CHAPTER 1
INTRODUCTION
Thermal Analysis methods & Catalysis
Catalysts by nature are inorganic / organic solids. In the process of application, they undergo physical as well as chemical transformations at every stage, like, preparation, evolution of the active phases, reaction, ageing, deactivation and regeneration. The wealth of information that could be generated throughout the life cycle of the catalyst (from the Cradle to the Coffin) by application of appropriate analytical techniques is listed in the table below.

Table.1 Catalysis & Analytical Chemistry ( Info.in the table may be incomplete!)
	Preparation
	Characterization
	Evaluation
	Ageing
	Spent

	Concn. of active elements
	Phase composition
	In-situ Spectroscopy
	Solid state transformations
	Inactive 

phases

	Species in Solution phase
	Electronic state
	Transient surface species
	Structural transformations
	Poisons

	Solid state transformations
	Structural features
	Reactants & Products
	Surface composition
	Analysis

 of coke

	Preparation techniques
	Dispersion & Distribution
	Kinetics & mechanism
	
	

	
	Surface composition
	
	
	


Amongst various analytical techniques, Thermal analysis methods occupy an unique place, capable of rendering useful information on catalysts at every stage. 

The study of solids employed as catalysts has been centred on examining the surface and bulk transformations that take place as a result of input of various forms of activation.   Even though a variety of activation procedures known, thermal activation has always been the most adopted method due to reasons like easy adoptability, facile amenability for analysis and examination under controlled conditions (both atmosphere and temperature)  
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  Analysis of 
The analysis of ejected/ evolved neutral species has been the predominant method in thermal analysis though ejected electrons (thermionic emission) and other species can also be analyzed.

Thermal analysis generally denotes the group of methods by which the physical or chemical properties of a substance, a mixture and/or a reactant are measured as a function of temperature or time (T = T​0 + βt) whilst the sample is subjected to a controlled temperature program. The program may involve heating or cooling (dynamic), or holding the temperature constant (isothermal), or any sequence of these. 
New techniques based on Temperature Programming
The possibility of temperature ramp has been exploited in the field of catalysis for a number of years.   Originally, this method was adopted in the name of flash desorption ( Ref) to study the adsorption of gases on metallic wires and filaments.   The introduction of temperature programming has led to the development of a number of new techniques  which are usually denoted as  Temperature Programmed techniques, TPX (where X can take alphabets like D (for desorption, R for reduction, O for oxidation, S for Sulphidation, RS for reaction study and so on), hitherto unknown in conventional thermal analysis.   
Emergence of hyphenated techniques like TPD-MS, TG-IR and TEOM ( Tapered Element Oscillating Microbalane) have further sharpened the application potential of thermal analysis methods 

This does not mean that the conventional thermal methods like Thermogravimetry (TG and its differential mode DTG), Differential Thermal Analysis (DTA), Differential Scanning Calorimetry (DSC) Thermo Mechanical Analysis (TMA) have not been exploited in the study of catalysts and the phenomenon of catalysis.   They have been extensively employed and these aspects will also be considered in this monograph.

The list of such conventional techniques has been given in Table 1.1.
Table 1.1. Conventional thermo-analytical Techniques

	Technique
	Abbreviation
	Physical Property measured

	Thermogravimetry
	TG and DTG
	Weight/change in weight of the sample

	Differential Thermal Analysis
	DTA
	Difference in temperature between the sample and a thermally inert reference material both heated identically

	Differential Scanning Calorimetry
	DSC
	Rate of change of enthalpy

	Evolved Gs Analysis
	EGA
	Nature of gases evolved

	Thermodilatormetry
	
	Change in the dimension of the sample under zero load

	Thermo Mechanical Analysis
	TMA
	Change in Visco-elastic properties under non-oscillatory load

	Dynamic Mechanical Analysis
	DMA
	Change in Visco-elastic properties under oscillatory load

	Thermooptometry
	
	Change in optical property

	Thermomagnetometry
	
	Change in magnetic property

	Thermoelectrometry
	
	Change in electrical property

	Thermoacoustimetry
	
	Change in acoustic signal

	Differtial microcalorimetry
	DMC
	Enthalpy difference between sample and reference


The classification of the conventional thermal method, shown in Table1.1. can also be visualized in terms of a flow diagram and one such flow diagram is shown in Fig.1.1. 
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Fig.1.1. Thermal Analysis refers to a number of methods that measure change in any property of a system with respect to temperature, when it is subjected to a controlled temperature variation.   The measured parameters can be mass, temperature or heat flow or other properties, dimensions, or optical or magnetic property.
Impact of Thermal analysis on Catalysis research 
The justification for a separate monograph on thermal methods in catalysis is necessitated by the fact that the number of publications in this area is always on the increase and more and more applications are brought to focus. 
A simple search for thermal methods in catalysis turned out 69186 entries (as on 23rd June 2009) with 61222 journal references, 7365 book and 599 reference entries.   A more simple approach would be to see how year wise this topic has been covered by publications.   In Table 1.2. the necessary data are assembled.

Table 1.2. The number of entries on the topic thermal methods in catalysis year wise
	S.No
	Year
	No of entries

	1

2

3

4

5
	2005

2006

2007

2008

2009 (part)
	3972

4195

5033

5221

4265


A variety of sources cover the original research in this area and a sample of the journals which has published more than 500 research articles are shown in Table 1.3.   This compilation is only to give an idea of the coverage of resources available for this field.
Table 1.3.  Journals that cover most of the articles under the title thermal methods in catalysis
	Journal
	Number of articles

	Applied Catalysis A: General 

Studies in Surface Science and Catalysis 

Journal of Catalysis 

Surface Science 

Journal of Molecular Catalysis A: Chemical 

Applied Catalysis B: Environmental 

Journal of Organometallic Chemistry 

Microporous and Mesoporous Materials

Chemical Engineering Science  

Tetrahedron

Journal of Molecular Biology 

Applied Catalysis

Inorganica Chimica Acta 

Catalysis Communications

Carbon

Polyhedron

Themochimica Acta

Journal of Molecular Catalysis

Applied Surface Science


	3577

3503

3435

2417

1937

1586

1495

1228

1038

976

878

853

808

712

693

645

641

624

587


It may be argued that thermo-analytical methods cannot compete with other analytical techniques like electro-analytical or spectral analysis in terms of power, accuracy and time, but still many laboratories are employing thermo-analytical methods for a variety of analytical situations.   It is argued that nearly 35% of the analytical research laboratories still use thermo-analytical techniques. 
Secondly the possibility of temperature programming has led to some remarkable developments in the kinetic study of the processes.   However, though these studies have been exploited extensively to derive essentially the two important kinetic parameters namely the activation energy and Arrhenius factor. The evaluated values obtained for these two parameters have to be carefully analyzed since in most cases the abnormal values have been reported. 
It is appropriate to quote Flynn at this stage. He said “ the unfortunate fact is that, since in thermal analysis, properties of the system are measured as a function of (both) time and temperature, all thermo-analytical results are potentially kinetic data, and many  people ill grounded on kinetics ( like the present author) feel obliged to perform a kinetic analysis of them”
As stated above the evaluation of the kinetic triplet namely, Activation energy, Pre-exponential factor and g(α) or f (α) are obtainable by temperature programming methods.    However, Kinetic data derived from thermal methods are always considered with some skepticism – why is this so?    The values obtained for the kinetic triplets do not have much physical meaning but can help in predicting the rate of the processes for conditions when the collection of experimental data is impossible.  The kinetic parameters do not have a physical meaning and can be used to help in elucidating the solid state reaction mechanisms.   But in reality the Truth is in between these two extremes.
It should be remarked that ambiguity inescapably accompanies interpretation of kinetic data obtained in thermal methods.  These may arise because of the short comings from computation methods or experimental shortcomings. Experiments are often done either isothermal or under iso-conversions or under suitable heating rates all these are unable to provide the details of all that take place under thermal methods.  The reactions do not follow normally not simple stoichiometry like dehydration decomposition – a single set of kinetic triplet can at best describe a simple reaction at the most or if the mechanism is independent of temperature and the progress of the reaction.   Finally non-isothermal kinetics is obliged to give the same results as isothermal kinetics. There is enough support for both for and against.
In this monograph an attempt has been made to address these questions which have been haunting the scientific community for long on the use of thermo-analytical methods.   It is realized that one may not be able to offer solutions for all of them at least one can make attempt to understand them and also to delineate them for evolving possible solutions in the future. 
On the whole, various thermal methods can be employed for studying various properties of catalytic systems.   These can be summarized as follows:

 1. Determination of thermal constants,

Heat of fusion, specific heat , freezing point and melting point.

The MP of pure metals (Au, Pb, Sn etc) is often used for calibration of DTA/DSC. The area under a melting endotherm is proportional to the latent heat of fusion of the sample. 

2.  Phase changes and phase equilibria

Solid to liquid phase change or liquid to gaseous state, or phase changes in solids
3. Structural changes

Solid-solid transitions where a change in crystal structure occurs, it could be exo-or endothermic.

4.  Thermal stability

One can monitor the thermal stability of an oxide, particularly stability of a porous material.
5. Thermal decompositions

·  Decomposition of a polymer.

·  Decomposition of template or an occluded material from a zeolite.  Thermal decomposition of copper sulphate (CuSO45H2O) and other salts used for the formation of active catalysts.

· For example the decomposition of copper sulphate can be represented by the following equations

      CuSO4.5H2O  ( CuSO4.3H2O + 2H2O

CuSO4.3H2O ( CuSO4.H2O + 2H2O

CuSO4.H2O ( CuSO4 + H2O
6. Characterization of materials. ( for example)
·  Determination of glass transition temperature. 

·  Analysis of Portland cement versus high alumina cement.
7. Extent of adsorption, desorption reaction, reduction, oxidation coking/decoking, sulphidation etc.

Concluding remarks ?

CHAPTER 2
THERMOGRAVIMETRIC ANALYSIS IN CATALYSIS
This is the simplest of the thermal analysis wherein one measures the weight changes that occur as a result of programmed heating of the substance.   The result is usually represented as percentage weight loss (note not the absolute weight) as function of temperature.    It is also possible to depict the results in differential form (also called DTG) since it is known that in the differential form the signals are more prominent and also useful quantitative extraction of the data is possible.
1. Buoyancy effect of sample container:
It denotes the apparent gain in weight when an empty, thermally inert crucible is heated. It has three components namely, (i) decreased buoyancy of atmosphere around the sample at higher temperatures; (ii) the increased convection effect; and (iii) the possible effect of heat from the furnace on the balance itself.  Modern instruments take care of these factors.  A blank run with an empty crucible is always preferable.  The buoyancy effect stems from the famous Archimedes principle namely,  any object, when wholly or partially immersed in a fluid, is buoyed up by a force equal to the weight of the fluid displaced by the object.  In the case of temperature it is connected to the density of the gaseous atmosphere varying with temperature.   For example the air decreases with increasing temperature as follows: 298 K -1.29 mg/ml; 498 K - 0.62 mg/ml; 698 K - 0.41 mg/ml.   The effect of buoyancy on measurment of weight is illustrated. 
The effect of buoyance can be illustrated by a simple example.  The density of air at 298 K is 1.3 mg/cm3, while the density of air at 1273 K is 0.3 mg/cm3. Consider for a sample of 20 mg with density 1g/cm3, the magnitude of the air buoyancy correction (MABC) will work out to be of the order of 0.1% if one makes use of any of the following equations. 

MABC = (ρa – ρn) (Vx – Vs) or                                  (Eq. 1)

 tc "Estimating the Magnitude of the Air Buoyancy Correction " \l 2
MABC = m0  (ρa – ρn ) [ (1/ρx) – (1/ρs)]                       (Eq.2)

where the symbols are defined in Table 2.1.

Table 2. 1.  Variables for MABC equations


	Variable
	Description of Variable

	 (a
	air density at the time of the measurement in mg/cm3

	 (n
	density of "normal" air; i.e., 1.2 mg/cm3

	mo
	nominal mass (in grams)

	Vx
	volume of the unknown weight, X in cm3

	Vs
	volume of the reference standard, S in cm3

	(s
	density of reference standard, S in g/cm3

	(x
	density of unknown weight, X in g/cm3


[For more details on this correction factor refer to http://ts.nist.gov/WeightsAndMeasures/upload/Sop_2_Mar_2003.doc]
Typical thermo gravimetric traces (plots of mass versus temperature) are given for a Calcium oxalate in Fig.2.1. 

[image: image2.emf]
Fig.2.1.   Thermo gravimetric trace for the decomposition of calcium oxalate (one can notice that the trace provides information on the steps and also the species involved in the decomposition process).
In general a range of materials can be studied by thermogravimetry that include, biological materials, building materials, Catalytic materials and glasses and ceramic materials.    The information that can be obtained from simple thermo gravimetric traces are composition, moisture content, solvent content, additives, polymer content, filler content, dehydration, decarboxylation, oxidation, reduction, decomposition and in short where ever there is a weight change in the material.   Conventionally therefore phase change which will also occur as a function of temperature but cannot be studied by thermogravimetry.
A simplified diagram of a typical thermo 
gravimetric unit is shown in Fig.2.2.


Fig.2.1. A schematic diagram of a typical thermo gravimetric apparatus [ A – beam; B – Sample cup; C –Counter weight; D – Lamp and photodiode ; E – Coil; F – Magnet; G – control amplifier; H – Tare calculator; I – Amplifier

J – Data station]

It can be seen that a typical thermo balance consists of a  high precision balance, a furnace for achieving high temperatures, e.g.., 1800K, a temperature programmer, data acquisition system and auxiliary equipment to provide inert atmosphere.

Requirements of a  normal TG balance are :

1.  A thermo balance should provide accurate weight of the sample as a function of temperature. (capacity upto 1g, typical sample in mg). Its reproducibility should be very high and also highly sensitive. 

2. It should operate over a wide temperature range, say from 298 K to 1000/1500 K  

3. The design of thermo balance should be such that sample container is always located within a uniform hot zone inside the furnace.

4. The sample container should be such that it does not react with the sample at any given temperature.

5. The balance should not be subject to radiation or convection effects arising from the proximity of the furnace.

6. It will be advantageous if thermo balance can be coupled to a GC or IR or to QMS for catalytic studies.

The determination of kinetic parameters from thermal analysis has some limitations as mentioned before.    In order to overcome these limitations various methods of analysis of data have been resorted to.   Among the various methods that have been adopted, the methods based on isoconversion have been advocated in recent times by Starink [1].    He has classified the available methods and also the methods developed by him as Type A and Type B methods.   

Type A method or Friedman type method
This method essentially concerns the determination of the rate at the stages of isoconversion.   Since it depends on the determination of a parameter, it does not require any mathematical approximation.   In this method one must determine the rate of the reaction at Tf(β) (where T refers to the temperature subscript ‘i ‘ denotes isoconversion levels and β refers to the heating rate.   Hence one has to determine the rate at isoconversion levels at different heating rates. In addition, one should also note the temperature where the rate is measured for the isocoversion levels.  Accordingly based on Arrhenius type expression the equation of relevance is

Ln (dα/dt)  =  (-E/RTf) –ln f(α)

Thus if a range of linear heating rate experiments at different heating rates β, are done then times at which a fixed stage of the reaction is achieved can be noted for each linear heating rate experiment and hence f(α) will be a constant. Thus by measuring the temperature,  Tf,  and the transformation rate dα/dt at that fixed conversion.   The slope of plot of ln (dα/dt) versus 1/Tf can be used to calculate the value of the activation energy.  Since time and temperature are related functions and measuring heating rate is easier the expression can be rewritten

             ln [(dα/dT)β]   =   (-E/RTf) –ln f(α)

This method thus becomes model free method.   Though this type A method does not involve any mathematical approximations, it introduces some measurement uncertainties as the measurement of rate of conversion, the estimation of dα/dT is sensitive to determination of the baseline and thus depends how best the thermal analysis equipment is calibrated.

   M.J.Starink, Thermochim Acta, 404, 163 (2003); http://eprints.soton.ac.uk/18822/; Journal of Material Science, 42, 483 (2007).
1.H.L.Friedman, J.Poly Sci., C 6, 183 (1964)

2. A.K.Gupta, A.K.Jena and M.C.Chaturvedi, Scr.Metall., 22,369 (1988)
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