


Temperature Programmed Desorption – a Typical Study

Temperature programmed desorption is a technique for studies on gas desorption from a solid by heating the solid in a programmed manner.  In a typical temperature programmed desorption experiment, a small amount of the catalyst contained in a reactor is heated by a furnace. An inert carrier gas, usually argon, nitrogen or helium flows over the catalyst. A suitable gas chromatographic detector or pressure measurement or any analysis  is used to analyze the changes in the carrier gas stream. A gas/vapour is adsorbed on the catalyst surface, usually by injection of the adsorbate into the carrier gas. After sufficient time is allowed for the gas that was not adsorbed to flush out of the system, the catalyst is then heated to create a linear rise in temperature with time. As the catalyst is heated, the adsorbate is desorbed into the carrier gas stream and is detected by the thermal conductivity detector in GC or any other means.  The carrier gas flow rate and heating rate are chosen so that the carrier gas composition measured corresponds to that at the catalyst temperature. As the catalyst is heated to higher temperature the rate of desorption increases/ initially at an exponential rate and the surface gradually becomes depleted of adsorbed gas. The rate of desorption passes through a maximum as a function of temperature and drops back to zero as all the absorbed gas is desorbed. The temperature programmed desorption trace thus obtained depends on several experimental parameters such as the nature of the catalyst/ heating rate and surface coverage. If desorption involves more than one mechanism or if there are different binding sites for a given species, the desorption trace may contain several peaks. The information that can be obtained from desorption studies includes the surface concentration and nature of the adsorbed species. The kinetics of the desorption process, sometimes including a surface reaction preceding desorption, can be deduced and are of importance in the elucidation of the mechanism of catalytic processes.
Determination of Surface Coverage

Surface coverage of reactants and the surface composition of adsorbed species at the time of product formation can be determined directly. Surface coverage can be determined from the desorption trace by the use of the equation

                  N0 = ∫ (-dn/dt)dt = ∫ct.p.dt (1)
where n0 is the initial coverage prior to the start of the desorption, and ct_ is the proportionality factor relating the partial pressure (p) to the desorption rate.

Determination of Nature of Surface of the Catalyst

The availability of different binding sites for the same adsorbate (intrinsic heterogeneity) and the
availability of different desorption mechanisms for an initially homogeneous adlayer or adsorbate-adsorbate interactions (induced heterogeneity) can be determined from a study of the desorption trace.
Determination of Kinetic Parameters 
The kinetic parameters most often determined are the order of desorption, activation energy for desorption and pre-exponential factor.
Order of desorption
The order of desorption can be evaluated from an analysis of the shapes of the curves as well as from the variation in the initial coverages. The respective equations for the first and second order desorption are
Ed/RT2 = A/B exp – (Ed /RTm ) (2)
And Ed/RT2 = 2 nm A/B exp –(Ed/RTm) (3)
Where nm is the surface coverage at T = Tm. Only for the second order desorption, the peak temperature, Tm depends on the initial coverage n0. The peak shifts to lower temperatures on increasing the surface coverage for a second order desorption process while for the first order process the peak is independent of surface coverage and remains constant.

Activation Energy and Preexponential Factor
Activation energy for desorption and preexponential factor at constant initial coverage of the catalyst can be determined by varying the heating rate, according to the equation
d ln (Tm2/β)/D(1/Tm) = Ed/R   (4)
The activation energy for desorption can be determined from the slope of a plot of ln(T2m/β) Vs 1/Tm for first order process. The preexponential factor, A, can be deduced from the intercept. In the case of second order process, the initial coverage is varied and the shift in Tm is measured at a constant heating rate. Ed is obtained from the slope of the plot of ln(n2T) Vs 1/Tm.
In temperature programmed reaction (TPR) technique, the inert carrier gas is replaced by a reactive gas or reactive gases are co-adsorbed. In some cases, an adsorbate may be bound so tightly to the catalyst surface that desorption does not occur except at very high temperature, where irreversible damage to the catalyst surface such as sintering can occur. However, in a reactive environment this adsorbate might undergo reaction, be converted to a product and desorb. The TPD technique used in this manner, is referred to as Temperature Programmed Surface Reaction (TPSR).
Literature Concerns
The application of temperature programmed desorption technique to the study of catalysts has been reviewed first and originally by Cvetanovic and Amenomiya and Falconer and Schwarz. Choudhary has used gas chromatographic study of temperature programmed desorption of hydrogen on Pt-alumina. Many other workers have developed methods for the mathematical treatment of temperature programmed desorption spectra to determine the kinetic parameters of desorption. A reaction mechanism has been proposed by identification of surface intermediates from temperature programmed desorption of isopropanol on zinc oxide. Surface interaction of hydrogen, carbon monoxide and carbon-dioxide with perovskite type oxide, LaMnO3 have been studied by TPD and IR spectroscopy. The nature of acidic and basic sites in catalysts have also been identified by the use TPD technique.  
RESULTS AND DISCUSSION OF TEMPERATURE PROGRAMMED DESORPTION STUDIES ON La2CuO4 and La1.8Sr0.2CuO3.96
The temperature programmed desorption spectra of isopropanol on the catalysts have been carried out by pre-adsorbing isopropanol on 0.2 g. of activated catalyst maintained at 373K in a reactor. The pre-adsorption was done by injecting pulses of isopropanol repeatedly in the order of 2 microliter into the carrier gas stream so as to obtain constant area of the isopropanol peak which indicates that the catalyst surface has been saturated, with isopropanol. The saturated catalyst was then flushed with carrier gas for half an hour in order to flush out any un-adsorbed isopropanol. Then the catalyst was heated at specified heating rate and the temperature programmed
trace was recorded using a thermal conductivity detector.
The desorption of isopropanol from all these catalytic compositions occurred only when hydrogen was used as a carrier gas and not nitrogen. Apparently, isopropanol was strongly adsorbed on the surface and was not desorbed by the inert nitrogen and required a reactive or reducing gas. Since the temperature of the catalysts was raised up to 673°K during TPD run, it was possible that the adsorbed isopropanol may desorb as isopropanol or undergo dehydrogenation and desorb as acetone. Pulse reactor studies have indicated that the dehydrogenation of isopropanol to acetone occurs at temperatures above 523°K on La2Cu04  and La1.8Sr-.2CuO3.96. Since the temperature range investigated in temperature programmed desorption and pulse reactor studies overlap; it was necessary to identify the nature of the product.
The temperature programmed desorption spectra were recorded by adsorbing samples of
i) isopropanol ii) acetone iii) 50% mixture of isopropanol and acetone individually under identical conditions. The temperature programmed trace of all the three adsorbates superposed exactly with one another for a given composition of the catalyst. The inference is that isopropanol undergoes a surface reaction and the product (acetone) desorbs.
Temperature Programmed Desorption studies on La2Cu04
The data obtained from the temperature programmed desorption studies on La2CuO4 at different heating rates and at the flowrates of 15 ml/min.  are given in Table .1. Two peaks were observed in the TPD trace for all the heating rates and flow rates.

Table 1 Temperature programmed desorption data on La2CuO4 (weight of the catalyst used =0.2 g.
	Heating Rate 0C/min)
	Peak maximum temperature(K)
	Ratio of the peak area (in %)
	Rate constant of the desorption X10-2 (min-1)

	
	First Peak 
	Second Peak
	Peak 1
	Peak 2
	K1
	K2

	5
10
15
20
	483
506
525
535
	549
573
593
607
	28
27
29
30
	72
73
71
70
	7.82
14.94
21.6
28.24
	4.83
13.09
18.97
24.71


 The calculated value of the activation energy of desorption for first peak 62.9 kJ/mol and for second peak 62.4 K J/mol. 

The presence of two peaks in the trace may be either due to the presence of two types of adsorption sites or due to the induced heterogeneity where the adsorbed molecules interacted with each other. In addition, multiple peaks may be observed in TPD trace due to the subsurface diffusion of adsorbate resulting in a high temperature peak.  Variation of flowrates of the carrier gas and heating rates are helpful in distinguishing between the two models/ namely/ multiple site or subsurface diffusion, If the multiple peaks in TPD spectrum were due to the presence of multiple sites, higher flow rate will shift the peaks to lower temperatures without significantly altering the relative sizes of the peaks. If the multiple peaks in the TPD spectrum were due to subsurface diffusion, the variation of heating rate would alter the relative sizes of the peaks significantly.
In the study considered in this section, the TPD spectra were recorded by varying the heating rates at constant flow rate and also by varying the carrier gas flow rates for a given heating rate.
The variation of carrier gas flow rate from 15 ml/min to 50 ml/min has not altered the relative sizes of the two peaks in TPD trace obtained for La2Cu04. The peaks shift slightly to lower temperature at higher flow rates. The experimental data has also indicated that the relative sizes of the TPD peaks on La2CuO4 remain unaltered due to the variation of heating rate. From these observations, the presence of two active sites in La2CuO4 may be inferred.
The energy of desorption was determined from the plot of lnT2/β Vs 1/T  based on equation (4). The value was found to be 62.87 k.J/mole. Since the adsorbate is converted to acetone, which then desorbs, the energy of desorption is apparently the sum of the energy of reaction and the energy of desorption.
Differential Scanning Calorimetric (DSC) Studies on La2CuO4 
The DSC thermograms for the desorption of (i) isopropanol and (ii) acetone, individually on La2CuO4 were recorded in (a) air ('b) nitrogen and (c) hydrogen atmospheres saturated with appropriate adsorbate in order to determine the energetics of adsorption. The DSC thermograms of pure samples of La2CuO4 were also recorded under (a) air (b) nitrogen and (c) hydrogen atmospheric conditions for comparative purposes.
The DSC thermograms recorded in air and nitrogen atmospheres for the catalysts showed no exothermic or endothermic peaks between the temperature range 323 to 873°C indicating the thermal stability of the catalysts.
The thermograms recorded under air and nitrogen atmospheres saturated with isopropanol or acetone vapour also did not show any peak. However, the thermograms recorded under hydrogen atmosphere and hydrogen atmosphere saturated with isopropanol/acetone exhibited two exothermic peaks one at 507 and another at 552°K and an endothermic peak at 796°K. The ratio of the exothermic peak areas was found to be 3:7. The exothermic peak temperatures agree with the peak temperatures obtained from TPD under identical rates of heating.
From the fact that the thermograms exhibit two exothermic peaks under hydrogen atmosphere, it can be inferred that hydrogen adsorption on two different types of sites occurs at corresponding peak temperatures. The adsorbed hydrogen apparently forms water which is desorbed at a higher temperature as shown by the endothermic peak at 796°K.
Temperature programmed Desorption Studies on La1.8Sr0.2CuO3.96
The data obtained for the temperature programmed desorption studies of La 1.8Sr0.2CuO3.96 adsorbed with isopropanol at various heating rates and flow rates of the carrier gas are given in Table 2. 

Table 2 Temperature programmed data on La1.8Sr0.2CuO3.96 (weight of the solid =0.2 g)(flow rate =15 ml/min)
	Heating rate (0C/min)
	Temperature peak maximum (K)
	Desorption rate constant X102(min-1)

	5
10
15
20

10

	503
519
532
543
(Flow rate = 50ml/min)
513
Value of the activation energy of desorption Ed = 57.4kJ/mol
	6.86
13.29
19.45
25.41

----


 
Only one TPD peak was observed in the temperature range of 373 to 653°C. The peak temperature shifted to higher temperatures as a function of increasing heating rate.
The programmed heating was also carried out on the catalyst with pre-sorbed acetone. Only one peak was observed in the trace. The temperature of the peak was same for both the adsorbates for any given heating rate and flow rate. The energy of desorption was determined from the slope of the plot InT2/β Vs 1/T. The value was found to be 57.4 kJ/mole.
Differential-scanning calorimetric studies on La1.8Sr0.2CuO3.96
The thermograms were recorded under various atmospheric conditions such as air, nitrogen and hydrogen. The thermograms recorded under air and nitrogen atmosphere did not show any variation within the temperature range 323 to 873 K. Under hydrogen atmosphere there were two
peaks, an exothermic peak at 531°K and an endothermic peak at 716°K.The exothermic peak temperature (523°K) corresponds to that of the peak obtained in TPD experiment at the same heating rate of 10°K/min.
Main Deductions of this Study
Analysis of the experimental data from the temperature programmed desorption and differential scanning calorimetric studies on these compounds leads to the following inferences:
(i)La2CuO4 has two types of irreversible sites for adsorption of isopropanol. The density of sites in the ratio of 3:7. The composition La1.8Sr0.2CuO3.96 has only one type of active site of adsorption.
(ii) The adsorption of isopropanol/acetone occurs in hydrogen/nitrogen atmosphere.
(iii) The adsorbed isopropanol undergoes dehydrogenation reaction and forms acetone, prior to desorption.
(iv) The desorption of the product does not occur in nitrogen/air atmosphere.
(v) The desorption of product requires a reactive atmosphere, namely, H2.
(vi) The compounds La2CuO4 and La1.8Sr0.2CuO3.96 are thermally stable in nitrogen and air up to 873°K.
(vii) Hydrogen adsorption on the two types of irreversible sites gives rise to the two exothermic peaks in the DSC thermogram of La2CuO4.The density of the sites is in the ratio of 3:7.
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