TEMPERATURE PROGRAMMED TECHNIQUES
What are the temperature Programmed (TP) techniques?
Probe molecules are adsorbed at lower temperatures and their desorption/reaction with increased temperature is monitored to characterize surface properties of a catalyst and  properties of an adsorbent.  Alternately a carrier gas containing the desired species is used   and the reaction is carried out by increasing the temperature.  There are many variants Of these experiments based on the information one looking for. The evolved or desorbed species can be monitored by a variety of analytical devices like a pressure or volume measurement, thermal conductivity detectors, gas chromatograph in combination or not with mass spectrometer.   A variety of detectors can be employed depending on the nature and quantitative aspect desire. There are a variety of Temperature Programmed Techniques. In this presentation, only limited number of TP techniques. There are three principal processes that are studied as a function of temperature: 1) Desorption, 2) Reduction and 3) Oxidation.
TPD-  Temperature Programmed Desorption:   A solid material after cleansing its surface is exposed to   adsorbate gas under well-defined conditions (at various  pressures and temperatures) and then heated under inert  conditions in a programmed way to desorb it.
TPR- Temperature Programmed Reduction or Temperature Programmed Reaction.
Surface of a solid is cleansed in oxidizing atmosphere and subsequently heated linearly in a programmed way under the flow of dilute stream of reducing gas (H2/CO in Ar).    The rate of reduction is monitored by following the change of its concentration at the outlet. This experiment permits determination of total H2/CO consumed, thereby degree of reduction and average oxidation state can be calculated.
Temperature Programmed techniques has been developed by Cvetanovic and Amenomiya (Adv Catal 1967, 17, 103). Essentially this technique consists of (1)The gas stream containing the d  desorbed molecules, which is conventionally monitored by TCD.(2) The TCD signal is proportional to quantity of molecules desorbed while thermal energy required in terms of temperature is monitored by a thermocouple.(3) Quantities desorbed under different  temperature maximum (Tmax) provide information on the number, strength and heterogeneity of the adsorption sites .   
Experimental set up for TP experiments mainly consist of four components: They are
1.  System for introduction of reactant/probe molecule:   Sampling valves, gases and gas mixtures, mass flow controllers. 
2. A programmable furnace and reactor assembly:  Furnace should be suitable for rapid heating and cooling, temperature raise has to be linear. It should have uniform heating zone. Reactor should be made of quartz preferably.
3. Detector and data acquisition system: Mostly TCD detectors are employed, TCD with quadrupole mass spectrometer is a preferred option.  Micro GC also can help in distinguishing various components in the desorbed gas stream. TGA balance also can be used for monitoring weight changes during the heating of sample. Data system should be capable of fast sampling and display of evolved species with respect to time and temperature. MO (s) + H2 (g)  M (s)  + H2O.
Temperature Programmed Reduction: The experiment should be started well below the expected reduction temperature.  As the temperature is increased reduction reaction takes place and each of the reduction signals correspond to a different oxide phase formed and the area under each peak is proportional to the amount (concentration) of the reducible phase. Therefore, one can obtain information on the number of reducible species as well as their activation energy (the methodology to be adopted will be dealt with in a separate section).   In figure 1 the reduction of ferric oxide is shown which proceeds in a sequence formation of Fe3O4, FeO and finally the metallic (o valent Iron) state is obtained.
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Figure 1. Trace of the Temperature Programmed Reduction (TPR) of Ferric oxide
Monti and Baiker defined a characteristic number K which relates the parameters (i) The heating rate  (oC/sec or K/sec), (ii) Amount of reducible species no( mole), (iii) Flow rate F (cc/sec) of reducing mix gas, (iv) concentration co( mole/cc) of H2 in the gas mixture  that facilitate selection of proper experimental values.                      
                                        K = no/(F x co)
For heating rates between 6-20 oC/min. K between 55s to 140s is optimum for obtaining good profiles. K < 55s,  the sensitivity is too low. K> 140s, the amount of H2 consumed is too large.
For bringing heating rate  also into consideration, Malet and Caballero proposed a characteristic number P = (nox ) / (F x co) Condition for optimum reduction profile in this case is that P  20 K.
(a) Bulk reducible compounds: 
Bulk reducible compounds such as oxides can be interpreted in terms of either nucleation or contracting sphere model. It is nucleation controlled, if the rate of reduction is limited by the slow formation of first nuclei. After a critical amount of oxygen is removed, the lattice rearranges forming a metal nucleus. Reaction interface will move into bulk oxide either by inward diffusion of H2 or by outward diffusion of oxygen ions.
In contracting sphere model.  the rate of reduction is assumed to be proportional to the specific surface area So of the bulk reducible compound. Based on this,  an equation was derived that relate actual state of reduction
d/dT = (So x ko/)x(1-)2/3 exp(-E/RT)
Based on this, the shape of TPR profile will be different for nucleation and contracting sphere mechanisms.
(b) Supported reducible species:
      If supported oxides are present as 3-dimensional islands, they reduce similar to the bulk reduction. If they are homogeneously distributed, interaction will impact its reduction mechanism and kinetics. Homogeneously dispersed species may reduce into metals or clusters, which may migrate and form small particles. These may contribute to spill-over leading to auto-catalytic reduction.
(C) Solid solutions (metals in zeolites or oxide matrices)
      Reducible species are homogeneously distributed. Reduction is similar to the contracting sphere model initially. However, the reaction interface area ‘S’ of catalyst particle does not change during reduction process and is equal to specific surface area. Hence, the reduction rate continuously decreases due to depletion of reducible species
The energy equation for TPR is G = Go + RT (log PH2O/PH2), Where G is free energy, PH2O/PH2 are partial pressures.
The above equation produces negative results for a number of oxides. However, reduction proceeds even when Go is positive because PH2O is removed continuously. Even when PH2O is low at elevated pressures, RT (log PH2O/PH2) may become sufficiently negative to cancel a positive G0. Reduction of oxides differ when they are in bulk and when they are supported.   [image: ]          Fig.2. The effect of possible experimental variables like (a) heating rate; (b) hydrogen concentration; (c) flow rate and (d) content of reducible species, Note the change or shift of peak maximum temperature.
The interaction of the support with metal alters its reduction behaviour.  Higher the interaction, more difficult to reduce.  In fig 3 the TPR profiles of cupreous oxide, cupric oxide and cupric oxide mixed with zinc oxide are given.   The points of relevance are the temperature of reduction reaction is a function of the oxidation state of the parent compound. Even when cupric oxide alone is considered, in pure state and when mixed with zinc oxide the reduction trace changes shape. For cuprous oxide, the reduction trace is more or less gaussian while for cupric oxide the forward leading edge is sharper than the receding leading edge indicating the reduction of cupric oxide is mostly governed by the nuclei formation and in the presence of ZnO the temperature of reduction maximum shifts to lower temperature.   These features can be considered to finger print of the reduction process.
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Fig 3 Temperature Programmed Reduction (TPR) trace of cuprous oxide, cupric oxide and zinc oxide 
In a similar manner, the interaction between two systems can affect the reduction trace of the primary phase. In Fig 4. The TPR traces of titanium dioxide in combination with varying amounts of (1 and 7.5 weight percent) V2O5 are given. Depending on the extent of interaction and dispersion of V2O5 the TPR traces shows a finger print splitting of the peak or peak broadening. In the presence of 7.5 weight percent V2O5 there are two TPR peaks at temperatures 813 and 878 K while in the presence of 1weight percent the split peak is not seen but there is skewing in the higher temperature side and one can discern broad peak with possible temperature maxima at 783 and 822. These observations show that at low percentage the reduction of the primary phase is facilitated due dispersion differences.   Also the interaction of the primary phase with the secondary phase is dependent on the amount of the secondary phase that is added.
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[bookmark: _GoBack]Fig,4 TPR traces of titania mixed with different (1 and 7.5 weight percent of V2O5) amounts V2O5.
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