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Chemical equilibria and reaction speeds play an essential role as well for  process safety as for calorimetric measurements.  However, the reasons for which they are important in both topics are not the same, rendering sometimes difficult or even hazardous the use of calorimetric results for process safety purposes. The aim of this contribution is to show how and why such problems can arise and to propose some means to localise or to overcome the mains sources of errors when designing a process on the basis of available calorimetric data, such as reaction enthalpies, heat capacities and thermal conductivities. 

For calorimetric measurements, one has to take into account the technical limitations of the employed calorimeters. More especially, the detection limit of the reaction heat flow will be a determining limitation of low speed reaction enthalpy measurements. More especially if reactions become too slow long before completion, the thermal corresponding heat flow becomes very weak resulting in poor thermal accuracy due to signal drift and signal noise. Therefore, one generally tries to keep the reaction speeds as high as possible all along the heat flow measurement is going on. 

A good example of  reactions the speed of which decreases rapidly with increasing reaction rate is shown by the formation of alkali metal alcoxides yielded by the reaction of the elemental metals with alcohols. As soon as more than 10% of the stoichiometric reaction rate is reached, the reaction speed drops down drastically, so that calorimetric measurements become very difficult, since very low heat flows must be integrated over long periods of time.

Therefore, one reacts generally a small amount of metal with a huge excess of alcohol (from 5 to 30 times the required stoichiometric amount), so that until completion, once the alkali metal has bees completely dissolved by yielding an alkali alcoxide, the reaction speed remains sufficiently high to allow accurate heat flow measurements and thus an apparently reliable value of the reaction enthalpy.  

But to do so results in a major error concerning the determination of the actual reaction enthalpy. The reliability a calorimetric determination of a reaction enthalpy can only be guaranteed if no other heat generating process than the studied reaction takes place in the calorimeter. This assumption is only true if no physico-chemical process takes place in the reacting mixture between the reaction yielded products and the excess reagent used to keep the reaction speed high enough all the time the reaction is going on. Here, solvation phenomena play en essential role add a major contribution to the heat generated by the reacting system. This complementary heat of solvation which is generated besides the main reaction enthalpy, cannot be easily distinguished from the heat of  the main reaction itself and is integrated (without any mention of that) within the reaction enthalpy as available from usual bibliographic data concerning such reactions .

The origins of calorimetric errors resulting from solvation processes taking place within the calorimeter are due to the fact that the main part of the heat of solvation becomes free as soon as a small excess of solvating species are added to the solvated ones. For the example mentioned above, the addition of three times the stoichiometric quantity of alcohol to pure alcoxide will release nearly 90% of the heat of solvation obtainable for an infinite dilution. Since most of the authors measuring the heat of reaction used an excess of alcohol varying from a factor by 5 to 30 with regard to the theoretically required stoichiometric amount, all of them measured simultaneously both contributions of the main reaction enthalpy and the solvation enthalpy generated by the yielded alcoxide being solvated by the large excess of employed alcohol. Since they all measured the same amount of molar heat, the results seemed to be in acceptable (although not good) agreement with each other, so that no doubt was possible concerning their reliability. However, this would have become completely different if the reaction enthalpies could have been measured by using just the required stoichiometric amount of alcohol. But since under such conditions the reaction becomes very slow far before completion, the low measured values of the reaction enthalpy were considered with doubt, attributing the observed difference to errors induced by too low values of the heat flow for accurate measurements.

However, a  first indication of such a behaviour can be obtained from the slight discrepancies (about + 10%) observed in literature data from several authors concerning the same reaction. Since the heats of solvation decrease with a non-linear dependency versus the amount of the excess of solvating species, only authors using a small excess of alcohol observed significantly different results from those of  other ones who used a large excess. For a large excess of solvating species, there is generally no relevant variation  in the solvation enthalpy as a function of the solvating species excess.

In industrial processes, however, the situation is quite different. In order to produce high concentration alcoxides, one does not react the metal with an excess of alcohol. To the contrary, small amounts of alcohol are generally added following a semi-batch procedure, to an excess of metal. This will result in the formation of high concentration, not solvated alcoxide. The heat of solvation cannot be released and will be kept stored within the system, rendering it highly unstable and explosion capable. Since the cooling system of the reactor has been designed taking into account the literature data concerning the reaction enthalpy, one expects at the end of the reaction most of the reaction heat as to be evacuated from the reactor. This assumption is erroneous. The addition of pure alcohol intending to manage completion near the end of the reaction will result in local extremely important heat release due to solvation processes generated by pure alcohol coming into contact with concentrated alcoxide. 

Moreover, the heat of solvation may be even drastically enhanced by the presence of traces of water (as low as 0.1% by weight) in the already formed alcoxide, generating important reduction of the entropy of the system, since solvation may be strongly dependent on the presence of minor species. Extremely dangerous hot spot formation can be the result, with correspondingly starting of explosive decomposition reactions. This behaviour is not limited to alcohols. It could be shown to be general for metals present in an organic solvent with non-bonding electron doublets (ethers, amines, halogenated solvents…).The indications of the existence of such problems must be suspected each time one can observe variations in the literature given data concerning the heat of a reaction. The variations can arise from different solvation contributions due to different operating modes used in order to carry out the calorimetric measurements. Further, before using highly concentrated species in industrial processes, one should always check for their possible heat of solvation with the reagents employed during the process. Extreme care must be taken when carrying out reaction calorimetry, due to the non linearity of heat capacity versus reaction rate.  

