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Reaction enthalpy and temperature
Worked Examples for BEng (Hons) Ordnance, Munitions and Explosives Students
This handout uses two aluminium redox equations to explain Hess’s law, molar and mass specific energy, and the distinction between heat release and reaction temperature. It also examines the thermodynamic accounting for subsequent hydrogen oxidation. All numerical examples use specified products at 298.15 K and approximate data. They are calculations for probable chemical pathways, rather than predictions.
Learning outcomes
Check an equation for conservation of atoms before calculating its enthalpy.
Apply standard enthalpies of formation using consistent phases and units.
Explain what one mole of reaction means and convert to a mass basis.
Distinguish reaction enthalpy, adiabatic temperature and subsequent oxidation.
The thermochemical method
The standard enthalpy of formation, ΔHf°, is the enthalpy change when one mole of a substance forms from its elements in their reference states. Elements in their reference states have ΔHf° = 0 by convention. Thus Al(s), Fe(s), H₂(g) and O₂(g) contribute zero in these examples.
ΔHr° = Σ νᵢ ΔHf°ᵢ(products) − Σ νᵢ ΔHf°ᵢ(reactants)
Here νᵢ is the positive stoichiometric coefficient within each sum. A negative result means an exothermic reaction. The positive magnitude −ΔHr° describes the heat released at constant pressure for the stated initial and final states, with only pressure–volume work.
The superscript ° specifies standard states; temperature must still be stated. Here it is 298.15 K and the standard pressure is 1 bar. Solid products in a Hess’s law calculation do not imply that those products remain solid during the hot reaction.
Terminology
Heat of reaction is the more general term for these internally oxidised redox processes. Heat of combustion is appropriate when discussing hydrogen oxidation by oxygen. Neither enthalpy alone nor the presence of gaseous products establishes detonation, reaction rate or blast performance.


Example 1  Aluminium and Hydrated Calcium Sulphate
The equation supplied for this assignment was:
8Al(s) + 2CaSO₄·2H₂O(s) → 2CaS(s) + 4Al₂O₃(s) + 4H₂(g)
Both sides contain Al 8, Ca 2, S 2, O 12 and H 8.
	Species
	Coefficient
	ΔHf°
kJ mol⁻¹
	Contribution
kJ

	Al(s)
	8
	0
	0

	CaSO₄·2H₂O(s)
	2
	−2023
	−4046

	CaS(s)
	2
	−473.2
	−946.4

	Al₂O₃(s)
	4
	−1675.7
	−6702.8

	H₂(g)
	4
	0
	0



Using the rounded teaching values in the supplied discussion:
ΔHr° = (−946.4 − 6702.8) − (−4046) = −3603.2 kJ mol⁻¹ reaction
Report this as approximately −3.60 MJ per mole of reaction as written. The quoted gypsum value is rounded; published data near −2022.6 kJ mol⁻¹ produce a small change in the final result [2].
Understanding the Molar Basis
One mole of reaction corresponds to an extent of reaction of 1 mol: 8 mol Al and 2 mol gypsum are consumed while 2 mol CaS, 4 mol Al₂O₃ and 4 mol H₂ are formed. It does not mean one mole of the mixture.
	Reporting basis
	Approximate enthalpy

	Per mole of reaction as written
	−3603 kJ mol⁻¹

	Per mole of aluminium consumed
	−450.4 kJ mol⁻¹ Al

	Per mole of gypsum consumed
	−1801.6 kJ mol⁻¹ gypsum



Dividing every coefficient by two halves ΔHr° per mole of the rewritten reaction does not change the mass specific energy.


Energy per Unit Mass and Hydrogen Oxidation
For comparison between equations, use a consistent mass basis. For Example 1, using molar masses Al = 26.98 g mol⁻¹ and gypsum = 172.17 g mol⁻¹:
m = 8(26.98) + 2(172.17) = 560.18 g per mole of reaction
Specific heat release = 3603.2 / 560.18 = 6.43 kJ g⁻¹ = 6.43 MJ kg⁻¹
The sign of ΔHr° is negative; the quoted specific heat release is its positive magnitude. The denominator is the original reactant mass, not the product mass plus any later atmospheric oxygen.
Potential Subsequent Hydrogen Oxidation (Afterburn)
The assumed primary pathway forms 4 mol H₂ per mole of reaction. If that hydrogen is subsequently oxidised completely, the additional standard enthalpy change can be accounted for separately:
4H₂(g) + 2O₂(g) → 4H₂O(g)
At 298.15 K, ΔHf° for water vapour is approximately −241.8 kJ mol⁻¹ [1]. The reactant elements have zero standard formation enthalpy.
ΔHr° for hydrogen oxidation = 4(−241.8) = −967.2 kJ
Combined heat release magnitude = 3603.2 + 967.2 = 4570.4 kJ
	Quantity
	Per mole of primary reaction
	Per kg of original reactants

	Primary heat release
	3.60 MJ
	6.43 MJ kg⁻¹

	Potential hydrogen oxidation to vapour
	0.967 MJ
	1.73 MJ kg⁻¹

	Combined potential heat release
	4.57 MJ
	8.16 MJ kg⁻¹



This represents approximately 27% additional thermochemical potential. It is conditional on complete oxidation. Hydrogen may escape or react incompletely; the enthalpy calculation supplies no prediction of the timing, location or rate of afterburn. If the hydrogen cannot escape, such as under confinement, then the energy release can become hugely unpredictable and potentially explosive.


Temperature and the Thermite Comparison
Why Energy Cannot be Converted Directly to Temperature
Heat is energy transferred; temperature describes a thermal state. The same heat release can produce different temperatures because the products have different heat capacities and undergo melting, vapourisation or chemical dissociation. Heat loss also changes the observed temperature.
For an ideal adiabatic constant pressure calculation with reactants initially at 298.15 K, a schematic energy balance is:
−ΔHr°₂₉₈ = Σ nᵢ ∫₂₉₈ᵀᵃᵈ Cp,ᵢ(T) dT + phase change terms
This form assumes specified products. If their composition changes with temperature, the enthalpy balance must be coupled to chemical equilibrium. A constant volume calculation instead uses internal energy. Additional air and its nitrogen also change the thermal balance when subsequent oxidation is included.
The previous discussion suggested several thousand kelvin for Example 1 and roughly 3000 K for thermite. These were indicative remarks, not calculated temperatures. No validated temperature is assigned here: a defensible value requires a stated model, temperature dependent data, phases and equilibrium assumptions. A higher MJ kg⁻¹ value does not necessarily imply a higher temperature.
Example 2  Aluminium and Iron Oxide
2Al(s) + Fe₂O₃(s) → 2Fe(s) + Al₂O₃(s)
This familiar thermite equation balances Al 2, Fe 2 and O 3. With the supplied teaching values, ΔHf°[Fe₂O₃(s)] = −824.2 kJ mol⁻¹ and ΔHf°[Al₂O₃(s)] = −1675.7 kJ mol⁻¹:
ΔHf° = −1675.7 − (−824.2) = −851.5 kJ mol⁻¹ reaction
m = 2(26.98) + 159.69 = 213.65 g per mole of reaction
Specific heat release = 851.5 / 213.65 = 3.99 MJ kg⁻¹
This is a standard state calculation with solid iron and aluminium oxide endpoints. Heating and changing the phases of these products uses part of the available energy during the event. The stated equation contains no hydrogen product; this does not establish that every real thermite event has no subsequent oxidation.


Comparison and Student Review
	Quantity
	Assumed gypsum pathway
	Iron oxide thermite

	ΔHr° per mole of equation
	−3603 kJ mol⁻¹
	−851.5 kJ mol⁻¹

	Primary heat release per reactant mass
	6.43 MJ kg⁻¹
	3.99 MJ kg⁻¹

	H₂ in the stated products
	4 mol
	None

	Potential added H₂ oxidation to vapour
	1.73 MJ kg⁻¹
	Not applicable

	Combined potential on original mass basis
	8.16 MJ kg⁻¹
	3.99 MJ kg⁻¹



The primary mass specific heat releases differ by a factor of about 1.61. Including complete hydrogen oxidation gives a factor of about 2.05, but introduces oxygen from outside the original reactants. This is a comparison of thermochemical endpoints, not a comparison of explosive effectiveness. Direct comparison of kJ mol⁻¹ reaction is misleading because the equations use different stoichiometric scales.
HSE Guidance of the Classification of Thermite

The March 2024 guidance explains that thermites produce a practical pyrotechnic effect through heat and/or gas from a self-sustaining exothermic reaction. That brings them within the explosives classification framework, even when the reaction is generally non detonative. Hydrogen production is therefore not a prerequisite. See paragraphs 15–18 of the HSE thermite guidance. hse.gov.uk
For the calcium sulphate composition, the hydrogen gas produced could contribute to pressure generation and subsequent combustion. However, is it the reason for that particular product’s classification without its classification decision and supporting evidence?
In summary, hydrogen formation may help explain a physical hazard; classification rests on the regulatory definitions and evidence for the named substance or article.
Check your Understanding
Why must the original equation be balanced before Hess’s law is applied?
What happens to ΔHr° and MJ kg⁻¹ when every coefficient is halved?
Why is ΔHf° for H₂(g) zero even though hydrogen can release heat on oxidation?
Why can an exothermic reaction have molten products although its standard enthalpy is calculated with solids?
What additional information is needed to calculate an adiabatic temperature?
Brief answers
1. Atom conservation ensures the initial and final systems contain the same elements. 2. Molar reaction enthalpy halves; energy per mass is unchanged. 3. Zero is a reference convention, not absence of chemical energy. 4. Standard state endpoints and the hot product state are different; heating and phase changes must be included separately. 5. Initial conditions, pressure or volume constraint, heat capacities, phase changes and an appropriate product or equilibrium model.
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