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» Understanding Heats of Reaction
4 is the science of the|relationships|between

heatfand other forms o Heat ig aform energy
v' Thermochemistry is one area of thermodynamics. It concerns

the study of|the quantity of heat absorbed or evolved|(given off)
by chemical reactions. oo 2@ Lodhl 2

» 6.1 Energy and Its Units §

v" Energy is|the potential or capacity|to move matter.

v' Energy can exist in different forms, including heat, light, and
electrical energy, and these different forms can be

@interconverted] Energy is a property ofmatter not material

Kinetic Energy
is the energy associated with|an object|by virtue of its motion.

‘Ek = S’ \ R ‘ kg.m?/s?= joule HZ Watt = joule@ +

A 100-watt bulb uses 100 joules of energy every second

Seond €




v’ (calorie (cal) (non-SI unit) the amount of energy required to
raise the temperature of one gram of water by one degree
Celsius [Lcal = 4.134 7]

;/%ercise 6.1 o

An electron (mass = 9.11 x10-31 kq) is accelerated by a positive
charge to a speed of 5.0 x 10° m/s.

What is the kinetic energy of the electron in joules? in calories?

E, = amv?
E,=" x9.11x10731 kgx(5.0x10° m/s)? = 1.13x1071" kg.m?/s? or J

1 cal

1.13 x 10717 J x = 2.7 x 1078 cal
4.184 )

» Potential Energy @ E,= mgh
the energy|an objectlhas by virtue of its position in a field of force.

m= mass (gram), g = constant acceleration of gravity)
h = height



> Internal Energy (U) @

Is the sum of the kinetic and potential energies of|the particles
making up a substance.

E=E.+E,+U
» Law of Conservation of Energy (first law of thermodynamics)

\( Energy may be converted from one form to another, but the )
total quantity of energy remains constant.

6.2 First Law of Thermodynamics;|Work and Heat|Q

v" Definition of Work@/j—
Work is an energy transfer (or energy flow)]into or out|of a
thermodynamic system whose effect on the surroundings is
equivalent to moving an object through a field of force. (FP dﬂ”

v' Definition of Heat J
into or outlof a Pd“"

Heat is an enerqgy transfer (energy flow)
thermodynamic system that results from a temperature
difference between the system and its surroundings.
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Example 61 |8 [%

~

a A good piteher can throw a bageball go that it travelg between 60

and 90 mileg per hour (although gpeeds in excesg of 100 miles per

hour have been recorded). A requ
(0143 kg) travels 75 mileg per

lation bageball weighing 143 g
hour (33.5 m/q). What ig the

kinetic energy of this bageball in |

* \(sJEm(\J)2 = LL

« § .0 - R

oulee? in caloriee? ¢

<03 Ky « (B 5)
%O- 2 Joue
ij 1Ca =19 . 2 Col

4184



Process

Work done by the system on the surroundings

The eyetem lose &4 —

Work done on the system /by the surroundings A gan The gystem gain e
Heat absorbed by the system surroundings |@lothermic process) +

Heat absorbed by the surroundings'from the system |(@®othermic process) =

lose

> Change of Internal Energy o|| AU = U, — U E xtengive

v Internal energy is an extensive property, that is, it depends on

the amount of substances in the system.
v' Other examples of extensive properties are

mass and volume.

v Intensive property does not depend on the amount of

substance [(color, density)
v" Internal energy is also a state function.

v A state function is a property of a system that depends only on

initial and final states.
v’ Such as|temperature and pressure.




Potential energy of hiker 1 and
niker 2 is the same even though
they took different paths.

» First Law of Thermodynamics

The energy change\ [nternal energy =

AU = Ugpar - Uiitial
AP = Pﬁnal - P,
AV = Vﬁnal -V,

AT= Tﬁnal = T

initial

initial

initial

AU=qg+w

heat + work



(Q{The work done when a gas is compressed in a cylinder is 462
J. During this process, there is a heat transfer of 128 J from the
gas to the surroundings. Calculate the energy change for this

process. RU=qg+w . ,,
=-128J +462J =334 J — > TS
Work done by the surrounding on the system =gas -~ Exothermic

Heat absorbed by the eurrounding from the aystem

24(9 A gas is cooled and loses 82 J of heat. The gas contracts
s it cools, and work done on the system equal to 29 J is /[

CHem

exchanged with the surroundings. Calculate AU ?

system loses heatsog=-82J - Bag igcompresged] Work
system contracts so w = + 29 J. done from the currounding
on the system - (a/ ¢
AU=q +w|=-82J+29 J =-33J -Bagexpand|work done
Work done by the eurrounding on the aygtem from the syster on the
Heat absorbed by the gurrounding from the system  currounding . -

E xothermic .



ercise 6.2 A gas is enclosed 1n a system similar to that shown in | See Problems
Figure 6.9. More weights are added to the piston, giving a total mass , 6.49 and 6.50.
of 2.20 kg. As a result, the gas 1s compressed, and the weights are

system. What 1s the change in internal energy of the system, AU? The
force of gravity on a mass m 1s mg, where g is the constant accelera-

|
I
lowered 0.250 m. At the same time, 1.50 J of heat evolves from the :
I
I
tion of gravity (g = 9.81 m/s?). |

. -;/\-:—'77»; e{w?i/ w) ﬂe‘uydvzmaj P/nm% The enen ﬂ’j CJ/\W\J&'
Dkwmj%dﬁj = L»wl: + \/\JOVK//(LW@Q/L))

)50 (2298 (-25) = % .89
Ltealt (e\/O|UeS) Qom e
ng@m — (exo‘(ﬁem.9 — S *l’L,_, %gﬁem lose

D jﬂ‘ Ofw‘o Hc’ﬁ" :



6.3 Heat of Reaction; Enthalpy of Reaction

» Heat of Reaction

lose
v efXpthermic process @neg@

IS @ chemical reaction or a physical change in which heat is

levolved|or is

released from the system.

30l n

v epothermic process

IS a chemical reaction or a physical change in which heat is

absorbed|by the system. The aystem gain heat

The gystem loge heat

(heat 1s evolved)

Type of Experimental
Reaction Effect Noted Result on System Sign of q
Endothermic | Reaction vessel cools Energyladded 4
(heat 1s absorbed)
E&:Zhermic Reaction vessel ms | Energy|subtracted|| —




ercise 6.3 Ammonia burns in the presence of a platinum o
catalyst to give nitric oxide, NO. In an experiment, 4 mol NH; is

burned and evolves +170 kJ of heat. Is the reaction endothermic
O@Mici) What is the value of g?

Pt |
o + MO _ o + ~ .
Broduce / get off / rglgg}él 3(8) + 504(8) 4NO(g) + 6H,0()

Heat is evolved = reaction is exothermic.
The value of g is =170 kJ.

Combugtion = loge heat



> Pressure-Volume Work |w = —PAV | [P\ = nRT

Exercise/6.4 Consider the combustion of CH,. T'\e idea[ gag [aw
CH,(g) + 205(g) —> COx(g) + 2H,0() The gystem —compressed

The heat of reaction at 77°C and 1.00 atm is — 885.5 kJ. RQ[QQQQ/ E xothermic
What is the change in volume when 1.00 mol CH, reacts with 2.00 mol O,?
(You can ignore the volume of liquid water). What is w for this change?

Calculate AU for the change indicated by the chemical equation. A, :
AV = V. =V «nﬁnal RT . ninitialRT (n final ~— ninitial)RT ¥
final initial
P P P

Oroduct - reactant
(1 mol —3 mol)(0.08206
AV =

Leatm

)(350 K)

— - 5744 L
1.00 atm —

Because the change is from 3 moles of gas to 1 mole of gas, this represents a
compression being performed on the system|9work Is done on the system (+ve)|

w=-Px AV *

= —(1.0 atm) x (-57.44 L) 957 44 atm L _
57.44 atm.Lx 101.3=+5818 J=[+ 5.8 kJ] - |L1atm.L=101.3J

AU=g+w|* > AU=-8855kJ+5.8kJ =[-879.7 kJ N




» Enthalpy (H) and Enthalpy of Reaction

v Because(U)X®) andVare state functions,@)is also a state

function. AH = H, - H,
AU=qg+ w|l=qg—-PAV =q-RTAn

H=1U+ P}
AU=qg+w
w= —PAV

An =number of moles of product gas —number of moles of reactant gases

q =AU+ PAV=(U-U) + PV, -V)=U;-U +PVF-PV,

q= (U +PVy)—-(U;+ PV) = Hy — H,

“q = AH|(At fixed pressure and a given temperature)

» Enthalpy of reaction

oM =0

The change in enthalpy, AH, for a reaction at a given temperature

and fixed pressure

AH = H (products) — H (reactants)

11



gZ{)CaIculate the change in internal energy when 2 moles of CO

are converted to 2 moles of CO, at 1 atm. and 25°C.

. R

2C0O(g)+0,(9)——2C05(g) AH =-566.0 kJ/mol

AU = q - RTAN

g = AH (At fixed pressure and a given temperature)

An =number of moles of product gas —number of moles of reactant gases

-2-3
— 1

R=8.314 J/K-mol and T=298 K

AU =AH-RTAn

=-563.5 kd/mol

I the thermochemical equation ig 4

limiting reactant reaction, take the ratio
between the LR &. AH

R = 0082

K\ od'm-’../mo\-k.
1 |

=-566.0 kd/mol—-(8.314 -mol —

mol —( mo )(1000J (298 K)(-1)

[f he agk for.dH in KI/mol — devide
the angwer by number of moleg 12




6.4 Thermochemical Equations

A
CHx)+20:0)  |Regctant mon  |Product
; s A
Heat given off Heat absorbed
_§_. by the system S by the system
= to the surroundings . = from the surroundings
,_'E AH = —890.4 kJ/mol UE_] ~ AH = 6.01 kJ/mol
Product- reactant Product - reactant
Y
CO»(g2) + 2H,0(/ H,O(s
0 +21:00 [Droduct o0 |Reactant
H products <H reactants H products >H reactants
AH <0 AH >0
E xothermic Endothermic
Combugtion

13



ENDO-THERMIC EXO-THERMIC

Q<0 (surrounding heat) Q>0 (surrounding heat)

reaction coordinate reaction coordinate

Aern = z:AH(bonds broken) — z:AH(bonds formed)
AH, = ZAH¢ (products) — ZAH¢ (reactants)

AH® AHO
(o) — (o)

lf
ol

-
-
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Thermochemical Equations

A
H,O(/)
= Is AH negative or positive?
. Heat al3801'bed |
& i(g{);:li;gfjg?ggggggs System| absorbs|heat
5 AH = 6.01 kJ/mol
Endothermic
T Coneert
He (S— L)

AH >0

HzO(S)

6.01 kd are|absorbed|for everyh mole\of ice that
= i el
melts at 0°C and 1 atm. (Depend on the number of moleg)

{H,0 (s) — H,0 () C&H = 6.01 kd/mol
14




Thermochemical Equations

A
CHy(g) +205(g)
Is AH negative or positive?
(Hei-lt given off
E_ by the system .
= to the surround)_i_x'{gsmSs SyStem gives off heat
£ AH = —890.4 kJ/mol
Exothermic
Y T Conwer
CO5(g) + 2H,0()) (3—0 l) AH <0

Evolved
890.4 kJ are released for every|1 mole|of methane

that is combusted at 25°C and 1 atm.

1CH4 (9) + 20, (99 —CO, (g) + 2H,0 (1) CAH =-890.4 kJ/mol

15




The stoichiometric coefficients always referjto the number

of moles of a substance\L/, Reacdtanit

1H,0(E)— H,0@) AH=6.0DkJ/mo

If you|reverse a reaction| the sign of AH changes

1H,0()—H,0(s) AH = kd/mol

If you multiply both sides of the equation bﬂ a factor n,
then AH must change by the same factor n.

@H,0 (s) — (@H,0 () AH =2 x 6.01 =

The physical states|of all reactants and products must be
specified in thermochemical equations.

H,0(s)— H,0()) AH =6.01 kJ/mol
H,0()) —H,0(g) AH=44.0kJ/mol ¢




Aqueous godium hydrogen carbonate golution (baking soda golution) reacts with
hydrochloric acid to produce aqueous sodium chloride, water, and carbon dioxide gas. The
reaction absorbg [2.7 kJ of heat at constant presgure for each mole of sodium hydrogen
carbonate. Write the thermochemical equation for the reaction.

Solution You first write the balanced chemical equation.

NaHCOx(aq) + HCl(ag) —> NaCl(ag) + H,0(]) + CO,(g) @

The equation is for 1 mol NaHCO;, with the absorption of 12.7 kJ of heat. The cor-
responding AH is +12.7 kJ. The thermochemical equation is

NaHCO;(aq) + HCl(aq) — NaCl(ag) + H,O(l) + CO,(g); AH = +12.7kJ
A propellant for rockets ig obtained by mixing the liquids hydrazine, N2H4, and
dinitrogen tetroxide, N204. These compoundg react to give gageous nitrogen,
N2, and water vapor, evolving [O49 kJ of heat at congetant preseure when [ mol
N204 reacts. Write the thermochemical equation for this reaction.

A - 104G K
ZMqu © + k)zOq o ﬂéﬂ\)z (4 "'L//(’ij) J_




When 2 mol H2 (g) and | mol O2 (g) react to give liquid
i water, 572 kJ of heat evolves.
< (@H2(g)+ 02 (g) ——2H20 () +aH = -572 kJ)
Write thig equation for | mol of liquid water. Give the reverge
equation, in which | mol of liquid water dissociateg into
hydrogen and oxygen.

X (QHz(g) + Oﬂ ) —» QHZOLLQ; - SYZKT
A) H. +£O9\ y HLO(U =~2%0 kKT

Reserve ean:lAéw o AH - D
B) ”20(0 > I“z(ﬂ) + 7\2.02 = 2@[? KJ

&l—




a)Write the thermochemical equation for the reaction described in (4
Exercige 6.5 for the cage involving | mol N2H4.

b)Write the thermochemical equation for the reverge of the reaction
described in Exercise 6.5. ph -+ 104GKT

,\'»ZN.ZHL,(U +szOq W %-93‘\)2 (9 +4MD(}) )di

Nz Hy +%l\)s@u a%Ml v 21,0 -
py = 524.5
B° 0 Nz 4.4”10 —> V\IQ\'\U + 2N 20y -SH - -k)lﬁq

Exercise 6.7 How much heat evolves when 10.0 g of hydrazine
reacts according to the reaction described in Exercise 6.5?




6.5 Applying Stoichiometry to Heats of Reaction

(Q{How much heat is evolved when 9.07 x 10° g of ammonia is
produced according to the following equation?

Ny(g) + 3Hy(g) —> 2NHj;(g); AH = -91.8 kJ

- | molNH;  —91.8kJ
9.07 X 105 g NH; X % -
17.0 e NH; ~ 2 mobNTH,

—2.45 X 10°kJ

(9’)/ Given the thermochemical equation Combugtion- exothermic

2S0,(g) + O,(g) — 2S04(9) AH =-198.2 kd/mol
calculate the heat evolved when 87.9 g of SO, (molar mass =
64.07 g/mol) is converted to SO;.

grams of SO, ——moles of SO, ——kilojoules of heat generated

T m > -198.2 kJ

2764.07 gS©; 2 molSO,

=-136 kJ 17




6.6 Measuring Heats of Reaction
» Heat Capacity and Specific Heat

v The heat capacity (C) of a sample of substance is the quantity
of heat needed to raise the temperature of the sample of
substance one degree Celsius (or one kelvin). ‘5 /c

qg = CAt

v The specific heat capacity (S) (or simply specific heat) is the
quantity of heat required to raise the temperature of one gram
of a substance by one degree Celsius (or one kelvin) at 5/(3-6)
constant pressure. g=sXmX At

Example 6.5
(ﬁ,{) Calculate the heat absorbed by 15.0 g of water to raise its

temperature from 20.0°C to 50.0°C (at constant pressure). / :
The specific heat of water is 4.18 J/(g -°C). CAen

C=mxs

g=SXm X At At = tf_ ti = 50.0°C = 20.0°C = +30.0°C
g =4.18 J/(g - °C) x 15.0 g x (+30.0°C) = 1.88 x@_‘ K




» Measurement of Heat of Reaction

v Heat of a reaction is measured

In @ calorimeter, ‘@ device used

to measure the heat

absorbed or evolved

during a physical or

chemical change.

solated qystem

isolated systems

cIsystem = O

v' Calorimeters are considered
Solution
qsys Qwater i Gcal + Qrxn Q M
sys = 0
Qrxn = - (qwater T qcal)
Quater = M X S X At
qcal = CcaIX At

Exercise 6.8 Iron metal has a specific heat of 0.449 J/(g- °C).

20.0°C, when it is placed in a pot of boiling water? Assume that

at this temperature, which is the final temperature of the iron.

How much heat is transferred to a 5.00-g piece of iron, initially at

the temperature of the water 1s 100.0°C and that the water remains

See Problems 6.69
and 6.70.

o

&

xmxot=0.494q « 5.0
%qﬁm '?fo: = a':SOf Jl?j 3

19



» Constant-pressure calorimeter coffee-cup calorimeter

AH = q,,, At fixed presaure ﬂo\wu!_g Neutralization = exothermic
Exercise 6.9 Suppose 33 mL of 120 MMCI is added to 42 mL of
“a solution containing excess sodium hydroxide, NaOH, in a
coffee-cup calorimeter. The solution temperature, originally
25.0°C, rises to 31.8°C. Give the enthalpy change, AH, for the
reaction: assume that the specific heat and the density of the final
solution in the cup are those of water HCl(ag) + NaOH(ag) — NaCl(ag) + H0()

qsys = qwater * qcal + qrxn qca[ S Negleghiable 1\ D‘”M 271 g%(&%dl?)ﬂs.

Gsolution=S X M x At = 4,184 JI(g.°C) x 75 g x (31.8°C - 25.0°C)

=2133.8 J
Qsys = Gsoln * Qon = 0-> Grxn = ~Gsoin 2 Qrxn = - 2133.8 J
S‘t@na peid &
mol HCI = 1.20 mol/L x 0.033 L = 0.0396 mol  gjung Pasc
_ -54 )
2133.8] (-54 —-2
AH= —= __ __ % becaue they
0.0396 mol 53884 J/mol = =54 kJ/mol :m C”':éﬁ Cade

T 23 uofioN



» Constant-volume calorimeter (Bomb calorimeter)(AH ~ g, .

Suppose 0.562 g of graphite is placed in a bomb calorimeter with
an excess of oxygen at 25.0°C and 1 atm. pressure. The graphite
is ignited, and it burns according to the equation: Example 6.6

C(graphite) + O,(g) —> CO4(g) o
On reaction, the calorimeter temperature rises from 25.0°C to
25.89°C. The heat capacity of the calorimeter and its contents

was determined in a separate experiment to be 20.7 kd/°C. What
Is the heat of reaction? Express the answer as a thermochemical

equatlon' qsys = Quater + Qcal + Qrxn

R —20.7 kJ/°C X (25.89°C — 5.00°C)
= —20.7kJ /°C X 0.89°C = ©O18.4 kJ Exothermic
0.562g > ?Mole C —0,5629C . —1 - 00438 -

.00l . -84
C(graphite) + O,(g) — COy(g); AH = —3.9 x 10°kJ « 02.91168



6.73 When 15.3 g of NaNO, (85.0 g/mol) was dissolved in water in

constant-pressure calorimeter, the temperature fell from 25.00°C
to 21.56°C. If the heat capacity of the solution and the calorimeter
Is 1071 J/°C, what is the enthalpy change when 1 mol. of NaNO,
dissolves in water? The solution processis /[

Crien
qsys = QWater + qcal + qrxn
NaNO;(s) —> Na*(aq) + NO; (aq); AH = ?
= C., X AT=(1071J/°C)(21.56°C-25.00°C) = -3684.2 J

QCalorimeter cal

Qcaiorimeter = |~ Arxn qrxn‘= 3684.2 J Endothermic

+
The amount of heat absorbed by 15.3 g of NaNO, = 3684.2 J
The amount of heat absorbed by 1mol of NaNO; is ?

Ho'es = ‘53 - Ol? —D Bu:éégq Qq s‘%gg
G 0-1%

22



(QM bomb calorimeter has a heat capacity of 2.47 kJ/°C.
When a 3.74x10-3 mol sample of ethylene was burned in this
calorimeter, the temperature increased by 2.14 °C. Calculate
the energy of combustion for one mole of ethylene. E xothermic

A. -5.29 kd/mol

B. 5.29 kJ/mol Qca = CAt

C- ~148 kJimo = 247 KJ/°C'X 2.14 °C= 5.286 kJ
D. -1410 kd/mol '

E. 1410 kJ/mol Qo = — Qo = — 5.286 kJ

Corbustion = exoffermic. .\ _ 5 286 KkJ/3.74 x10-* mol

= -1410 kJ/mol

23



(Q) A lead (Pb) pellet having a mass of 26.47 g at 89.98°C was
placed in a constant-pressure calorimeter of negligible heat
capacity containing 100.0 mL of water.

The water temperature rose from 22.50°C to 23.17°C.
What is the specific heat of the lead pellet?

dpb +9H,0 =0
dH,0 = MSAL

dPb = —9H,0
du,0 =(100.0 g)(4.184 J/g-°C) (23.17°C-22.50°C)
-2803J - gp,=-280.3J
dpp = MSAtL
~280.3 J=(26.47 g)(s)(23.17°C-89.98°C)
s=0.158 J/g-°C

24



6.7 Hess’s Law

“for a chemical equation that can be written as the sum of two or
more steps(the enthalpy change for the overall equation equals
the sum of the enthalpy changes for the individual steps?

C(graphite) + O,(g)

lAHO : C (graphite) + 1/20, (g) == CO (g) pW

CO(g) + +0,(g) @ g) + 120, (9) —> CO, (g) DHW?
o C (graphite) + O, (9) — CO, (9) LM

E xothermic

‘ tntermediake

Enthalpy

CO,(g)

25



(9/)/ What is the enthalpy of reaction, AH, for the formation of
tungsten carbide, WC, from the elements? ‘Example: 6.7 [

CHem
.‘J

W(s) + C(graphite) —> WC(s)

2W(s) + 305(g) — 2WO;(s); AH = —1685.8 kJ (1)
C(graphite) + O5(g) —— CO»(g): AH = —393.5 kJ (2)
2WC(s) + 505(g) — 2WOs(s) + 2COx(g); AH = —2391.8 kJ 3)
) Wy 3080 vt L sn842.9K]
.+

C Q/HC@/)AH'—S‘BSKJ
WwWe G — We + 507 oh M9 kg

Reverse
> \,\)C = Al = :TIAS

wW oo C

26



«grcise 6.10 Manganese metal can be obtained by reaction of
manganese dioxide with aluminum.

d

4Al(s) + 3MnO,(s) — 2A1,05(s) + 3Mn(s) lm“"

What is AH for this reaction? Use the following data:

77| R MnOs _ QA‘.203 3Ny

-

lx(QAL + %_OQ. — Al O?: = ‘%’%
Oaq

\-(O/\V\ s —— NOs = -590

UAL  « 07 —_ 2N2O2 = -35)

3MnO2 3Mn 4+ ?}@/2 = 540
[/Al +%HWOQ_99A\,QQQ +—%MY}
3> AW = \1a9




6.8 Standard Enthalpies of Formation

v The termistandard state|refers|to the standard thermodynamic
conditions chosen for substances when listing or comparing

thermodynamic data] 1 atm pressure and the specified

temperature (usually 25°C).

AH" is called the standard enthalpy of reaction

v An alletrope is one of two or more distinct forms of an element
in'the'same physical'state. (O, and O,), (C: graphite and

diamond)
v The reference

form of an element for the purpose of specifying

the formation reaction is usually the most stable form of the

element under

Sstandard thermodynamic conditions

v" The reference form of oxygen at 25°C is O,(g); the reference
form of carbon at 25°C is graphite (C

graphite)

28



The standard enthalpy of formation (also called the
btandard heat of formation) of a substance, denoted|AH?,

PN 3 Standard Enthalpies of Formation of Some Inorganic
Substances at 25°C

IS the enthalpy

Change for the Substance AHj (kJ/mol) Substance AHY (kJ/mol)
3 Agl(y) 0 H.O,(/) —187.6
formation of one AECIy) 12704 Hel) 0
mole Of the Al(y) 0 lg(.\') 0
= — ALO4(5) 1669.8 Hl(g) 25.94
substance in its Bra() 0 Me(s) 0
HBr(g) 36.2 MgOxs) 601.8
standard state from C(graphite) 0 MgCOx(s) 1112.9
ItS elements In thelr C(diamond) 1.90 Ns(g) 0
CO(g) 110.5 NHy(g) ~46.3
reference form and  co. 3035 NOIe) %0.4
. . Ca(s) () NO.(g) 33.85
n thelr Standard CaOxy) —635.6 N.O,(e) 9.66
CaCOa(s) 1206.9 N,O(g) 81.56
states. OB J! #* Clhg) 0 O(z) 249 4
el UGlp  HClg) 92.3 04(g) 0
((“3)) Cu(s) 0 Oy(2) 142.2
o %l 5“3 «3))* CuO(s) 155.2 S(rhombic) 0
A" = O Fa(g) 0 S(monoclinic) 0.30
HF(g) 268.61 SOs(g) 296.1
H(g) 218.2 SO4(g) —395.2
Hy(g) 0 H-S(g) 20.15
H,O(g) -241.8 ZnO(s) 347.98

H,O(/) -285.8 ZnS(y) -202.9



,jw"@\;ﬁ; )
0
111.9
—121.5
-219.0
30.91
Calcium
a~'(aq —542.8
CaCOqy(s. calcite) —1206.9
CaO(s) —635.1
Carbon
Cl(g) 716.7
i 97
CCly(g) —95.98
CCly()) —1354
(CO(g) -1105
COx(g) —393.5
CO:*(aq) —677.1
CSs(g) 116.9
CSy(1) 89.70
HCN(g) 135.1
HCN(/) 108.9
HCO; (aq) —692.0
Hydrocarbons
CHu(g) —74.87
CyHy(g) 52.47
C;Hq(g) —84.68
CeHy() 49.0
Alcohols
CH;OH(/) —238.7
C,H;O0H(/) 27T,
Aldehydes
HCHO(g) —117

#Qao Anmandiv (7 far additianal valiae

\dard Enthalpies of Formation (at 25°C)*

CH;CHO(g) —-166.1
CH;CHO(/) -191.8
Chlorine

Cl(g)

ClI'(aq)

HCl(g) ;
Fluorine

F(g) 79.39
Fi(g) -255.1
HF(g)

Hydrogen

Todine
I(g) 106.8
T'(aq) -55.19

Lead

TS
PbO(s) -219.4
PbS(s) —98.32
Nitrogen

Ni ii 472.7

Oxygen
O(e)

3

Silicon
!1!!!!!! !!Il !
SiF4(g) -1614.
SiOs(s, quartz) -910.9
Silver

£ (aq .6
AgBr(s) —100.4
AgCl(s) —127.%
AgF(s) —204.6
Agl(s) —61.84
Sodium

iiiﬁ 107.3
Na“(aq) et

Na*(g) 609.3
Nazcos(s) —-1130.8
NaCl(s) —411.1
NaHCOx(s) -950.8
Sulfur

S(g) 277.0

i .

Sx(2) 128.6
SO4(g) -296.8
H,S(g) -20.50
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(Q’f Which reaction corresponds to the standard enthalpy of
formation of NaHCO4(s), AH,° = —947.7 kd/mol?

A. Na(s) + Y2H,(g) + 3/20,(g) + C(s, gr) > NaHCO4(s)

B. Na*(g) + H*(g) + 30°(g) + C*(g) — NaHCO,(s)

C. Na*(aq) + H*(aq) + 30%=(aq) + C*(aq) > NaHCO4(s)
D. NaHCO4(s) — Na(s) + 2H,(g) + 3/20,(g) + C(s, gr)

E. Na*(aq) + HCO; (aq) > NaHCO,(s)

(Q%Vhich reaction corresponds to the standard enthalpy of formation of
C,H3BroNO,(/)?

A. 4C(s, gr) + 3H(g) + 2Br(s) + N(g) + 20(g) —» C,H;Br,NO,(/)

B. 8C(s, gr) + 3H,(g) + 2Bry(g) + Ny(g) + 20, (g) —(24H;Br,NO,(/)

C. 4C(s, gr) + 3/2H,(g) + Bry(l) + ¥sN,(g) + O(g) -1 C4HyBr,NO, ()

D. 4C(s, gr) + 3/2H,(g) + Bry(s) + ¥2aN,(g) + ¥20,(g) — C,H;Br,NO,(/)
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ﬁ)The standard enthalpy of formation of sulfur dioxide (SO,) is
-296.9 kJ. What is AH for the formation of 16.03 g of sulfur dioxide
in its standard state from its elements in their standard states?

(SO, =64.07 g/mol)
A. 74.28 kJ
B.-296.9 kJ
C.-4,759 kJ
D.-74.28 kJ
E. 593.6 kJ

16.0325Qu x TOHSQs | —2969KJ

Combugtion reaction
m moksSQ,
&4.07

= —-148.4 kJ
-HK] &
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2. Way to apply Hess’ s Law without needing to manipulate
thermochemical equations

@um of all AH® : (Sum of all
AH® acion =] Of all of the — | AH’ (of all of
products ) _the reactants

Consider the reaction:
aA+ bB— cC+ dD
AH® reaction — € X AH® f((‘) +d x AH’ f(D)
— {axAH’ {A) + bx AH® (B)}
= AH ., has units of kJ because
= Coefficients x heats of formation have unlts}o |7r(ol X kJ/mé)

AH® =Z[AH°(products) (moles of product)
Z[AH;’ (reactants) X (moles of reactant)}
AH® . . has units of kJ AH® ;has units of kJ/mol
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Ex./11: Calculate AH°,, Using AH,

Calculate AH® ,,, using AH,; data for the reaction
S03(g9) — S0,(g) + ¥20,(9)

AH® = Z[AH;’ (products) x (moles of productﬂ—

Z[AH;’ (reactants) x (moles of reactantﬂ

AH " . has units of kJ
AH ° ; has units of kJ/mol

AHgn = AHF (SO5(9)) + Y5 AHF (03(9)) — AHF (SO3(9))

AHR =297 KI/mol+ ¥ (0'kI/mol) - (-396 kI/mol)
AHP. =99 K3
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Example 69 4.

(Q) Calculate AH" |, using AH; for the reaction
4NH3(g) + 70,(9) — 4NO,(g) + 6H,0(/)

AHA =4AHR  +6AHM - ANHR - TAH

f NO,(g) f H,0(/) f NH,(g) f 0,(g)

AHR = 4 paci(34 KJ/mot) + 6 mol( - 285.9 kJ/mol)
-4 met( - 46.0 ki/mef) — 7 moi(0 kl/met)

AH . =[136 - 1715.4 + 184] K
AH . =-1395K3
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s/Don’ t always want to know AH

»'Can use Hess's Law and A ~n LO Calculate
AH; for compound where not known

Example: Given the following data, what is the value of
AHfo (C2H302_, aQ)?

Na*(ag) + C,H;0,7(ag) + 3H,0(/) — NaC,H;0,"3H,0(s)
AH ., =-19.7 kJ/mol
Na*(aq) ARP: = =239.7 kJ/mol
NaC,H;0,¢3H,0(s) AR = 710.4 kJ/mol
H,O(/) ARP; ==285.9 kJ/mol
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AH® .= AH,” (NaC,H;0,'3H,0, s) — AH," (Na*,
aq) — AH;" (CH30,7, ag) — 3AH," (H0, /)

Rearranging

AHfo (C2H302_, BQ) — AHfo (NaC2H302'3H20, 5) —
AHfo (Na+, aq) — AHO ~“n o 3AHfo (Hzo, /)
AH;" (G H3057, aq) =
—710.4 kJ/mol — (=239.7kJ/mol) — (—-19.7
kJ/mol) — 3(—=285.9 kJ/mol)

= +406.7 kJ/mol
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(Qﬂ:alculate AH for this reaction using AH, data.
2Fe(s) + 6H,0() — 2Fe(OH);(s) + 3H,(g)
AH: 0 —285.8 —696.5 0

AH . =2XAH, (Fe(OH);, s) + 3xAH;, (H,, 9
—2X AH; (Fe, s)—6xAH: (H,0, /)
AH . = 210l X (- 696.5 k3fmol) + 3x0—2x0
— 6 metx (—285.8 kl/mol)
AH ., =-1393 k] + 1714.8 kJ
AH . =321.8Kk)
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(Q’falculate AH® . for this reaction using AH;
data.

CO,(g9) + 2H,0(/) — 20,(g9) + CHy(g)
AH? —393.5 —285.8 0  —748

AH® . =2XAH; (0, g) + AH? (CH,, g)

—-AH; (CO,9) —2X AH, (H,6,/) _—~
AH® = 2 X 041 mol=x (-74.8 kJ/mol)>1 mol
X (=393.5 kJ/mol) — 2 mol x (-285.8 kJ/mol)

AH® ., =-74.8 k] + 393.5 k] + 571.6 kJ
AH® ., = 890.3 kJ
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(/‘al/culate AHP for FeO(s) using the information
below. AHP values are shown below each substance.

Fe;0,(s) + CO(g) - 3FeO(s) + CO,(g) AAP=21.9 KJ
-1120.9kJ -110.5 k] ?? —393.5kJ

A. 272.0 k]
B. -816.0 kJ
C.-272.0 kJ
D. 26.00J

E. -38.60 kJ
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AH = Z[AH;’ (products) X (moles of product)}—

Important Z[AH;’ (reactants) X (moles of reactantﬂ

!

AH = [3AH; (FeO, s) + AH; (CO,, g)]

[AHF (Fe304, 5) + AHF (CO, g)]

+21.9 k] =[3AH, (FeO, s) + -393.5 kJ)]

[-1120.9 kJ + -110.5 kJ)]

+21.9 kI = [3AH’ (FeO, s) + 837.9 kJ]

-816.0 kI = 3AH; (
272.0K1 = AHS (

e, 5)

e, $)
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Uge valueg of BH, to calculate the heat of vaporization, of carbon

dieulfic at 25°C. The vaporization procesg ig
CS2(1) —=>C82(g) :

Solution Here is the equation for the vaporization, with
values of AH7 multiplied by coefficients (here, all 1’s).

CSy(1) — CSy(g)

1(89.7) 1(116.9)(kJ)
The calculation is ‘ y

AHY,, =3 nAHj(products) — 3 m AHj(reactants)
= AHF[CSy(g)] — AHFCS,())]
= (116.9 — 89.7) kJ = 27.2 kJ

CS,

(e}

Exercise 6.11 Calculate the heat of vaporization, AHy,,, of water, | See Problems

using standard enthalpies of formation (Table 6.2). ' 6.83 and 6.84.



Exercise 6.12 Calculate the enthalpy change for the following : See Problems 6.85,

reaction: | 6.86,6.87, and 6.88.
|

3NO,(g) + H,O(l) —> 2HNOj4(ag) + NO(g)

I
|
Use standard enthalpies of formation. |

Exercise 6.13 Calculate the standard enthalpy change for the reaction | See Problems
of an aqueous solution of barium hydroxide, Ba(OH),, with an aque- | 6.89 and 6.90.
ous solution of ammonium nitrate, NH,NO;, at 25°C. (Figure 6.1

illustrated this reaction using solids instead of solutions.) The com-

plete ionic equation is

Ba?*(aq) + 20H(aqg) + 2NH,*(ag) + 2NO;(aq) —
2NH;(g) + 2H,0(/) + Ba’>(aq) + 2NO; (aq)




(Q/)/An endothermic reaction causes the surroundings to:

Warm up.

Become acidic.
Condense.

Decrease in temperature.
Expand.

(ﬁ@\ endothermic reaction causes the system to:

Become acidic.

Warm up.

Condense.

Decrease in temperature.
Expand.



vée Hess's law to determine the standard enthalpy of formation for the
following reaction

3 C(s) + 4 Hy(g) 2 C3Hs(9)

Use the following information:

(@) C4Hg(g) + 5 0,(g) > 3CO.(g) + 4 H,O() AH® = -2219.9kJ
(b) C(s) + O,(g) = CO,(g) AH® = -393.5kJ
(c) Ho(g) + 1/2 O,(g) = H,O()) AH® = -285.8kJ

*SC + L“-\Z - S OSH&

Answer: -104 kJ 300 4 L'ﬂ’lé = % + 0393 =+22M-q
3C 4 307 — 2% --\80. 5

HHz + 20§ —, UWpd - -3 2
2C . UHq o C2Hg = -103.8




féﬂate the standard enthalpy change for the reaction:

2C:H.4(1) + 170,(g) >16CO(g) + 18H,0(l).

Given:
2CgH 5(1) + 250,(g) 2 16C0O,(g) + 18H,0(I) AH® =-11020 kJ
2C0O(g) + O,(g) = 2C0O,(g) AH® =-566.0 kJ

2Cg Hs . T10s _, 60 « &\ .0

Answer= —-6492 kJ

9CsHg ., 950: _ @3@/4 18 )JQCQJO
| = -110

(2002 —, 2C0 +02)«®
lc’)% - 6> D= 459

9C:Hs «\F0o ., 18U 160 = -649)




(A9/ﬁ- o which one of the following reactions occurring at 25° C does the symbol
Ho; [H,SO,(1)] refer?

2H(g) + S(g) + 40(g) = HS04())
Ho(g) + S(9) + 20,(g) 2 HaSO4(1)
H,S0,(1) 2 Hy(g) + S(s) + 20,(g)
H,S0,(I) >2H(g) + S(s) + 40(g)

Hy(g) + S(s) + 20,(g) = H,SO,(1)

(Q@ % [HNO3(D] - (1/2)Hx(g) + (1/2)Nx(g) + (3/2)04(g) = HNO4(I)
(Q) AH[CO(g)] - C(s) + (1/2)O4(g) = CO(g)

(@) AH[COL(g)] : C(s) + O(g) > CO,4(g)



6.55 What is AU when 1.00 mol of liquid water vaporizes
at 100°C ? The heat of vaporization, DH® ., of water at
100°C is 40.66 kd/mol.

vap’

What is AU when 9.0 g of liquid water vaporizes
at 100°C ? The heat of vaporization, DH®, _,, of water at
100°C is 40.66 kJ/mol.

vap’
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Learning Objectives
6.1 Energy and Its Units /

Ex f, Ep

Important Terms

t

= Define energy, kinetic energy, potential energy, a energy
internal energy.—s U — W A\ / S Kinetic energy E¥
= Define the SI unit of energvli as well as the

common unit of energ

= Calculate the kinetic energy of a moving object\
Example 6.1 _L m (
= State the law of conservation of energy.

joule (J) ¥

calorie (cal) Cal
potential energy EP
internal energy U

Termogy G ol B o e b el ek 4" pigpmeratio BBy wll dy Colled

6.2 First Law of Thermodynamics; Work and Heat
= Define a thermodvnamic system

and its surcqundings. ol

a Deﬁnezvor?and 4

= Define the change of inte system.

= Express thelﬁrsl law of thermodynamics v}bally and
mathematically.

N = g+Ww

6.3 Heat of Reaction; Enthalpy of Reaction (;, =) (CBC haf\'

= Define the heat of reacti
= Distingui tween an@ummc_ess andyan
@(ﬁ@ﬁ) g heal
escnbe@ressure-vo ume wor k)Jerbally an
mathematically. e we -va —> ’b“QT
P Deﬁnand enthalpy of reaction= N T Hi

= Relate the heat of reaction at constant pressure and the
enthalpy of reaction.

Muq_p Ca\s‘,an‘, Tc P' AH*O
6.4 Thermochemical Equations

s Define agihermmhemu al equanor) =>0N =

= Write a thermochemical equation given pertinent infor-
mation. Example 6.2 =

= Learn the two rules for mannpulatmg@nd

“ o ?odo\f

multiplying) thermochemical equations. BW =

= Manipulate a thermochemical equation using these
rules. Example 6.3

thermodynamic system (or system)
surroundings

work — \'h (w)

heat — \\ (9)
st:te fmtlon\j/

first law of thermodynamics

heat of reaction
exothermic process

“endothermic process

pressure-volume work
enthalpy
enthalpy of reaction

thermochemical equation

)LJcpmc]m

*‘P‘“““’d



6.5 Applying Stoichiometry to Heats of Reaction

= Calculate the heat absorbed or evolved from a reaction
given its enthalpy of reaction and the mass of a reac-
tant or product. Example 6.4

6.6 Measuring Hewt‘iﬁl

= Define heat wpuc ity and specific heat.
= Relate the heatga M;peaﬁc heat,
mass, and temperature change p

of a material. given its specific heat. Example 6.5
s Deﬁn

Calculate the enthalpy of reaction from calorimetric
data (its temperature change and heat capacity).
Example 6.6

6.7 Hess’s Law

= State Hess’s law of heat summation.

= Apply Hess’s law to obtain the enthalpy change for one

reaction from the enthalpy changes of a number of
other reactions. Example 6.7

6.8 Standard Enthalpies of Formation

= Deﬁnnd: reference form>

Define standard enthalpy of formation.

Calculate the heat of a phase transition using standard
enthalpies of formation for the different phases.
Example 6.8

Calculate the heat (enthalpy) of reaction from the
standard enthalpies of formation of the substances in
the reaction. Example 6.9

6.9 Fuels—Foods, Commercial Fuels, and Rocket Fuels
= Defife fuel,

= DfscribgAhe three Body that are fyMilled
by foods.

= G pprofimate average values quote
ér the heat X

for carbgHydrates.
= List th€ three major fossil fueld:
= Deglribe the grocesses of coal gasifiCati
fuefactigr.
= Describe/some fuel-oxidi,

er systems used in fockets.

Key Equations

—_——

wass —o roles —

Jnole = BH

\w.}‘= C pt
= iy Sxst

(@)-3l° DM =(9)
) 3lgc°

heat capacity —

specific heat capacity (specific heat)
e,
calorimeter

Calculate the heat involved in changmg the temperature

Hess’s law of heat summation

Y =HeSpmn L _ -

standard state

allotrope

reference form

standard enthalpy of formation (standard heat
of formation)

éAH (At fixed pressure and a given temperature

AH° =3 n AHj(products) — Xm AH@
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