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HEAT OF REACTION - AH

thermochemistry — studies heat changes that occur during reactions

heat () — energy that is transferred as a result of temperature differences

enthalpy change, AH or A, .H - heat transferred at constant pressure by a

chemical reaction or process

Reactants ~_______
e.g. 2H,(g) + O,(9)
Heat given
>
= out to
E surroundings
5 AH negative
_________ Y ___ Products
e.g. 2H,0 ()

Progress of reaction
Reactants > Products

Products
4 Ca0 (s) + CO, (g)

= Heat taken
© in from

C .

b= surroundings
s AH positive

Reactants
e.g. CaCoO;, (s)

Progress of reaction
Reactants — Products

Reaction can give off heat and
warm the ‘outside’

1 — |Ay,H becomes negative
T " |EXOTHERMIC reaction (e.g.
combustion)

Reaction can ‘give off cold’ and cool
down the ‘outside’ (absorbs heat)
A,,,H becomes positive
ENDOTHERMIC reaction (e.g. cold
pack)

fg unit of heat: Joule, 1J =1 Nm =

=1 (kgms")m = 1 kgm?2s2 | apdy
" University of Wales
Trinity Saint David



AH - MOLAR QUANTITY

CaCO;(s) —» CaO(s) + CO, (g) Aran?wO kJ

endothermic

1 mole of CaCO, (s) reacts needs 180 kJ
1 mole of CaO (s) produced needs 180 kJ
1 mole of CO, (g) produced needs 180 kJ

BUT:
2 CaCO,(s) > 2CaO(s) + 2CO,(g) A, H=2x180kJ =360 k)

2 moles of CaCO, (s) react needs 360 kJ
2 moles of CaO (s) produced needs 360 kJ
2 moles of CO, (g) produced needs 360 kJ
y
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AH - MOLAR QUANTITY

4NH,(g) + 30,(g) > 2N,(g) + 6H,0(g) A, H =ﬁ:)1267 k)

exothermic
4 moles of NH; (g) react -1267 kJ gives off 1267 kI
1 mole of NH; (g) reacts -1267/4 =-317 kJ gives off 317 kJ
3 moles of O, (g) react -1267 kI gives off 1267 kJ
1 mole of O, (g) reacts -1267/3 =-422 kJ gives off 422 kJ
2 moles of N, (g) form -1267 kJ gives off 1267 kJ
1 mole of N, (g) forms -1267/2 =-633 kJ gives off 633 kJ
6 m’oles of H,0 (g) form -1267 kJ gives off 1267 kJ
J)-Tﬁwble of H,0 (g) forms -1267/6 = -211 kJ gives off 211 kJ
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SAMPLE PROBLEM

A portable cap stove burns propane fuel according to equation:
C,Hg(g) + 50,(g) > 3CO,(g) + 4H,0(I) =
How much heat will be released when 500g of propane combusts completely in

oxygen?

When 1 mol of C;Hgreacts with oxygen, 2200 kJ of energy is released.
How many moles of C;Hgin 500 g? molar mass = 44.1 g/mol

Heat supplied by burning 500 g C;H,

1 mol
500 g C;Hg X 141 g = 11.3 mol C;Hqg
K]

—2200—— X% 11.3 mol = — 25200 K]
mol

ALTERNATIVELY use proportions:

)y 500¢g B heat released
441g  (—2200K))

fé_ heat released = 2228 :i—lzgzoo ) — _25200 K]
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SAMPLE PROBLEM

How much heat will be released when 2.9 g of butane (molar mass 58.0 g/mol)
combusts completely in oxygen according to:

2C4Hyp(9) + 130,(9) > 8CO,(9) + 10HO () =

2 moles of C,H,, (2 x 58.0 = 116 g) can release 5600 kJ of heat

2 mol 5600k]  2.9gx5600K]

29g X X = = 140 K] of released heat
116 g 2 mol 116 g

Proportions:

29g heatreleased
116 g 5600K]

2.9g X5600 k
) ] heat released = o I
=g=——c: I 116 g

= 140 K] of released heat

BN Prifysgol Cymru
\ YD t

{ "
i H » rindod Dewi San
L " University of Wales

Trinity Saint David




PRACTICE PROBLEMS

PROBLEM 1: Although the process also requires water, a simplified equation for rusting
(with rust shown as Fe,0,) is: 4Fe(s) + 30,(g) => 2Fe,O,4(s)
How much rust forms when 4.93 x 103 kJ of heat is released?

1.57 x10° g
238 g Fe,O; = 159.7 g/mol

477 g 2 mOl FezOS 159 g

3 pr—
(4.03 x 10°K]) x === 103K < Tmol Fe,0, _ >*8
g

PROBLEM 2: The combustion of 1.00 mole of methane, CH,, produces carbon dioxide
and water and releases 802 kJ/mol. When 3.00 mol of oxygen react with a stoichiometric
guantity of methane, what is the heat change for the reaction?

—8.02 x 102 kJ
8.02 x 102 kJ
1.20 x 103 kJ 1mol CHy, (—802kJ)

= —1.20x103 kJ

3 mol 0, X X
mot &2 2mol0O, 1molCH,
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STANDARD CONDITIONS

Any chemical equation that describes a reaction has a value of AH (A, H)
A.,,H depends on T, P and the physical state of the components (H,O:

liquid or steam)

Standard conditions — allow comparison between values:
- Solids and liquids must be pure solids and liquids
Solutions at

Gases at the pressure of 1 bar

Temperature usually 298 K (can be any, but specified)

- Always have a sign Enthalpy
‘ch f Standard
il conditions
- _® rxn 298
|
& ; Temperature (K) at

Type of process :
S e which the enthalpy

- change is reported
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STANDARD HEAT OF FORMATION - A;H° (X)

standard enthalpy change of the formation A;H® (X) = heat of
formation - heat released or absorbed when 1 mole of pure substance
X Is formed from its elements at standard conditions (kJ/mol)

Enthalpy
H, (9), N, (9), O, (9) 0 2N2(9) +3H,(g) [ From elements in j
Fz (9)1C|2 (g)’ Brz (l), |2 (S) their standard states
Noble gases (Q)
P,(s), As, (s), Sg (s), C (s,
graphite) e Under standard
Metals (S) except Hg (|), A (NH3(9)) [condltlons at 298 Kj
[Cs and Ga]
o — NH; (g) ormation o
AfH 298 (NZ (g)) = 0 kJ/mol & [1m|z)l of cctnmpotmd]
AL AH 505 (Hy (9)) = 0 kI/mol
'? AH®295 = AfH%95 (NH3(g)) = = - 46P1ys|§;-|’({m0‘
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STANDARD HEAT OF COMBUSTION - A, ,H°

standard enthalpy change of combustion A__, ,H® (X) — heat of
combustion- released when of substance X burns completely in
oxygen gas at 1 bar pressure (kJ/mol)

always negative — always exothermic - - A__ ., H"(X)

C;Hg(g) + 50,(g) > 3CO,(g) + 4H,0(I) A, H=-2200 kJ
A.ompH® (C5Hg (g)) = - 2200 kJ/mol

com

2CH;y(g) + 130,(g) > 8CO,(g) + 10H,O(l) A, H=-5600 kJ
A.ompH® (C4H4 (g)) = - 5600 + 2 = -2800 kJ/mol

C4H10(g) + 13/20,(g) > 4CO,(g) + 5H,0() A, H=-2800kJ/mol

rxn
2@_

% N Y Drindod Dewi Sant
" Universi ty of Wale

Trinity S Saint David

]
v -
g
I#g N Prifysgol Cymr




OTHER STANDARD HEATS

Aq,cH? (X)  heat of fusion of X, X(s)> X() always ENDO

A,.,H? (X)  heat of vaporisation of X, X () > X (g) always ENDO

vap

A.,,H? (X)  heat of sublimation of X, X (s) > X(g) always ENDO
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HESS’'S LAW
AH — state function

A+B->C AH, C>A+B -AH,
C—> D AH,
A+ B> D AH; +AH,

A..H (forward reaction) =
= - A,,H (backward reaction)

AH, + AH,

| |
A4 gAH, o AH T
1 2

, | The overall reaction enthalpy is the sum of the reaction
| | enthalpies of the steps into which the reaction can be
st divided
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HESS'’S LAW, cnt.

Arano Arano - AatomHo + AfHo

Reactants — Product |
AtomH R AfH°(2)

OR  reactants «———— —— products
GA“H\\ /'AfHo AH*(1)

AatomH0 - AfH0
Reactants — -AH® (reactant 1) -A;H” (reactant 2) etc - ¥ AH° (reactants)
— Products AH® (product 1) AH® (product 2) etc 2 AH® (products)

A.H=-ZAH® (reactants) + X A\H® (products)

rxn

AnnH = Z AH® (products) (=) = AH° (reactants)

l

represents the reversion
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SAMPLE PROBLEMS

PROBLEM 1(5): What is the value of A H2 in kJ for: 2 HgCl,(s) -
Hg,Cl,(s) + Cl,(g)

given the AH? values (in kJ/mol) for HgCl, = -230 and Hg,Cl, = -2657?
-195

-495
-35 Products: AH? Hg,Cl,= -265 kl/mol is for reaction 2 Hg + 2 Cl, = 1 mol Hg,Cl, + Cl,

2 HgCl(s) > Hg,CL(s) + Cl.(g)
-725
Z(AfH1°)\ /'Aszo

2 Hg +2 Cl, :
2(AH,°) = 2x(-230) = -460 kI AfH,® =-265 - 0 =-265 kI

Reactants: AH2 HgCl,=-230 kJ/mol is for reaction Hg + Cl, = 1 mol HgCl,

A H = Z AH° (products) - ZAH® (reactants)

= (-265) — (-460) = +195 kJ

I’XI’]
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SAMPLE PROBLEMS

PROBLEM 2: Calculate A H for the reaction C,H,(g) + 2H,(g) => C,H,(g), using the following

information: combustion reactions

A o mbusiionH for C,H,(g)=-2341 klJ/mol  C4H, + 50, - 4CO, + 2H,0 as Is
A o mbustionH fOr H,(g) = -286 ki/mol
A i Hfor C,Hg(g)=-2755 ki/mol  C,Hg + 60, = 4CO, + 4H,0 reversed
-700 kJ _ _ _
128 kJ Combine these combustion reactions:
(158 kJ) C,H, + 50, + H, + %0, +4CO, + 4H,0 > 4CO, + 2H,0 + H,0 + C,H, + 60,
~lle C,H, + 50, + 2H, + O, +4C0, +4H,0 > 4CO, + 2H,0 + + C,H, + 60,
-4810 kJ
Group/cancel H,0, CO,
C,H, + 50, + + O, +4C0, + 4H,0 2> 4CO, + 2H,0 + + C,H; + 60,
C,H, + 66, +2H, + 4€0, +4H,0 > 4€0, + 4H,06 + C,H, + 66,
C,H,(g) + 2H,(g) => C,H,(g),
- A H = (-2341 + ) + 2755 = (-2913) + 2755 = -158 kJ
/-
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PRACTICE PROBLEMS

PROBLEM 1: Given the thermochemical equation: 2 NO(g) + O,(g) => 2 NO,(9).
AH = 1140 kJ Calculate AH for the reaction NO,(g) => NO(g) + 1/2 O,(9)
-114 kJ

+114.0 kJ _ _ _ »

570 kJ Reaction 2 is the reversed reaction 1 divided by 2

+570 kJ AH (2) =2 (- AH (1) =-570 kJ

+128 kJ

PROBLEM 2: What is the standard of propene, , In kJ/mol, if

its standard enthalpy of combustion is —2059 kJ/mol?
The heats of formation of H,O and CO, are -286 kJ/mol and -394 kJ/mol, respectively.

'1379 C3H6 + 9/202 > 3CO2 + 3 H20 A,..H = -2059 kJ/mol
-2059 AnnH = AompH = -2095 kJ/mol
-699 AnnH = 2 AH (products) - £ AH (reactants)
19 AH (reactants) = AH C3H6 + 9/4 x A\H O2
AH (products) = 3 x AH CO2 + 3 x AH H20
ArnH = AcompH = (3 X AH CO2 + 3 x AH H20) - ( + 9/4 AH O2)
| -2059 = (3 x (-394) + 3 x (-286)) - ( + 9/4 x 0)
i 1 -2059 = (3 x (-394) + 3 x (-286)) - ( + 9/4 x 0)
/7 -2059 =-2040 -
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BOND ENTHALPY

Bond dissociation enthalpy, D(A-B), is the enthalpy change per mole when a
particular chemical bond, A-B, is broken under standard conditions in the gas phase

Reactants — Products
break bonds — form bonds
ENDOTHERMIC — EXOTHERMIC

The overall result is an approximation of AH

N=N + 3H—H - 2 H—N—H break — ENDOTHERMIC form — EXOTHERMIC

H' N=N 945
T 3H—H 3x432 6 H—N 6 x 391

break form
Total 2241 Total 2346
N=N 945 kJ/mol A, H=2241 — 2346
i a H—H 432 kJ/mol
I A H—N 391 kJ/mol Aran = _-105 kJ
'y
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SAMPLE PROBLEMS:

PROBLEM 1(2): Estimate the delta H in kJ, for the following reaction from the bond
energies given.

H, + 1, => 2 HI Bond energy (kJ/mol); H-H = 436; H-l = 297; I-| = 151.

884

-7

-290

+7

+290

PROBLEM 2(1): Which of the following statements concerning estimating delta H from
bond energies is incorrect?

a) The sum of the bond energies of the reactants is subtracted from the sum of the
bond energies of the products.

b) Bond breaking is endothermic (pos).

c) Bond making is exothermic (neg).

d) Bond energies must be multiplied by the number of each bond and the number of
moles of the species in the balanced equation.

e) Bond energies are average values.

i s
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HEATS OF FORMATION vs HEAT OF DETONATION

heat of formation - heat released or heat of explosion - the energy liberated
absorbed when explosive substance X is during the formation of decomposition
formed from its elements at constant products at adiabatic* conditions O,
pressure (kJ/mol) AH° (k)/g) or A,_.H° (kJ/mol)
‘ AHd RDX: Q2 =-21.6%
C3HN¢O¢ —— 3CO + 3H,0 + 3N, °

not complete oxidation (e.g. CO not CO,
post-detonation burning in oxygen (q)

Qo tad=A.,H°
AfHo1 = A ]I:\ /,4\112 =AfH°2 exp comb

AompH" > AL H when Q<0
3C + 3H, + 3N, + 30, AcompH” = A, H when Q>0

- combustion - produces heat and gases slowly for a certain time period,
- explosion — produces heat and gases rapidly in an instant

- heat of explosion provides information about work capacity of the explosives.
I_I >4

--——=ou - detonation - supersonic explosions created by high
-= explosives that travel through shock waves
g
{fg *adiabatic process — a thermodynamic process that occurs without transferring heat or mass * 3 fg:‘n’:gfo'e‘j}/s'?:l“
&4 5— between the thermodynamic system and its surroundings; energy is transferred only as work " University of Wales
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ENTHALPY OF DETONATION - HESS’S LAW

A Hd
C3HgNOg

» 3CO +3H,0 +3N;  AH® (RDX) =+70.3 kJ/mol
AH® (CO) =-110.5 kJ/mol

A 11:\ /Z H, AH? (H,0,,) = -241.8 kl/mol

AH° (C), (H,), (0,), (N,) = 0 kl/mol
3C + 3H, + 3N, + 30,

A, H =A H® =2 AH® (products) - XAH° (reactants)

detonation

H=AH* = AH° (RDX) — (£ AH° (C), (H,), (0,), (N,)) =70.3-0=70.3 kl/mol

atom

AH, =-A

AH, = AH® =[3 x AH*(CO) + 3 x AH®(H,0,,)) + 3 X AH(N,)] = [Z AH°(C),(H,),(0,),(N,)] =
= [3 x (-110.5) +3 x (-241.8) + 3x 0] =0 = -1057.1 -0 = - 1057.1 kJ/mol

A H= AH, - AH, = -1057.1 — 70.3 = -1127.4 kJ/mol

the heat of detonation can be converted to the heat of explosion Q

_ DgetonationH® X 1000 (—1127.4 kJ /mol x 1000
Qurp = MM T

; Y Drindod Dewl San
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EFFECT OF OXYGEN BALANCE ON THE HEAT OF EXPLOSION

Heat of Explosion (kJ kg'h)

7000+ . .

*EGDN highest heat of explosion when oxygen
i g V5 “Nioglycerine  panca s zero (all C and H

s ETN . . . 5 [ic
stoichiometrically oxidized to CO, and H,0)
5000 ﬁbx&m
:/Iéyl . .
4000 '.T}E}s// oxygen balance can be used to optimize the
+TATB 0ro . .
- ge g composition of the explosive to give an
/ 2 oxygen balance as close to zero as possible
2000+
60 40 -20 0 +20

Ozxygen Balance (%)

Example: TNT has an oxygen balance of -74% (very deficient in oxygen) and by
mixing it with 79% NH,NO; which has an oxygen balance of +20% the oxygen
balance is reduced to zero resulting in a high value for the heat of explosion.
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PRACTICE PROBLEM

Calculate the heat of explosion (detonation) of PETN (C;H;N,0,, , MM 316.3 g/mol),
given the following products and heats of formation:

C.HyN,O,, Sl 3C0, + 4H,0 +2CO + 2N, H° (PETN) = -530.5 kJ/mol
N H° (CO) =-110.5 kJ/mol
C.HyN,0,, —etenation _, 3¢Q, + 4H,0 + 2CO + 2N, H° (CO,) = -393.5 kl/mol
RN AH H? (H,0,,) = -241.8 ki/mol
5C+4H,+2N,+60, AH® (C), (Hz), (oz), (N,) = 0 ki/mol
Agetonationd = 2 AH® (products) - 2AH° (reactants)
AH,° = -A,, H = AH° (PETN) = (Z AH° (C), (H,), (O,), (N,) = (- 530.5) = 0 = -530.5 kJ/mol

° = [3 x AH?(CO,) + 4 x AH°(H,0,) + 2 X AH°(CO) + 2 x AH(N,)] = [ AHC(C),(H,),(0,),(N,)] =
= [3 x(-393.5) + 4 x (-241.8) + 2 x (-110.5) + 3 x 0] =0 = -2368.7 — 0 = - 2368.7

agjh=@* 1 A

H= AH, - AH, = -2368.7 — (-530.5) = -1838.2 kJ/mol

detonation
i/ A - H°x 1000 (—1838.2k]/mol x 1000
#g Qexp _ detonatlol\r/llM _ ( T1e 3]/ /m01 — —5811.6 k ]ggysgol ——
e é . g &" ;2;:2;;;3?\2&'8'85



VOLUME OF GASEOUS PRODUCTS OF EXPLOSION

* IMPORTANT because the volume of gas produced during an explosion provides
information on the amount of work done by the explosive.
e STP(0°Cor 273K, 1 atm)
 volume of gas varies with temperature at which the measurement is taken.
* enable comparisons between one explosive and another.
« one mole of gas occupies (molar gas volume)
e volume of gas V liberated from an explosive during detonation can be calculated
from its equation of decomposition

* CH.N,.O,=>3CO(g)+ 3H,0(g)+3N,(g)

of gas are produced from of RDX (MM =222.1 g/mol)
° atSTP of gas will occupy (9 moles x 22.4 dm3/mol)
1 i.'l g of RDX will produce 201.6 dm3/222.1 g) g ( g)
v _—

l
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PRACTICE PROBLEM

The chemical equation for an explosion of TNT (C;H:;N;O,) was derived using the
modified K-W rules and is shown below.

C,H.N,0, > 3% CO+3%C+2% H,0+1%N,

Calculate the of all gas products liberated upon detonation of
of TNT.
What of gases is produced from 1 g of TNT?

One mole of TNT produces 7% moles of gas which will occupy 168 dm3 and 1 g of TNT
will produce 0.740 dm3/q (740 cm3/g) of gas at ‘STP’ as shown in Equation

7% mol of gas will occupy 22.4 x 7% = 168 dm3
Therefore, 1 mol of TNT produces 168 dm3 of gas

1 g TNT produces 168/227 = 0.740 dm3/g  Where the molecular mass of TNT is 227
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EXPLOSIVE POWER, POWER INDEX and TNT EQUIVALENCE

and V

* in an explosive reaction, the amount of heat and gases liberated (Qg,ossion -

calculated independently) combine to give the value for the explosive power

explosive power = Qecxplosion X I{gas

 power index in relation to standard explosive, picric acid

Qexplosion X I(gas

X 100%
Qexplosion(PA) X Vgas(PA)

power index =

OH
O=N NO; picric acid
C6H3N307
229 g/mol ~ Qexplossion 3301.02 kl/kg and V,,;831.06 dm°>/kg
NO,

*  “TNT equivalence” - a normalization technique for equating properties of an
explosive to TNT, the standard compares the explosive power to the explosive

power of TNT

: Qex losion X V. as

- TNT equivalence = P J
=) & 1
J\ Qexplosion(TNT) X I(gas (TNT)
g _ _ _

% power index and TNT equivalence of secondary explosives are much PRaa——

M higher than the values for primary explosives. & e ales
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