthalpies of neutralization obtained for the 

sulfonated silica gels in the n-butylamine/cyclohexane system. 

 
Sample Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.05 M p-TSA - -60.2 ± 2 

   

SiO2-PropylSO3H 0.36 ± 0.01 -94.2 ± 2 

SiO2-PhenylSO3H 0.71 ± 0.03 -97.1 ± 2 

Phenyl-SiO2-PropylSO3H 0.52 ± 0.02 -81.4 ± 2 

Table 4.18 ΔH0
Neut value (kJ mol-1) from the 0.05M NBA/CH system for the Sulfonated 

Silica Gels (average triplicate values). 

 

Again, unexpectedly, the synthesised silica gels in this system show no obvious trend 

with increasing acid loading.  All enthalpies of neutralization are much larger than that 

of the homogenous p-TSA acid solution. 

 

 

 

 

 



Chapter Four                                                Acidity Measurements 
 
 

Andrea Davison   117

 Sulfonated Mesoporous Molecular Sieve Silicas (Co-condensed) 
Table 4.19 below demonstrates the enthalpies of neutralization obtained for the 

sulfonated mesoporous silicas in the n-butylamine/cyclohexane system. 

 
Sample Sulfonic Acid Loading 

(mmolg-1) 

ΔH Neutralization value 

(kJ mol-1) 

0.05 M p-TSA - -60.3 ± 2 

   

MCM41-PropylSO3H 1.09 ± 0.05 -98.2 ± 2 

MCM41-PhenylSO3H 0.40 ± 0.03 -91.2 ± 2 

Phenyl-MCM41-PropylSO3H 0.13 ± 0.01 -79.3 ± 2 

   

SBA-PropylSO3H 0.53 ± 0.01 -96.4 ± 2 

SBA-PhenylSO3H 0.68 ± 0.01 -85.2 ± 2 

Phenyl-SBA-PropylSO3H 0.41 ± 0.03 -81.6 ± 2 

Phenyl-SBA-PhenylSO3H 0.39 ± 0.01 -75.4 ± 2 

   

HMS-Propyl-SO3H 0.48 ± 0.01 -73.9 ± 2 

Table 4.19 ΔH0
Neut value (kJ mol-1) from the 0.05M NBA/CH system for the Sulfonated 

Mesoporous Silicas (average triplicate values). 

 

As shown in Table 4.18 in this case all the synthesised samples gave higher molar 

enthalpy of neutralization values compared to the benchmark acid p-TSA, with propyl 

MCM-41SO3H demonstrating the highest value of -98.2 kJ mol-1.  The other materials 

show no trend with regards increasing sulfonic acid loading and the enthalpies of 

neutralizations derived.  The enthalpies derived for the sulfonated mesoporous materials 

are similar to that of the sulfonated silicas, yet lower than that of the sulfonated 

polymeric resins despite the complete lack of trend observed.  The non swelling solvent 

has been proven inappropriate in this instance. 

 

4.6.3.4 Summary 
It is apparent from the results obtained using the three systems, that the solvent required 

for allowing the base probe molecule to access the acid sites is vital in its outcome, and 

the materials effectiveness varies in the solvents used.  With the synthesised sulfonated 

materials demonstrating comparable molar enthalpies of neutralization to the 

commercially available and readily used acid solutions, it can be concluded that the use 
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of base adsorption calorimetry to assess the concentration of acid sites on a solid 

catalyst is sketchy at best without the correct solvent.  This method is not a direct 

measure of the acidity of the solid acid catalyst, but an idea of concentration of acid 

sites within the designated sample at the time of reaction.  However the accessibility of 

these sites to the base probe molecule is the key for future thoughts with regards to the 

materials ability to act as a solid acid catalyst in both aqueous and non aqueous solvent 

environments for use in specific reactions. 

 

It is assumed that the higher the sulfonic acid loading of the sample, the stronger the 

acid, i.e. the more H+ ions it would be able to dissociate.  Yet in the water solvent 

system, despite demonstrating the trend of increasing sulfonic acid loading giving rise 

to increased enthalpies of neutralization, the synthesised supports did not demonstrate 

enthalpies of neutralization higher than that of the commercially available homogenous 

acid solutions, thereby not acting as a strong acid in this aqueous solvent.  The 

sulfonated polystyrene resins did behave as strong acids in water giving enthalpies of 

neutralization over that of the benchmark homogenous acid solutions.  The unexpected 

result was of the fluorinated Nafion resin not demonstrating the highest enthalpy of 

neutralization in water when it has been classed as a strong acid in literature. 

 

The use of the non polar methanol solvent system produced results lacking in 

reproducibility and trend. 

 

The use of the semi polar cyclohexane solvent system demonstrated the sulfonated 

polymeric resins and the sulfonated silica samples  to behave as strong acids compared 

to the benchmark homogenous acid solution, but with no discernable trend between 

sulfonic acid loading and enthalpy of neutralization.  Unexpectedly the sulfonated 

polymeric resins demonstrated the higher enthalpies of neutralization in this non 

aqueous solvent as well as in the aqueous water solvent system. 

 

This may well be attributed to their much higher levels of sulfonation compared to the 

synthesised samples.  The matrices of the polymeric resins allow for grouping of 

sulfonic acid groups through strong hydrogen bonding, enhanced acid strength could be 

facilitated by disulfonated phenyl groups, and through possible sulfone bridges between 

neighbouring phenyl groups.  In comparison to the isolated groups on the silica 
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supports, whereby increased sulfonation was attempted by altering the hydrophobicity 

of the support in order to facilitate a more regular grouping of sulfonic acid groups, and 

the altering of the functional group tether used during synthesis in order to facilitate a 

larger pore size in which to incorporate increased levels of sulfonic acid groups[cite].  

Yet despite efforts it seems the distribution of sulfonic acid groups is not uniform over 

the surface or within the bulk of the material (as discussed previously in Chapter 3), and 

is most likely the cause of the decreased levels of sulfonation observed and therefore 

also decreased values of enthalpies of neutralization. 

 

It appeared overall that the type of tether involved with the synthesised materials had no 

effect on the resulting enthalpy of neutralization despite the assumption that the more 

electronegative phenyl group would allow the material to behave more readily as a 

Bronsted acid.  The commercially available sulfonated resins proved to behave as the 

strongest acids compared to the synthesised materials. 

 

The use of base adsorption calorimetry in the liquid phase has been proven not to be a 

direct measure of the acidity of the solid acid catalyst, but an idea of concentration of 

acid sites within the designated sample at the time of reaction.   

 

In contrast the use of base adsorption calorimetry in the absence of solvent has proven 

more successful in the determination of enthalpies of adsorption that are more of a 

reflection of the acid strength of the material due to the lack of any solvation effects.  

Thus the samples were characterised with ammonia in the absence of solvent. 

 

4.6.4 In the gas phase; Flow Adsorption Calorimetry 
Measurements of gaseous ammonia adsorption were conducted using a Seteram 

DSC111 differential scanning calorimeter connected to a Hiden HPR 20 mass 

spectrometer, with a 1% ammonia in helium gas flow mixture.  All measurements/ 

analysis and material pre-treatments were conducted in house by Dr. Prem Siril.  The 

results are shown in Figures 4.6-4.9 below. 

 

In these experiments, the sample is exposed to a series of pulses of ammonia at 150°C 

and the amount of each pulse adsorbed irreversibly is measured along with the molar 
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enthalpy of adsorption for each pulse.  This is converted to molar enthalpy of 

adsorption.  It is assumed that the value of the molar enthalpy of adsorption of ammonia 

reflects the relative strength of the acid sites on each catalyst and the point at which the 

enthalpy of adsorption falls below -80 kJ mol-1 is taken as the point at which acid sites 

are saturated.  On the basis that the strongest sites are populated first, the profile shown 

can be regarded as an acid site strength distribution profile for each catalyst.  

 

4.6.4.1 Polymer Supported Sulfonic Acid Resins 
 

 Sulfonated poly(styrene-co-divinylbenzene) resins 
Figure 4.5 below shows the enthalpy of adsorption vs surface coverage profile adsorbed 

at 150°C for the polystyrene sulfonic acid resin catalysts, all analysed in powder form.  

These data are similar to those reported previously for the same catalysts where 

ammonia adsorption was carried out in a static system and allowed to reach equilibrium 

after each pulse. 
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Figure 4.5:  Molar enthalpy of ammonia (irreversible) adsorption vs. surface coverage 

for the polystyrene sulfonic acid resins, Amberlyst 15, persulfonated CT275 (Amb 35) 

and the gel type C100H resin. 

 



Chapter Four                                                Acidity Measurements 
 
 

Andrea Davison   121

It is assumed the point at which the molar enthalpy of adsorption steeply drops 

corresponds directly to the complete saturation of acid sites on the material, which 

closely corresponds to the cation exchange capacity for each catalyst, or its known 

concentration of acid sites.  This suggests a) ammonia can access every acid site on each 

resin and there is one ammonia molecule per acid site.  b) There is no irreversible 

adsorption on non acidic sites.  It is also assumed that the strength of each catalyst is 

relatively uniform. 

 

When ammonia adsorption occurs at enthalpies numerically higher than -80 kJ mol-1, 

these values correspond to acid sites with significant strength, at which point 

stoichiometric adsorption of one ammonia molecule to one acid site group occurs.  

 

The specific polystyrene sulfonic acid resin samples analysed, were the 

stoichiometricaly sulfonated amberlyst 15, and the persulfonated Amberlyst 35 

macroporous resins. (The amberlyst 35 resin is equivalent to the CT275 resin), and the 

gel C100H resin.   

As seen in Figure 4.5 the persulfonated Amberlyst 35 resin demonstrates higher 

enthalpies of adsorption at -130 kJ mol-1 compared to the normal sulfonated Amberlyst 

15 and the gel C100H resins at -125 kJ mol-1.  This increased acid strength is assumed 

due to the presence of a second sulfonic acid group situated on the phenyl rings of the 

polymer backbone, the first acid group activates the sites increasing acid strength 

compared to the action of a single acid group.  The normally sulfonated macroporous 

Amberlyst 15 and the gel C100H resins demonstrate enthalpies of adsorption at similar 

levels, generating a nearly identical coverage profile.  The ammonia should access the 

macroporous resin’s acid sites with ease, due to their degree of permanent porosity that 

ensures a high proportion of acid sites, which are distributed throughout the resin.  The 

gel resin however has no permanent porosity, and access to acid sites requires diffusion 

through the gel.  Yet ammonia appears to be very effective at diffusing through the 

unswollen polymer matrix when in powder form.  The polystyrene resins are known to 

be sulfonated to specific levels, the C100H and the Amberlyst 15 at approximately 4.9 

mmolg-1, the Amberlyst 35 at 5.2 mmolg-1.  The surface coverage data obtained from 

ammonia adsorption analysis confirms these levels of sulfonation, as the profiles 

produced tail off at their respective sulfonic acid loadings.  The molar enthalpies of 

adsorption increase with the increasing level of sulfonation of the resins, implying that 
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the strength of the acid sites increases with the increasing sulfonation.  This is believed 

to be due to the presence of the highly electronegative phenyl groups and their 

interactions on the persulfonated resins.  

 

 Fluorinated Sulfonated Polymer Resins 
Figure 4.6 below shows the enthalpy of adsorption of ammonia vs amount adsorbed at 

150°C for the Nafion and the Nafion silica composite material SAC-13, both in 

analysed in powder form. 
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Figure 4.6:  Molar enthalpy of ammonia (irreversible) adsorption vs. surface coverage 

for the fluorinated sulfonated polymer resins, Nafion and the Nafion silica composite 

(SAC-13). 

 

 Nafion is known to be highly permeable to ammonia, so despite its absence of 

permanent porosity, the acid sites were expected to be freely accessible to ammonia.  As 

seen in Figure 4.6, ammonia saturation for both of these Nafion materials occurs at a 

surface coverage close to their known concentration of acid sites.  As their enthalpies of 

adsorption are greater than -80 kJ mol-1, (approx -170 kJ mol-1 for both) it can be 

assumed these are acid sites of significant strength.  Both Nafion materials demonstrate 

enthalpies of adsorption much higher than those of the polymer sulfonic acid resins, yet 

the surface coverage of acid sites are a lot lower.  Nafion in its silica composite does not 
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demonstrate such a broad surface coverage profile, yet compared to Nafion this is 

expected due to the presence of the porous silica support.  Again the surface coverage of 

the material corresponds to its sulfonic acid loading as previsouly indicated by the 

manufacturers (Nafion sulfonated to 0.8 mmolg-1, and the Nafion silica composite to 

0.12 mmolg-1).  The surface coverage of the Nafion silica composite was not as high as 

the polymer sulfonic acid resins, but its enthalpies of adsorption were greatly higher.  

Both show 100% coverage of acid sites by ammonia, and crucially, much stronger sites 

than the Amberlyst and gel resins.  It is also worth noting the strength of Nafion is the 

same when supported on silica.  The shape of the profiles produced also suggest a 

uniform distribution of acid sites. 

 

4.6.4.2 Sulfonated Silica Gels (Grafted route) 
Figure 4.7 below shows the enthalpy of adsorption of ammonia vs amount adsorbed at 

150°C for the propyl (MPTMS) and phenyl (CSPTMS) functionalised silica gels, both 

in analysed in powder form. 
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Figure 4.7:  Molar enthalpy of ammonia (irreversible) adsorption vs. surface coverage 

for the sulfonated silica gels, propyl and phenyl functionalised grafted silica materials. 

 

As seen in Figure 4.7, ammonia saturation for both of these silica materials occurs at a 

surface coverage close to their known concentration of acid sites.  As their enthalpies of 
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adsorption are greater than -80 kJ mol-1, (approx -130 kJ mol-1 for both) it can be 

assumed these are acid sites of significant strength.  Both silica materials demonstrate 

enthalpies of adsorption lower than those of the Nafion materials but comparable and 

slightly higher than the polymer sulfonic acid resins, yet the surface coverage of acid 

sites are a lot lower.  The propyl functionalised material does not demonstrate such a 

broad surface coverage profile compared to its phenyl functionalised counterpart.  

Again the surface coverage of the material corresponds to its sulfonic acid loading as 

previsouly characterised, with the phenyl functionalised material having a loading of 

0.72 mmolg-1, and the propyl functionalised material possessing a 0.32 mmolg-1 

sulfonic acid loading.  From this it can be assumed that a significant percentage of the 

precursor resists conversion to the acid form, possibly due to the thiol group remaining 

inaccessible during the synthesis procedure.  The coverage profiles confirms a 

correlation between the type of tether and increase in sulfonic acid loading and an 

increase the enthalpies of neutralization of the materials. 

 

4.6.4.3 Sulfonated Mesoporous Silicas (Co-condensed) 
Figure 4.8 below shows the enthalpy of adsorption of ammonia vs amount adsorbed at 

150 °C for the propyl (MPTMS) and phenyl (CSPTMS) and bi-functionalised 

sulfonated co-condensed mesoporous materials, all analysed in powder form. 
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Figure 4.8:  Molar enthalpy of ammonia (irreversible) adsorption vs. surface coverage 

for the selected sulfonated mesoporous silicas. 

 

As seen in Figure 4.8, ammonia saturation for all of these silica materials occurs at a 

surface coverage close to their known concentration of acid sites.  As their enthalpies of 

adsorption are greater than -80 kJ mol-1, (approx -130 kJ mol-1 for all) it can be assumed 

these are acid sites of significant strength.  All these materials demonstrate enthalpies of 

adsorption lower than those of the Nafion materials but comparable with the polymer 

sulfonic acid resins and the sulfonated silica gels, yet the surface coverage of acid sites 

are comparable with the sulfonated silica gels but lower than the sulfonated polymeric 

resins.  From the shape of the surface coverage profiles, it appears the propyl 

functionalised MCM-41 material possesses the higher acid strength of the group.  The 

surface coverage profiles correspond to the sulfonic acid loading of the samples, with 

the propyl functionalised MCM-41 material having a loading of 1.00 mmolg-1.  There 

appears to be no other correlation between increased acid strength and type of tether or 

indeed type of silica support used (SBA-15 or MCM-41), as all acid strengths are not 

significantly different, but well below that of the fluorinated Nafion catalysts.  This is 

despite the previous expectation that the presence of the electron withdrawing aryl 

group of the CSPTMS tether might have increased the acid strength when compared to 

its propyl MPTMS counterpart. 

 

4.6.4.4 Summary   
It is assumed the point at which the molar enthalpy of adsorption steeply drops 

corresponds directly to the complete saturation of acid sites on the material, which 

closely corresponds to the cation exchange capacity for each catalyst.  This suggests that 

ammonia can access every acid site on each support and there is one ammonia molecule 

per acid site.  From the difference between the profiles, it is evident that irreversible and 

reversible adsorption is occurring on both acidic and non acidic sites.  From the shapes 

of the profiles it is also assumed that despite this, the strength of each catalyst is 

relatively uniform. 

 

The calorimetric data obtained by ammonia adsorption at 150°C, suggests that the 

ammonia can access essentially all the acid sites on the functionalised silicas (both 
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grafted and co-condensed, and the sulfonated polymer resins alike), perhaps 

unsurprisingly due to their relatively large pores and high surface areas.  The 

concentrations of acid sites on these synthesised catalysts are, however, relatively low 

compared to the sulfonated polymer resins.  The acid strengths are relatively uniform 

and are slightly higher than that of the polystytrene resins, but well below that of the 

fluorinated Nafion catalysts.  Enthalpies of adsorption with propyl and phenyl tethers 

for the acid groups are not significantly different, despite the expectation that the 

electron withdrawing aryl might have increased the sulfonic acid strength compared to 

the propyl tether.  From the shapes of the profiles it can also be assumed that a 

significant percentage of the precursor in the functionalised mesoporous supports resists 

conversion to the acid form. 

 

The reason for the difference in apparent acid strengths between polystyrene and silica 

supported sulfonic acids is not clear.  The tether on polystyrene is a phenyl group, so is 

essentially similar to that of the tethers on the silica materials.  It is thought the 

persulfonated resins would have shown higher acid strengths than the nominally 

sulfonated silica materials.  The fact that the reverse is actually observed may be linked 

to the possibility that the removal of water from the sulfonated polystyrene resins (when 

in powder form) is difficult, meaning the measured acidity is in fact that of the H3O+ 

ion.  Another alternative factor which may influence the difference between the 

enthalpies of adsorption of ammonia on sulfonated silica and sulfonated polystyrene is 

the enthalpies associated with adsorption and chelation of ammonia molecules in silica 

pores: The “confinement” effect [31]. 
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Chapter 5 Catalytic Activity 

 

5.1 General Overview 
This Chapter aims to show the results obtained from the catalytic activity 

charcterization of the synthesised materials.  The solid acid catalysts were assessed in 

terms of catalytic activity using the α-pinene isomerization reaction.  A complete 

summary table of all results obtained is shown in the appendix of this thesis. 

 

5.2 Catalytic Activity Characterization: Introduction and Background 
The catalytic activity of the sulfonated materials was tested using a typical liquid phase 

reaction, the isomerization of α-pinene, the mechanism of which is shown in Figure 5.1 

below.  This particular reaction was chosen due to its ease of use, readiness of 

chemicals and facilitation within the in house set-up.  This particular reaction reacts in 

the presence of Bronsted acids, which in the case of this research was ideal.  Both the 

reactants and products are non-polar, therefore the reaction only probes the acid sites 

that are accessible in the unswollen state for catalysts that are prone to swell in the 

presence of polar solvents. 

If the solvent used is pinene, salvation of the acid sites is minimised and it is felt that the 

environment of the acid sites is not discriminated against when under vacuum and when 

in the presence of cyclohexane. 

 

The first step of the reaction is the protonation of the double bond.  The resulting 

carbocation rearranges to alleviate the ring strain associated with the four membered 

ring.  The resulting product is camphene with additional small amount of limonenes 

formed.[6] 
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Figure 5.1 Mechanism of formation of alpha pinene. 

 

The use of liquid phase reactions in determining the catalytic activity of solid acid 

catalysts is widespread in the literature, with various model reactions such as the 

hydrolysis of ethyl acetate, the acetalization of cyclohexanone, and acylation of anisole.  

The choice of liquid phase reaction is dependant on the temperature of thermal 

degredation of the solid catalyst used.[1-5 / 7-10]  Gas chromatography is used to measure 

the decline of the reagents within the reaction in order to ascertain the catalytic activity 

of the samples. 

 

5.2.1 Gas Chromatography 
Gas Chromatography is a technique that separates volatile organic compounds 

distributed between two phases, stationary and mobile.  In this case, Gas-Liquid 

Chromatography is the separation of an analyte between a gaseous mobile phase and a 

liquid phase immobilised on a surface of an inert solid.  The sample is vapourised and 

injected onto the head of a chromatographic packed column.  It is transported through 

the column by an inert carrier gas (mobile phase), the column itself contains the liquid 
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stationary phase which is adsorbed onto an inert solid.  Once separated inside the 

column, the components are detected using a Flame Ionization Detector (FID). 

The FID is a mass sensitive detector which works by mixing air and hydrogen and the 

effluent from the column and igniting it.  The organic compounds burning in the flame 

produce electrons and ions which produce an electrical signal.  Above the flame is a 

collector electrode which collects and records the ions produced.  Chromatograms are 

produced based on the retention time of the analyte by the column, and the intensity of 

the concentration of ions detected. 

 

5.3 Experimental 
The catalytic activity of all the catalysts was tested in the absence of solvent using the 

α-pinene isomerization reaction.  The reactions were performed in a stirred batch glass 

reactor, under air using a pre-programmed hotplate and overhead stirrer to maintain 

temperature and stirring rates, with samples taken every hour and analysed using a 

PERKIN ELMER CLARUS 500 gas chromatograph, with an SGE fused silica 25 m 

BP1 capillary column with a 5 ml min-1 helium flow and a constant oven temperature of 

348K.  The reactions were conducted at 373 K using 75 mg of dry ground up (<125 μm) 

catalyst (pre-activated for 3 hours at 373 K under nitrogen and introduced after reaction 

had equilibrated to the appropriate temperature), 5.0 ml of α-pinene, and 1.0 ml of 

decane as an internal GC standard.  Reactions were run for 4 hours with 0.01 ml 

samples taken, filtered and injected manually into the GC before the reaction was 

initiated and then at every hour.  The initial rates of reaction (as a rate of loss of 

reactant) were determined from the subsequent pinene to decane ratio calculations.  The 

reaction mixture was stirred at the maximum stirrer speed as this has been previously 

demonstrated as being effective in preventing the reaction progressing under external 

diffusion control.  The small amount of solution removed for GC analysis was removed 

in such a way that no solid catalyst was present in the liquid injected, and was assumed 

not to have any unnecessary effects on the volume of the reaction mixture that was 

remaining during experimentation. 

 

 Thermal Activation 
Prior to reaction, the solid materials were activated at 100°C for three hours.  The solid 

material was ground up into a fine powder, placed into a quick-fit boiling tube, and 
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lowered into the furnace by a clamp.  A digital Eurotherm 818 P programmer was 

connected to the furnace in order to control the temperature.  A diagram of this setup is 

shown in Figure 5.2 below.  The activation vessel had dry air flowing through by the 

use of a “Hy-Flo” air piston pump passing the air through a tube of dehydrated silica gel 

before entering the vessel.  After activation, the sample was cooled to the reaction 

temperature, the reaction mixture of 5.0 ml of α-pinene, and 1.0 ml of decane as an 

internal GC standard was quickly poured over the catalyst, transferred into the catalytic 

activity reaction vessel and the reaction started. 

 

 
Figure 5.2 Catalytic Activity activation setup. 

 

 

 Reaction Vessel 
The reactions were performed in a stirred batch glass reactor (as shown in Figure 5.3 

below), under air using a pre-programmed hotplate and overhead stirrer to maintain 

temperature and stirring rates, with samples taken every hour and analysed using a 

PERKIN ELMER CLARUS 500 gas chromatograph, with an SGE fused silica 25 m 

BP1 capillary column with a 5 ml min-1 helium flow.   
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Figure 5.3 Catalytic Activity Reaction Setup. 

 

5.4 Summary 
The experimental methods discussed in this chapter were the actual routes used for the 

synthesis, functionalization and characterization of the solid acid catalysts, the results of 

which are detailed below. 

 

 

 

 

 

 

Water 
Out 

Drying 
tube 

Oil 
Bath 

Programme 
controlled 
hotplate and 
stirrer 

Water 
In 

Thermometer

Condenser 

Samples 
out to GC 



Chapter Five                                                         Catalytic Activity 
 
 

Andrea Davison   135

5.5 Catalytic Activity Results and Discussion 

 

5.5.1 Polymer supported sulfonic acid resins 

 

 Sulfonated poly(styrene-co-divinylbenzene) resins and 

Fluorinated sulfonated polymer resins 
 

The catalytic activities of the sulfonated poly(styrene-co-divinylbenzene) resins and the 

fluorinated sulfonated resins are shown as reactant conversion over four hour reaction 

periods in Figure 5.4 below.  The kinetic data is shown in Table 5.1 below as turnover 

numbers per hour (TONs) and the percentage conversion of Pinene after 4 hours.  Note 

that the macroporous Amberlyst 35 resin was analysed as it was equivalent to the 

CT275, and the Amberlyst 15 resin is equivalent to CT175. 
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Figure 5.4 Catalytic activity data for the macroporous, stiochiometrically sulfonated 

Amberlyst 15, the persulfonated Amberlyst 35, the gel C100H poly(styrene-co-

divinyl)benzene resins and the Fluorinated Nafion  type resins.  Conversion of α-pinene 

as a function of time. 
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Sample Sulfonic Acid Loading 

(mmolg-1 acid sites) 

Turn Over Number (h-1) 

C100H 4.9 9 

AMB 15 4.9 47 

AMB 35 5.3 112 

Nafion 0.8 1325 

Nafion-SiO2 0.10 1709 

Table 5.1  Catalytic activity in terms of percentage conversion of α-pinene over a 

period of 4 hours, rate of conversion in mol min-1 g-1 , and reaction turn over number in 

h-1 of the sulfonated poly(styrene-co-divinylbenzene) resins and the fluorinated 

sulfonated polymer resins. 

 

Of the polystyrene supported sulfonic acid resins, the non porous C100H resin showed a 

very low activity.  The stochiometrically sulfonated macroporous resins Amberlyst 15 

and the persulfonated Amberlyst 35 demonstrating the highest catalytic activities.  The 

higher TON for Amberlyst 35 over Amberlyst 15 reflects the higher acid site strength 

on this resin.  Of the fluorinated sulfonated polymer resins, Nafion powder and Nafion 

SAC-13 both exhibited TONs ten times higher than the Amberlyst sulfonic acids. 

It is evident that the acid sites present in the C100H gel resin are deep within the 

polymer matrix and are un-accessible to a bulky, non-swelling reactant such as α-

pinene.  The high TONs of sulfonic acid in powdered Nafion and Nafion SAC-13 

catalysts reflect the high acid strengths of Nafion.  As the measured strengths of the acid 

sites are similar for Nafion powder and SAC-13, it seems likely that the higher activity 

and TON of Nafion SAC-13 is due to the better accessibility of acid sites.  This is most 

likely due to its dispersion “on a nanometre scale” during synthesis. 
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5.5.2 Sulfonated Silica Gels. grafting route and Sulfonated Mesoporous 

Silicas (Co-condensed) 

 
The catalytic activities of the sulfonated silica gels and the sulfonated mesoporous 

molecular sieves are shown as reactant conversion over four hour reaction periods in 

Figure 5.4 below.  The kinetic data is shown in Table 5.2 below as turnover numbers 

per hour (TONs) and the percentage conversion of Pinene after 4 hours.   

 
Figure 5.5 Catalytic activity data for the propyl and phenyl grafted silica gels, and the 

mesoporous sulfonated sulfonic acid materials.  Conversion of α-pinene as a function of 

time 
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Sample Sulfonic Acid Loading 

(mmolg-1 acid sites) 

Turn Over Number (h-1) 

SiO2-PropylSO3H 0.36 ± 0.01 11 

SiO2-PhenylSO3H 0.72 ± 0.04 13 

   

MCM41-PropylSO3H 1.09 ± 0.05 17 

SBA-PhenylSO3H 0.68 ± 0.01 48 

Phenyl-SBA-

PropylSO3H 

0.41 ± 0.03 81 

Phenyl-SBA-

PhenylSO3H 

0.39 ± 0.01 93 

Table 5.2 Catalytic activity in terms of percentage conversion of α-Pinene over a period 

of 4 hours, and rate of conversion in mol min-1 g-1 and reaction turn over number in h-1 

of the sulfonated silica gels and the sulfonated mesoporous materials. 

 

Silica supported sulfonic acids show comparatively low activities with low TONs, yet 

slightly higher than that of the sulfonated mesoporous materials.  As all exhibit low 

activities, it is not possible to determine if altering the tether from propyl to phenyl has 

any discernable effect on these materials with respect to their catalytic activities.  The 

accessibility of the acid sites was expected to be good as the porosity data indicates that 

neither the pores are blocked nor are the surface areas reduced after functionalization of 

the materials. 

 

5.6 Summary 
 

Overall, both the sulfonated silica gels and sulfonated mesoporous silicas show 

comparatively low activities when compared to the polymer supported resin catalysts.  

With these low activites, it is not possible to determine with any certainty if changing 

the tether from propyl to phenyl or indeed the presence of the additional non acid 

bearing phenyl group, has any effect on the activity of the material.  It is assumed from 

nitrogen adsorption data that these sulfonated materials have a reasonable accessibility 

to their acid sites, therefore this low activity is unexpected.   

 

The supported sulfonic acid catalysts showed varied catalytic activities, the Nafion and 

Nafion SAC-13 materials demonstrated the highest activities and turn over numbers.  
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The polystyrene sulfonated resins were the next highly active catalysts in this reaction, 

with Amberlyst 35 showing the highest percentage conversion of Pinene.  The 

sulfonated silica/mesoporous supported catalysts demonstrated the lowest activity in 

comparison, despite varying functional groups on the surface of the materials.   

Given that previous experimentation with ammonia demonstrates the comparable 

strengths of the silica supported and sulfonated mesoporous sulfonic acid groups to 

those of sulfonic acid on polystyrene, the low activity is surprising.  A possible 

explanation is that the hydrophilicity of the support hinders the surface reaction with the 

hydrophobic reactant α-pinene.  As demonstrated in other reactions involving more 

polar reactants, silica supported sulfonic acid has been reported to be as active as 

polystyrene sulfonic acid, and even in the very polar methanol/ethanoic acid 

esterification reaction medium, more active than Nafion. 

It is clear that the relative activities of the supported sulfonic acids are extremely 

sensitive to the nature of the reaction, and the compatibility of the catalyst surface with 

the reaction medium.  It is well documented that the activity of silica supported sulfonic 

acid towards non-polar reactants reactants can be enhanced by tuning the surface 

hydrophobicity of the silica supported acids with additional grafted alkyl or aryl groups 

[1-8], it has been shown however in this particular reaction, this was not the case.  It is 

possible the majority of the alkyl and aryl tethers remained incorporated within the bulk 

of material, thus not providing a sufficient charge difference on the surface of the 

materials.  Or the attempt to stagger the thiol group tethers with intermittent aryl groups 

did not facilitate a uniform distribution, it therefore seems impossible to specifically 

tailor the surface in this way without in-situ manipulation, and careful consideration 

given to the materials and solvents used in synthesis. 

 

Therefore it is evident in the use of the sulfonated silica supported catalysts, the nature 

of the catalytic reaction, and the surface properties of the support, and the type of 

support should be seriously considered.   

There seems to be no correlation between the sulfonic acid loadings (acidity) and the 

catalytic activities of the samples, the accessibility of the acid sites to the reaction 

medium is paramount in the sulfonic acids catalytic activity. 

The type of support required for the appropriate reaction should also be seriously 

considered, it is evident here that the structure of the polymeric macroporous resins 
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allows the accessibility of acid sites to a far greater extent than the mesoporous 

sulfonated silica supports despite varying functionalization of their surfaces. 
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Chapter 6 Conclusions and Future Work 

 

6.1 General Overview 
This chapter aims to summarise and bring about conclusions for the research conducted 

throughout this project.  

 

6.2 Overall Aim and Specific Objectives 
The overall aim of this project was to determine the role of the support in imparting 

acidity and catalytic activity in the liquid phase of three different types of supported 

solid acid catalysts. 

 

As mentioned in previously in Chapter One, section 1.6, the specific objectives of this 

project were as follows. 

 

 To determine the role of the support in controlling acidity and activity of the 

catalysts based on chemically supported sulfonic acid, and the optimization of 

these materials in liquid phase reactions. 

 

 To determine the influence of the nature of the support and the sulfonic acid 

tether on the resultant properties of the supported acid catalyst.  

 

 To evaluate the effect of the solvent on the accessibilities and strengths of 

surface acid sites in the differing supports. 

 

 To investigate the relationship between acidity measured by base adsorption 

calorimetry in the liquid phase and catalytic activity.  

 

The main objective of this research was to compare the observed structural 

characteristics, acidities / catalytic activities of sulfonic acid functionalised on 3 

differing supports.  For comparison the synthesis/preparation methods were varied 

utilising different functionalised tether chain lengths and additional hydrophobic 

groups.  Those catalysts were:  
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 Polymer supported sulfonic acid resins.  These consisted of two types, the 

sulfonated poly(styrene-co-divinylbenzene) ion exchange resins with varying 

levels of sulfonation, and the sulfonated fluorinated polymer resins. 

 

 Sulfonated silica gels. Synthesised in house with both propyl and phenyl 

organic tethers, and the inclusion of a hydrophobic phenyl group. 

 

 Sulfonated co-condensed mesoporous silicas.  Functionalised in house with 

both propyl and phenyl organic tethers, and the inclusion of a hydrophobic 

phenyl group.  Three types were synthesised, MCM-41, SBA-15 and HMS.  

 

All resulting materials were characterised in terms of structure, acid site concentration 

and catalytic activity. 

 

This chapter is detailed in order to represent the data reported in three particular 

sections, structural, acidity and catalytic activity measurements.  A complete summary 

Table is shown in the appendix, detailing the complete physical characteristics, acidity 

and catalytic activity data obtained of the synthesised catalyst supports. 

 

6.3 Structural Analysis Conclusions 

 

 Sulfonated polymer supported sulfonic acid resins  
These materials did not require structural characterization. 

 

 Sulfonated silica gels 
From the variations in the synthesis routes, neither pre-treatment; nor variations in the 

oxidation/acidification steps produced materials with increased sulfonic acid loadings.  

Thus the syntheses progressed as reported in chapter 3 with no deviations.  From the 

nitrogen adsorption data of these samples, it is evident that functionalization of the 

material decreases the overall surface areas and pore volumes as expected.  From 

elemental analysis it was deducted that both tethers were bound by at least two points 

on their structure, and from XPS measurements 48% and 69% of the sulfur was in 

sulfonic acid form.    
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 Sulfonated Mesoporous Molecular Sieve silicas 
From the nitrogen adsorption data of these samples, it is evident that functionalization 

of the material decreases the overall surface areas and pore volumes as expected, the 

materials produced were mesoporous in nature.  From elemental analysis it was 

deducted that both tethers were bound by at least two points on their structure, and from 

XPS measurements 75% and 54% of the sulfur was in sulfonic acid form.   Between the 

three different supports of MCM/SBA and HMS none was better than the other.  The 

pure unfunctionalised MCM material produced samples of the highest long range order 

followed by the functionalised SBA materials.  The propyl functionalised MCM 

material produced the highest sulfonic acid loading of 1.09 mmolg-1.   

 

6.4 Base Adsorption Calorimetry Conclusions 
In general, the acid strength of sulfonic acid supported on silica are similar but much 

less than that of sulfonic acid supported on polyermic and Nafion® materials.  The type 

of solvent used is crucial in accessing the acid sites of the materials.  There is no simple 

correlation between acid strength and catalytic activity as measured by calorimetry in 

the liquid phase.  However in the gas phase from the reliable results obtained, there is a 

correlation with increasing acid strength showing a greater catalytic activity to the 

conversion of pinene reaction used, indicating either a presence of abundant bronsted 

acid groups accessible for reaction.   

 

6.4.1 In the Liquid Phase 
 

 0.1M NaOH/MeOH 
Sulfonated poly(styrene-co-divinylbenzene) resins 

The enthalpy of neutralization values obtained are comparable to that of the p-TSA 

homogenous acid system.  As the level of sulfonation increases, the enthalpy of 

neutralization also increases. 
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 0.1M NBA/MeOH 
Sulfonated poly(styrene-co-divinylbenzene) resins 

The enthalpy of neutralization values obtained are comparable and higher than that of 

the p-TSA homogenous acid system.  Again, as the level of sulfonation increases, so 

does the enthalpy of neutralization. 

The methanol solvent system was not utilised on the other materials. 

 

 0.1M NaOH/H2O 
The enthalpy of neutralization values obtained are comparable and higher than that of 

the p-TSA and HCl homogenous acid systems.  Again, as the level of sulfonation 

increases, so does the enthalpy of neutralization.  The relative orders of enthalpies of 

neutralization in this system are summarised below: 

 

Fluorinated Nafion Resin > Poly(styrene-co-divinylbenzene) resins > Sulfonated 

Mesoporous silicas = Sulfonated Amorphous silicas = Nafion SiO2 

 

 0.05M NBA/CH 
The enthalpy of neutralization values obtained are comparable and higher than that of 

the p-TSA homogenous acid system.  Again, as the level of sulfonation increases, so 

does the enthalpy of neutralization.  The relative orders of enthalpies of neutralization in 

this system are summarised below: 

 

Fluorinated Nafion Resin > Poly(styrene-co-divinylbenzene) resins > Sulfonated 

Mesoporous silicas = Sulfonated Amorphous silicas = Nafion SiO2 

 

6.4.2 In the Gas Phase 
All of the solid acid catalysts characterised in this research demonstrated enthalpies of 

adsorption of ammonia at values numerically higher than -80 kJ mol-1 which 

corresponds to acid sites regarding as having significant strength.  All absorption 

coverage profiles indicate a relatively strong adsorption occurs up to a coverage close to 

one ammonia molecule per acid site, followed by a fall in enthalpy after this is 

exceeded.  As the enthalpies vary very little, this suggests the acid sites on each solid 
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acid catalyst are uniform in strength.  In general increasing the sulfonation increases the 

enthalpies of adsorption, the relative orders of which are summarised below: 

 

Fluorinated Nafion Resin > Nafion SiO2 > Poly(styrene-co-divinylbenzene) resins > 

Sulfonated Mesoporous silicas = Sulfonated Amorphous silicas 

 

 

6.5 Catalytic Activity Conclusions 
From the general trend observed that as the sulfonation of the material increases, the 

enthalpy of neutralization increases, thus indicating a high concentration of acid sites, 

and therefore possibly a higher resultant acid strength. It was hoped that through this 

greater acid strength, the material will behave as a stronger solid acid catalyst in the 

appropriate test reaction.  In the materials characterised in this research, this trend is 

confirmed.  Nafion catalysts show much higher specific activites of pinene conversion 

than the other supported acids.  The relative orders of catalytic activity are shown 

below. 

 

Fluorinated Nafion Resin > Nafion SiO2 = Poly(styrene-co-divinylbenzene) resins > 

Sulfonated Mesoporous silicas = Sulfonated Amorphous silicas 

 

6.6 Overall Conclusions 
The specific objectives of this project were met, resulting in the major conclusions 

below. 

 

 Solid acid catalysts were successfully synthesised, functionalised and acidified 

to a high degree, both in the bulk of the material and on the surface. 

 

 The fluorinated Nafion resin demonstrated the highest acidity and catalytic 

activity, followed by the poly(styrene-co-divinylbenzene) resins, and then the 

synthesised silicas.  Indicating the resin materials to be the better type of support 

for this particular acid catalysed reaction. 
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 As the sulfonation of each solid acid catalyst increases, the relative acidity and 

catalytic activity also increases. 

 

 There appears to be no discernable difference between the mesoporous ordered 

materials and the amorphous materials in terms of acidity and catalytic activity. 

 

 There also appears to be no discernable difference between the nature of the 

propyl or phenyl tether imparting a better acidity or catalytic activity, despite the 

assumption of the phenyl electron withdrawing group behaving more like a 

bronsted acid compared to its propyl counterpart.   

 

 The use of the additional hydrophobic phenyl group appeared to have no added 

effect on the hydrophilicity of the support as was hoped. 

 

 Relative acid strength varies depending upon the medium in which the acidity is 

measured, ammonia adsorption offering the most reliable and confirmable 

results, with sensitivity to both the strength of the sulfonic acid groups and their 

environment. 

 

 The nature of the solvent for liquid phase titrations can have a dramatic effect on 

the measured acid strength. 

 Relating acid strength to catalytic activity requires the solvent system to be 

identical. 

 

 The relative strength of the acid sites is dependant on the nature of the 

environment of the sulfonic acid group. 

 

 The catalytic activity of the solid acid catalysts is dependant on the type of 

reaction and solvent system used. 

 

Despite the incorrect choice of solvent system this work demonstrates the usefulness of 

base adsorption studies (in both the liquid and gaseous phases) for characterising 

surface acidity in terms of acid site abundance, strength and distribution.  And in the gas 
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phase, the ability to distinguish between reversibly and irreversibly adsorbed 

compounds. 

Both techniques have however highlighted the vital fact that differences between the 

ways a base probe molecule and the solvent system might interact with the catalyst and 

its acid sites and the catalyst surface in general must be taken into account before 

choosing a suitable reaction system. 

These acidity characterization techniques that rely on calorimetric measurements of 

adsorption of probe compounds can only be safely used to predict catalytic activities in 

closely related catalysts. 

  

6.7 Future Work 
 

6.7.1 Improvements of equipment 
Using a more sensitive isothermal titration microcalorimeter would be desireable, with 

the addition of titrant directly into the solvent containing the solid with an in-situ stirrer 

thereby minimising any possible errors. 

 

Placing the microcalorimeter in a simple fume hood would allow for the use of more 

industrially viable and stronger base compounds such as pyridine, making the research 

more applicable in the field. 

The use of a direct in-situ measurement to enable the determination of the exact amount 

of base neutralised at the point of addition would remove any errors made from 

assumptions of complete neutralization after each addition. 

 

 6.7.2 Materials 
Interesting and novel work with the use of protecting groups in order to facilitate the 

production of a material that is contains both acidic and basic groups for use in 

particular reactions.  The use of groups in order to protect the active functional group 

before the desired reaction period is a positive step forward.  This would enable the use 

of (as shown) often antagonsitic groups in order to obtain materials that are able to 

function as a multiple catalyst/reactant for any synthetic reactions.  
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More research into the use of a materials hydrophobic/hydrophilic nature in order to 

ascertain its impact on the resultant acidity/catalytic activity of the material. 

 

6.7.3 Further Experimentation 
Further research into alternative catalytic reactions in which to assess the solid acid 

catalysts viability is certainly required.  In this case a wider investigation of the solvent 

system specific to the catalytic reaction is needed.   

 

Once an appropriate solvent system and catalytic reaction have been ascertained, it 

would be vitally important to assess the reusability and longevity of the catalysts, i.e. 

would they maintain their acidity after reaction? Would a simple re-acidification step be 

required to renew the acidity, or would a complete re-functionalization step be required? 
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It is important to note that throughout this thesis in certain sections, the results shown are summarily formatted to demonstrate the best results 

obtained based on triplicate readings.  Below for reference are the complete summary tables for all materials tested during this research with 

regards to structural, acidity and catalytic activity characterisation respectively.  All relative discussion and conclusions drawn are mentioned in 

the previous appropriate chapters of this thesis. 

 

Catalyst Nitrogen adsorption data Sulfonic Acid Loading 
(mmolg-1) 

 Surface Area (m2 g-1) Pore Volume 
(cm3 g-1) 

Av Pore Diam 
(nm) 

 

SP 21/15 - - - 2.97 
C100H - - - 4.9 

AMB 15 53a 0.4 30 4.9 
CT175 - - - 4.9 
CT275 50a 0.35 30 5.3 
Nafion - - - 0.8 

Nafion-SiO2 196a 0.6 10 0.1 
     

Pure SiO2 324 2.01 19.9 0 
SiO2-propylSO3H 271 1.39 16.8 0.36 ± 0.02 
SiO2-phenylSO3H 191 0.95 15.4 0.72 ± 0.02 

Phenyl-SiO2-propylSO3H 232 1.19 17.6 0.52 ± 0.03 
     

Pure MCM-41 638 0.69 3.42 0 
MCM41-propylSO3H 301 0.03 20.9 1.09 ± 0.05 
MCM41-phenylSO3H 301.7 0.176 3.63 0.40 ± 0.03 

Phenyl-MCM41-
propylSO3H 

340 0.17 18.4 0.12 ± 0.01 
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Pure SBA-15 612 0.38 4.39 0 
SBA15-propylSO3H 438.5 0.56 10.38 0.53 ± 0.01 
SBA15-phenylSO3H 385 0.94 15.78 0.67 ± 0.01 

Phenyl-SBA15-
propylSO3H 

453 0.19 4.24 0.41 ± 0.03 

Phenyl-SBA15-
phenylSO3H 

676 0.37 4.19 0.39 ± 0.01 

     
HMS-propylSO3H 410 0.25 28.3 0.48 ± 0.01 

Tables 7.1 Structural characterization for the supported sulfonic acid catalysts. 
a Value supplied by the manufactures. 

 

 

Catalyst Av ΔH adsorption (kJ mol-1) Sulfonic Acid 
Loading 

(mmolg-1) 

Av ΔHads NH3
b 

(kJ mol-1) 
Saturation NH3

c 

coverage (mmolg-1) 

 NaOH / 
MeOH 

NBA / 
MeOH 

0.1 M 
NaOH / 

H2O 

0.05 M 
NBA / CH 

   

SP 21/15 -33.4 ± 2 -76.30 ± 2 -55.3 ± 2 -99.2 ± 2 2.97 - - 
C100H -35.8 ± 2 -60.28 ± 2 -61.0 ± 2 -110.4 ± 2 4.9 -110 ± 4 4.6 

AMB 15   -64.7 ± 2 -107.6 ± 2 4.9 -110 ± 4 4.7 
CT175 -34.3 ± 2 -61.9 ± 2 -61.5 ± 2 -100.9 ± 2 4.9 -110 ± 4 4.7 
CT275 -39.49 ± 2 -76.8 ± 2 -64.5 ± 2 -90.45 ± 2 5.3 -116 ± 4 5.3 
Nafion   -51.1 ± 2 -103.2 ± 2 0.8 -161 ± 5 0.85 

Nafion-SiO2   -39.9 ± 2 -77.17 ± 2 0.1 -162 ± 5 0.12 
        

Pure SiO2     0   
SiO2-propylSO3H   -32.5 ± 2 -94.2 ± 2 0.36 ± 0.02 -128 ± 5 1.10 
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SiO2-phenylSO3H   -55.8 ± 2 -97.1 ± 2 0.72 ± 0.02 -126 ± 5 0.68 
Phenyl-SiO2-propylSO3H   -43.8 ± 2 -81.4 ± 2 0.52 ± 0.03 - 0.52 

        
Pure MCM-41   - - 0 - - 

MCM41-propylSO3H   -60.6 ± 2 -98 ± 2 1.09 ± 0.05 -127 ± 4 1.14 
MCM41-phenylSO3H   -34.0 ± 2 -91.2 ± 2 0.40 ± 0.03 - 0.42 

Phenyl-MCM41-
propylSO3H 

  -24.5 ± 2 -79.3 ± 2 0.12 ± 0.01 - 0.15 

        
Pure SBA-15   - - 0 - - 

SBA15-propylSO3H   -40.1 ± 2 -96.4 ± 2 0.53 ± 0.01 - 0.55 
SBA15-phenylSO3H   -50.3 ± 2 -85.2 ± 2 0.67 ± 0.01 -126 ± 4 0.37 

Phenyl-SBA15-
propylSO3H 

  -55.5 ± 2 -81.6 ± 2 0.41 ± 0.03 -125 ± 4 0.28 

Phenyl-SBA15-
phenylSO3H 

  -44.4 ± 2 -75.4 ± 2 0.39 ± 0.01 - 0.21 

        
HMS-propylSO3H   -35.4 ± 2 -73.9 ± 2 0.48 ± 0.01 -118 ± 4 0.32 

Tables 7.2 Acidity data for the supported sulfonic acid catalysts. 
b Average value of ΔHads NH3 up to saturation coverage 

c Saturation NH3 coverage defined as total NH3 uptake with ΔHads numerically greater than -80 kJ mol-1 
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Catalyst Sulfonic Acid Loading 
(mmolg-1) 

TON (h-1) Molar select to camphene (%) 

SP 21/15 2.97 5 8 
C100H 4.9 9 20 

AMB 15 4.9 47 22 
CT175 4.9 54 10 
CT275 5.3 112 40 
Nafion 0.8 1325 55 

Nafion-SiO2 0.1 1709 50 
    

Pure SiO2 0 - - 
SiO2-propylSO3H 0.36 ± 0.02 11 8 
SiO2-phenylSO3H 0.72 ± 0.02 13 10 

Phenyl-SiO2-propylSO3H 0.52 ± 0.03 48 8 
    

Pure MCM-41 0 - - 
MCM41-propylSO3H 1.09 ± 0.05 17 7 
MCM41-phenylSO3H 0.40 ± 0.03 12 6 

Phenyl-MCM41-propylSO3H 0.12 ± 0.01 48 9 
    

Pure SBA-15 0 - - 
SBA15-propylSO3H 0.53 ± 0.01 51 8 
SBA15-phenylSO3H 0.67 ± 0.01 48 9 

Phenyl-SBA15-propylSO3H 0.41 ± 0.03 81 9 
Phenyl-SBA15-phenylSO3H 0.39 ± 0.01 93 9 

    
HMS-propylSO3H 0.48 ± 0.01 8 4 

Tables 7.3 Catalytic activity data for the supported sulfonic acid catalysts. 
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