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Energy

* Energy is the ability to do work or
transfer heat.

— Energy used to cause an object that has
mass to move is called work.

— Energy used to cause the temperature of
an object to rise is called heat.

4

Thwwy

© 2009, Prentice-Hall, Inc.



Potential Energy

Potential energy is energy an object
possesses by virtue of its position or chemical
composition.

.
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Kinetic Energy

Kinetic energy Is energy an object possesses
by virtue of its motion.

KE = —m|/2
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Units of Energy

* The Sl unit of energy Is the joule (J).

kg m?
]_J:lg_
g2

* An older, non-Sl unit is still Iin
widespread use: the calorie (cal).

1cal=4.184 )]
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Definitions:
System and Surroundings

* The system includes the
molecules we want to
study (here, the hydrogen
and oxygen molecules).

* The surroundings are
everything else (here, the
cylinder and piston).
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Definitions: Work

* Energy used to
move an object over
some distance Is
work.

e w=Fxd
where wis work, F
IS the force, and d'Is
the distance over

which the force iIs
exerted.
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Heat

* Energy can also be
transferred as heat.

* Heat flows from
warmer objects to
cooler objects.
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Conversion of Energy

* Energy can be converted from one type to
another.

* For example, the cyclist above has potential
energy as she sits on top of the hill. .
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Conversion of Energy

* As she coasts down the hill, her potential
energy Is converted to kinetic energy.

» At the bottom, all the potential energy she had

at the top of the hill is now kinetic energy. ’
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First Law of Thermodynamics

Energy is neither created nor destroyed.

In other words, the total energy of the universe is
a constant; if the system loses energy, it must be
gained by the surroundings, and vice versa.

b
>

Initial
state

Einitial

Eﬁnal I Einitial
AE < 0 (negative)

Internal energy, E

Final
state

Efinal
E of system decreases

Energy lost to

surroundings

Internal energy, E

>
>

Final
state

Eginal

| Energy gained

Efinal P initial :
from surroundings

AE > 0 (positive)
Initial
state

Einitial
E of system increases
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Internal Energy

The internal energy of a system is the sum of all
kinetic and potential energies of all components
of the system; we call it £.

L
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Internal Energy

By definition, the change in internal energy, AE,
IS the final energy of the system minus the Iinitial

energy of the system:

AE = Efinal - £

L
>

Initial
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2R E
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]
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Changes In Internal Energy

Internal energy, E

H)(8), O2(8)

A

AE >0
(positive)

H,0(1)

* fAE>O0, £, > Eiiia

— Therefore, the system
absorbed energy from
the surroundings.

— This energy change is
called endergonic.
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Changes In Internal Energy

Internal energy, E

H)(8), O2(8)

AE <0
(negative)

H,0(1)

* fAE<DO, £, < Eiia

— Therefore, the system
released energy to the
surroundings.

— This energy change is
called exergonic.
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Changes In Internal Energy

System  When energy Is
exchanged between
the system and the
surroundings, it is
Surroundings  exchanged as either
heat (g) or work (w).

 Thatis, AE=qg+ w.

Heatg >0

Work w >0

E > 0

4
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AE, g, w, and Their Signs

TABLE 5.1 = Sign Conventions for g, w, and AE

For g + means system gains heat — means system loses heat
For w + means work done on system — means work done by system
For AE + means net gain of energy by system — means net loss of energy by system
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Exchange of Heat between
System and Surroundings

 When heat is absorbed by the system from
the surroundings, the process is endothermic.

Surroundings

System

Heat

AH >0 d
(Endothermic) Thermochemistry
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Exchange of Heat between
System and Surroundings

 When heat is absorbed by the system from
the surroundings, the process is endothermic.

 When heat is released by the system into the
surroundings, the process is exothermic.

Surroundings

System

Heat _
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State Functions

Usually we have no way of knowing the
Internal energy of a system; finding that value
IS simply too complex a problem.

-
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State Functions

 However, we do know that the internal energy
of a system Is independent of the path by
which the system achieved that state.

— In the system below, the water could have reached
room temperature from either direction.

50¢g 50g 50¢g
H,0 (I) H,O (1) H,0 (s)
100°C 25°C 0°C

"

: 7_7;‘

Heating - 4
-
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State Functions

Therefore, internal energy is a state function.

It depends only on the present state of the
system, not on the path by which the system
arrived at that state.

And so, AE depends only on £, and E;. ..

50¢g 50g 50¢g
H0 (1) H0 (1) Hy0 (s)
100°C 25°C 0°C

-1

N N

Heating 4
@ ThermoiEemistry
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State Functions

»  However, gand ware
— 0000000 — S not state functions.

=1 L =1 e« Whether the battery is
. - ‘—(‘b) shorted out or Is
K Charged batiers ) dlscharg_ed by running
- the fan, its AEIs the
Energy same.
Heat AE lost by _
Work battery — But g and ware different
1 | In the two cases.
Discharged battery 4
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Work

Usually in an open
container the only work
done is by a gas
pushing on the
surroundings (or by
the surroundings
pushing on the gas).

P=F/A P=F/A

Cross- sectlonal
Initial area = Final
state state

Thermo‘ﬁmistry
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Work

We can measure the work done by the gas Iif
the reaction is done in a vessel that has been
fitted with a piston.

w=-PAV

H, gas
plus original
atmosphere L
b\z
Zn-X
HCl solution S HCI solution ‘
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Enthalpy

* If a process takes place at constant
pressure (as the majority of processes we
study do) and the only work done is this
pressure-volume work, we can account for
heat flow during the process by measuring
the enthalpy of the system.

* Enthalpy is the internal energy plus the
product of pressure and volume:

H= E+ PV 4
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Enthalpy

* When the system changes at constant
pressure, the change in enthalpy, AH, is
AH=AE+ PV)
* This can be written
AH=AE+ PAV
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Enthalpy

* Since AE= g+ wand w=-PAV, we can
substitute these into the enthalpy

expression:
AH=AE+ PAV
AH=(gtw) - w
AH=q

* S0, at constant pressure, the change in

enthalpy /s the heat gained or lost. 4
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Endothermicity and
Exothermicity

Surroundings

System

A processis
endothermic when
AHIs positive.

AH >0
(Endothermic)
Surroundings
System [H
|
Heat
AH <0 ‘
(Exothermic) Thermochemistry
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Endothermicity and

Exothermicity
Surroundings
stem 'I‘FT .
a « A process is
- endothermic when
AHIs positive.
A processis
Surroundings exothermic when
P AHIs negative.
Heat '\
AH <0 4
(Exothermic)
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Enthalpy of Reaction

The changein
enthalpy, AH, is the
enthalpy of the
products minus the
enthalpy of the
reactants:

AH= H, H

roducts reactants

Enthalpy

CHy(g) + 2 0Oy(g)
_—

AHl — AHZ —
—890 k] 890 k]

Y
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Enthalpy of Reaction

This quantity, AH, is called the enthalpy of
reaction, or the heat of reaction.

2 Hy(g) + Oa(g)
AH <0
> (exothermic)
B
«©
S
=
23]
2 H,0(g)
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The Truth about Enthalpy

1. Enthalpy is an extensive property.

2. AHfor areaction in the forward
direction Is equal In size, but opposite
In sign, to AH for the reverse reaction.

3. AHfor areaction depends on the state
of the products and the state of the

reactants.
4

Thermochemistry

© 2009, Prentice-Hall, Inc.



Exercise 5.2 Relating Heat and Work to Changes of Internal Energy

Substances A and B react to form a solid product: A, + B, — C. As the reaction occurs,
the system loses 1150 J of heat to the surroundings. The piston moves downward as the
gases react to form a solid. As the volume of the gas decreases under the constant pressure
of the atmosphere, the surroundings do 480 J of work on the system. What is the change in
the internal energy of the system?

Solution
Analyze: The question asks us to determine AE, given information about g

and w.

Plan: We first determine the signs of g and w (Table 5.1) and then use
Equation AE = + w, to calculate AE.

Solve: Heat is transferred from the system to the surroundings, and work is
done on the system by the surroundings, so g is negative and wis positive:
g =-1150 J and w = 480 kJ. Thus,

AE =g+ w = (—1150]) + (480]) = —670]

The negative value of AE tells us that a net quantity of 670 J of energy has
been transferred from the system to the surroundings.

Thermochemistry
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Determining the Sign of AH

Indicate the sign of the enthalpy change, AH, in each of the following
processes carried out under atmospheric pressure, and indicate
whether the process is endothermic or exothermic:

(@) An ice cube melts; (b) 1 g of butane (C,H,,) Is combusted in sufficient
oxygen to give complete combustion to CO, and H,0.

AH=q

Plan: We must predict whether heat is absorbed or released by the
system in each process.

Processes in which heat is absorbed are endothermic and have a
positive sign for AH,

Processes in which heat is released are exothermic and have a
negative sign for AH.

Solve: In (a) The ice cube absorbs heat from the surroundings as it
melts, so AHis positive and the process is endothermic.

In (b) the system is the 1 g of butane and the oxygen required to
combust it. The combustion of butane in oxygen gives off heat,

so AHis negative and the process is exothermic. _
Thermochemistry
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Relating AH to Quantities of Reactants and Products

Hydrogen peroxide can decompose to water and oxygen by the
following reaction:

2 HyOpp — 2H,0) + O,y AH=-196 kJ
Calculate the value of g when 5.00 g of H,0,, decomposes at
constant pressure.

First, we must convert moles to KJ of energy.
Second, we must convert grams of H,O, to moles of H,0..

2 moles of H,0, releases -196 KJ
1 mole gives -98 KJ
N = m/Mr

X=-144 KJ

Thermochemistry
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Enthalpy

CHy(g) +20,(8)

A

AHl = AHz =
—890 kJ 890 kJ

Y

CO,(g) + 2 HyO(l)

Calorimetry

N Motorized
-
+ — 1 _~Electrical leads
\

/ for igniting

| sample

Since we cannot
know the exact
enthalpy of the
reactants and
products, we
measure AH through
calorimetry, the
measurement of
heat flow.

4
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Heat Capacity and Specific Heat

The amount of energy required to raise the
temperature of a substance by 1 K (1°C) is its
heat capacity.

Elements Compounds
Specific Heat Specific Heat

Substance (J/g-K) Substance (J/g-K)

N>(g) 1.04 H,O(I) 4.18

Al(s) 0.90 CHy(9) 2.20

Fe(s) 0.45 COy(9) 0.84

Hg(l) 0.14 CaCOs(s) 0.82 y

Thermochemistry
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Heat Capacity and Specific Heat

We define specific heat capacity (or simply
specific heat) as the amount of energy
required to raise the temperature of 1 g of a
substance by 1 K.

Elements Compounds
Specific Heat Specific Heat
Substance (J/g-K) Substance (J/g-K)
N»(9) 1.04 H,O() 418
Al(s) 0.90 CH4(Q) 2.20
Fe(s) 0.45 COx(%) 0.84
Hg(l) 0.14 CaCOs3(s) 0.82

4
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Heat Capacity and Specific Heat

Specific heat, then, Is
heat transferred

Specific heat =
mass x temperature change

q
mxAT

S =

4
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Constant Pressure Calorimetry

_,/Thermometer

- Glass stirrer

. Cork stopper

N ¥ -
\
\ =1
’ =

RS

Two Styrofoam®
cups nested
together containing
reactants in solution

By carrying out a
reaction in agueous
solution in a simple
calorimeter such as this
one, one can indirectly
measure the heat
change for the system
by measuring the heat
change for the water in

the calorimeter. 4
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Constant Pressure Calorimetry

_,/Thermometer

- Glass stirrer

Cork stopper

e T
N . /7-7 -’

RS

Two Styrofoam®
cups nested
together containing
reactants in solution

Because the specific
heat for water 1s well
known (4.184 J/g-K), we
can measure AHfor the
reaction with this

equation:
g=mx Sx AT
4
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Exam plEZ (a) How much heat is needed to warm 250 g of water (about 1 cup)
from 22 ° C (about room temperature) to near its boiling point, 98 °C? The specific heat
of water is 4.18 J/g-K.

(b) What is the molar heat capacity of water?

Analyze: In part (a) we must find the quantity of heat (g) needed to warm the
water, given the mass of water (/m), its temperature change (A7), and its specific
heat (C,). In part (b) we must calculate the molar heat capacity (heat capacity per
mole, C,) of water from its specific heat (heat capacity per gram).

Solve:
(@) The water undergoes a temperature AT = 98°C — 22°C = 76°C = 76 K
change of
Using the equation qg=Cs XmXAT
The head needed is = 7.9x10 J = (4.18]/g-K)(250 g)(76 K) = 7.9 x 10*]
(b) The molar heat capacity is the heat A A
capacity of one mole of substance. 1 mol H,O = 18.0 g H,O
Using the equation C, = C, X m T 180 ¢
Cyi= (4.18 - )( ) = 75.2]/mol-K
g-K /\ 1 mol

Thermochemistry
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Exercise: Measuring AH Using a Coffee-Cup Calorimeter

When a student mixes 50 mL of 1.0 M HCI and 50 mL of 1.0 M NaOH in a coffee-
cup calorimeter, the temperature of the resultant solution increases from 21.0° C
to 27.5 °C.
Calculate the enthalpy change for the reaction in kJ/mol HCI, assuming that the
total volume of the solution is 100 mL, its density is 1.0 g/mL, and specific heat is
4.18 J/g-K.

Analyze:

Mixing solutions of HCI and NaOH results in an acid—base reaction:

HCl(aq) + NaOH(ag) — H,O(/) + NaCl(aq)
We need to calculate the heat produced per mole of HCI, given the temperature
increase of the solution, the number of moles of HClI and NaOH involved, and
the density and specific heat of the solution.

Because the total volume of the (100 mL)(1.0 g/mL) = 100 g
solution is 100 mL, its mass is AT =275°C - 21.0°C = 65°C = 65K
Gon = —Cs X 'm X AT
The temperature Change IS = —(4.18]/g-K)(100 g)(6.5K) = —2.7 X 103] = —2.7K

AH =gp = —27K]

Using the equation, we have
Thermochemistry
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To express the enthalpy change on a molar basis, we use the fact that the number of moles of HCl is given by
the product of the respective solution volumes (50 mL = 0.050 L) and concentrations (1.0 M = 1.0 mol/L):

Thus, the enthalpy change per mole of HCl is (0.050 L)(1.0 mol/ L) = 0.050 mol
AH = —-2.7 k]J/0.050 mol = —54 k]J/mol

Check: AHis negative (exothermic), which is expected for the reaction of an acid with a base and
evidenced by the fact that the reaction causes the temperature of the solution to increase.

Practice Exercise

When 50.0 mL of 0.100 M AgNO; and 50.0 mL of 0.100 A HCI are mixed in a constant-pressure calorimeter,
the temperature of the mixture increases from 22.30 °C to 23.11 °C. The temperature increase is caused by the
following reaction:.

AgNO;(aq) + HCl(aq) — AgCl(s) + HNO;(aq)

Calculate AH for this reaction in kJ/mol AgNO;, assuming that the combined solution has a mass of 100.0 g
and a specific heat of 4.18 J/g ° C.

Answer: —68,000 J/mol = —68 kJ/mol (n) Moles of AQNO3 =M x V
= 0.1 x 50 mL/1000 mL
q=-Coxm x At Then n = 0.005 mol
g = -(4.18 J/g.K)(100 g)(23.11-22.30)
— AH = -0.3386 KJ/0.005 mol
g =-338.58 J = -67.716 KJ/mol
q =-0.3386 KJ = -68 KJ/mol Thermochemistry
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Exercise 5.7 Measuring g,,, Using a Bomb Calorimeter

Methylhydrazine (CH¢N,) 1s used as a liquid rocket fuel. The combustion of methylhydrazine with oxygen
produces N,(g), CO,(2), and H,O(J):

2 CHgN,(/) +5 Oy(8) — 2 Ny(g) +2 CO,(g) + 6 H,0())

When 4.00 g of methylhydrazine is combusted in a bomb calorimeter, the temperature of the calorimeter
increases from 25.00 ° C t0 39.50 ° C. In a separate experiment the heat capacity of the calorimeter is
measured to be 7.794 kJ/° C. Calculate the heat of reaction for the combustion of a mole of CHN,.

Solution

Analyze: We are given a temperature change and the total heat capacity of the calorimeter. We are also
given the amount of reactant combusted. Our goal is to calculate the enthalpy change per mole for
combustion of the reactant.

Plan: We will first calculate the heat evolved for the combustion of the 4.00-g sample. We will then convert
this heat to a molar quantity.

Solve:

For combustion of the 4.00-g sample of AT = (39.50 °C — 25.00 °C) = 14.50 °C

methylhydrazine, the temperature change of the

calorimeter is e = —Ceat X AT = —(7.794 K]/°C)(14.50 °C) = —113.0 K]

We can use A 7and the value for C; to

calculate the heat of reaction (Equation 5.24): ( —113.0kJ ) (46.1 g CH6N2>
: : X

We can readily convert this value to the heat 4.00 g CHgN, 1 mol CH¢N,

of reaction for a mole of CH,N,:

4 g (CH6N2) > -113 kJ X =(46.1x-113)/4 |
1 mole = 46.1 g > X =-1.3 x103 kJ/molThermochemlstry

= —1.30 x 10% kJ/mol CH¢N,
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Practice Exercise

A 0.5865-g sample of lactic acid (HC;H;0;) is burned in a calorimeter whose heat capacity is 4.812
kJ/° C. The temperature increases from 23.10 ° C to 24.95° C. Calculate the heat of combustion of
lactic acid (a) per gram and (b) per mole.

Answers: (a) —15.2 kl/g, (b) —1370 kJ/mol.

For Bomb Calorimeter q=-C,x At

g = -(4.18 J/g.C)(24.95 - 23.10)
g=-8.90) —> 0.58659

The heat evolved for the combustion of the 0.5865¢g sample
q= x —>19

(a) The heat of combustion per g of lactic acid

g = X =8.90/0.586 = -15.2 kJ/g

(b) The heat of combustion per mol of lactic acid
Mr of (HC;H:;0O;) =90 then 1 mol contains 90 g
q=90x15.2=1366 = 1370 kg/mol

Thermochemistry
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Hess’s Law

1 AHIs well known for many reactions,
and It Is inconvenient to measure AH
for every reaction in which we are
Interested.

 However, we can estimate A/ using
oublished AH values and the
properties of enthalpy.

4
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Hess’s Law

Enthalpy ———>

CHy(g) + 2 0,(g)

AH, = CO(3) 1+ 2 HyO(l)
-890kJ| | T35 03)
IAH3 = —283 k]
1

Hess’s law states that
“if a reaction is carried
out In a series of
steps, AH for the
overall reaction will be
equal to the sum of
the enthalpy changes
for the individual
steps.”

4
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Hess’s Law

Enthalpy ———>

CHy(g) + 2 0,(g)

AH, = —607 k]
AH, = CO(g) 1+ 2 H,O())
—890kJ [ | T 508
IAH3 = —283 kJ
L4

Because AH IS a state
function, the total
enthalpy change
depends only on the
Initial state of the
reactants and the final
state of the products.

The total enthalpy change
does not rely on the path
taken from beginning to

end. Thermochemistry
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Enthalpies of Formation

An enthalpy of formation, AH; Is defined
as the enthalpy change for the reaction
In which a compound is made from Its

constituent elements In their elemental
forms.

There are a few rules that must be followed when manipulating a reaction.
(I) The reaction can be reversed. This will change the sign of AH..
(I) The reaction can be multiplied by a constant.

(1ll) The value of AH; must be multiplied by the same constant. 4

: : : Thermochemistry
Any combination of the first two rules may be used. P~
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Standard Enthalpies of Formation

Standard enthalpies of formation, AH; , are
measured under standard conditions (25° C
and 1.00 atm pressure).

TABLE 5.3 = Standard Enthalpies of Formation, AH;, at 298 K

Substance Formula AHF (kJ/mol) Substance Formula AHg (kJ/mol)
Acetylene CoH(9) 226.7 Hydrogen chloride HCl(g) —92.30
Ammonia NH3(g) —46.19 Hydrogen fluoride HEF(g) —268.60
Benzene CeHg(]) 49.0 Hydrogen iodide HI(g) 25.9
Calcium carbonate CaCO;(s) -1207.1 Methane CH4(9) —74.80
Calcium oxide CaO(s) —635.5 Methanol CH;0H(I) —238.6
Carbon dioxide COx(9) —393.5 Propane C3Hg(g) —103.85
Carbon monoxide CO(g) —110.5 Silver chloride AgCl(s) —127.0
Diamond C(s) 1.88 Sodium bicarbonate NaHCOj;(s) —947.7
Ethane CoHg(g) —84.68 Sodium carbonate Nap,COs5(s) —1130.9
Ethanol Co,H5OH(]) =297:7 Sodium chloride NaCl(s) —410.9
Ethylene CoHy(g) 52.30 Sucrose C1oH2,041(s) —2221
Glucose CH1204(s) —1273 Water H,O(l) —285.8
Hydrogen bromide HBr(g) —36.23 Water vapor H,O(9) —241.8

4
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Sample Exercise 5.8 Using Hess’s Law to Calculate AH

The enthalpy of reaction for the combustion of C to CO, is -393.5 kJ/mol C, and the
enthalpy for the combustion of CO to CO, 1s —283.0 kJ/mol CO:

(1) C(s) + Oa(g) — COz(g) AH; = —-3935K]
2) CO(g) + 30,(g) — COx(g)  AH, = —283.0K]
Using these data, calculate the enthalpy for the combustion of C to CO:

(3) C(s) +305(g) — CO(g) AH; =?

Solution

Analyze: We are given two thermochemical equations, and our goal is to combine them in such a way as to
obtain the third equation and its enthalpy change.

Plan: We will use Hess’s law. In doing so, we first note the numbers of moles of substances among the
reactants and products in the target equation, (3). We then manipulate equations (1) and (2) to give the same
number of moles of these substances, so that when the resulting equations are added, we obtain the target
equation. At the same time, we keep track of the enthalpy changes, which we add.

Solve: To use equations (1) and (2), we arrange them so that C(s) is on the reactant side and CO(g) is on the
product side of the arrow, as in the target reaction, equation (3). Because equation (1) has C(s) as a reactant,
we can use that equation just as it is. We need to turn equation (2) around, however, so that CO(g) is a
product. Remember that when reactions are turned around, the sign of A H'is reversed. We arrange the two
equations so that they can be added to give the desired equation:

COyg) — CO(g) +305(g) —AH, = 283.0K]
C(s) + 304(g) — CO(g) AH; = —1105 k]

Thermochemistry
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Sample Exercise 5.8 Using Hess’s Law to Calculate AH

Solution (continued

When we add the two equations, CO,(g) appears on both sides of the arrow and therefore cancels out.

Likewise, ;028 is eliminated from each side.
Comment: It is sometimes useful to add subscripts to the enthalpy changes, as we have done here, to keep

track of the associations between the chemical reactions and their A H values.

Practice Exercise

Carbon occurs in two forms, graphite and diamond. The enthalpy of the combustion
of graphite is —393.5 kJ/mol and that of diamond is —395.4 kJ/mol:

C(graphite) + O3(g) —— CO»(g) AH,;
C(diamond) + O,(g) —— CO»(g) AH, = —3954 K]

Calculate for the conversion of graphite to diamond:

o

K]
k

~393.
~395

e

C(graphite) —— C(diamond) AH; =?
Answer: AH, =+19Kk]

Thermochemistry
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Sample Exercise 5.9 Using Three Equations with Hess’s Law to Calculate AH

Calculate A H for the reaction
2 C(s) + Hy(g) — C,Hy(2)

given the following chemical equations and their respective enthalpy changes
CoHo(g) + gOz(g) — 2CO,(g) + HO() AH = —1299.6 k]
C(s) + Oz(g) — COx(g) AH = -393.5K]
Ha(g) + 3 0x(g) — H,O(l) AH = -285.8K]

Solution

Analyze: We are given a chemical equation and asked to calculate its A H using three chemical equations
and their associated enthalpy changes.

Plan: We will use Hess’s law, summing the three equations or their reverses and multiplying each by an
appropriate coefficient so that they add to give the net equation for the reaction of interest. At the same time,
we keep track of the AH values, reversing their signs if the reactions are reversed and multiplying them by
whatever coefficient is employed in the equation.

Solve: Because the target equation has C,H, as a product, we turn the first equation around; the sign of AH
is therefore changed. The desired equation has 2 C(s) as a reactant, so we multiply the second equation and
its AH by 2. Because the target equation has H, as a reactant, we keep the third equation as it is. We then add
the three equations and their enthalpy changes in accordance with Hess’s law:

2 COy(g) + HyO(l) — CoHa(g) + 30(3) AH = 1299.6 K]
2C(s) + 2 0y(g) — 2 COyg) AH = —787.0K]
Ha(g) + 2 0,(g) — H,0() AH = —285.8K]

2 C(s) + Ha(g) — CoH,(g) AH = 2268K]

Thermochemistry
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Calculation of AH

What is the value for AH for the following reaction?

CS,(l) + 3 0,(g) — CO,(g) + 2 SO,(9)
Given:

C(S) + Oz(g) — Coz(g); AHf = -393.5 kJ/mOI
Cis) +2 S — CSy; AH; = 87.9 kd/mol  (x-1)

,%) + Oyg) = €Oy,
25(s) + 20 — 250,

CSypy = Bis) + 2 $/<s)
CSy(y + 3 Oyg) = COyq) + 2 SOy,

AH =-393.5 kJ/mol + 2(-296.8 kJ/mol) + (-87.9 kJ/mol)
AH = -393.5 kJ/mol - 593.6 kJ/mol - 87.9 kJ/mol
AH =-1075.0 kJd/mol

Thermochemistry
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Identifying Equations Associates with Enthalpies of Formation

For which of the following reactions at 25° C would the enthalpy change represent a standard enthalpy of
formation? For each that does not, what changes are needed to make it an equation whose A/ is an enthalpy of
formation?

(@) 2Na(s) + 3 Oa(g) — NayO(s)
(b) 2K(I) + Cly(g) — 2 KCl(s)
(0) CgH1p04(s) — 6 C(diamond) + 6 Ha(g) + 3 O(g)

Solution

Analyze: The standard enthalpy of formation is represented by a reaction in which each reactant is an
element in its standard state and the product is one mole of the compound.

Plan: We need to examine each equation to determine, first, whether the reaction is one in which one mole
of substance 1s formed from the elements. Next, we need to determine whether the reactant elements are in
their standard states.

Solve: In (a) 1 mol Na,O is formed from the elements sodium and oxygen in their proper states, solid Na
and O, gas, respectively. Therefore, the enthalpy change for reaction (a) corresponds to a standard enthalpy
of formation. In (b) potassium is given as a liquid. It must be changed to the solid form, its standard state at
room temperature. Furthermore, two moles of product are formed, so the enthalpy change for the reaction as
written is twice the standard enthalpy of formation of KCI(s). The equation for the formation reaction of 1
mol of KCI(s) is

K(s) + 3Cl(g) — KCl(s)

Reaction (c) does not form a substance from its elements. Instead, a substance decomposes to its elements,
so this reaction must be reversed. Next, the element carbon is given as diamond, whereas graphite is the
standard state of carbon at room temperature and 1 atm pressure. The equation that correctly represents the
enthalpy of formation of glucose from its elements is

6 C(graphite) + 6 Hy(2) +3 0x(8) — CiH1,04(9) Therniochemistry
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Calculation of AH

3 C (graphite) + 4 Hy(g) + 5 Ox(g)

. . . A emen H
 Imagine this as occurring N T
. g 83?85 1! (D Decomposition i (2) Formation of 3 CO,
In three steps: SLTRECTE —
. % :3C02()+4H2()+202()
CaHg 9= 3 C (grapni * 4 M2 2| s e

(3)Formation of 4 H,0

AH; = —1143 k]

|
|
l
3CO,(g) + 4 H0() §

Products

4

Thwwy
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Calculation of AH

3 C (graphite) + 4 Hy(g) + 5 Ox(8)
- . . A ements’ |
* Imagine this as occurring R
. ?—II-I(;STSS W i (1) Decomposition : (2) Formation of 3 CO,
In three steps: LCH) TS0
Reactants 1
o+ el , 13 CO,(g) + 4 Hy(g) + 2 Os(s)
CaHg 9= 3 C grapni * 4 M2 (9 2| s =
) + : (3)Formation of 4 H,0
3 C (grapiey ¥ 3 O2(9—> 3 €O,y SR
3CO(g) +4HO() |
Products
4

Thermochemistry
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Calculation of AH

* Imagine this as occurring
In three steps:

CaHg (99— 3 C (grapnirg + 4 Ha ()
3 C (grapitey T 3 Oz (9 —> 3 CO,
4Hy 9+ 20;45—>4H0

Enthalpy

3 C (graphite) + 4 Hy(g) + 5 0,(g)

AH1=

+103.85KJ |

. Elements
I
| @ Decomposition

1C3Hy(g) + 5 05(g)

AH:XI\ =
—2220 kJ

Reactants

3COy(g) + 4 HOM) 4

I
) (2) Formation of 3 CO,
I

I
E AH, = —1181 k]
]

I
I
I
13 CO,(g) + 4 Hy(g) +20,(g)
I
I
I
: (3) Formation of 4 H,O
I

| AH; = —1143 kJ

Products

4

Thermochemistry
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Calculation of

AH

CsHg ) + 50, h)—>3CO, (» +4H,0

3 C (graphite) + 4 Hy(g) + 5 0,(g)

e The sum of these T Hemens
" P AH, = i (D Decomposition
equations Is: e N
1 = lieactants2
CaHs — 3 £ apmiey + 4 Yoo e

3 Z (grapiey * 3 029 —> 3 CO,

} 3CO,(9) + 4H,00) |

I
) (2) Formation of 3 CO,
I

| AH, = —1181 k]

I

|

i

§3 CO,(g) + 4 Hy(g) + 2 0x(g)
1
I

1
! (3)Formation of 4 H,O
1

| AH; = —1143 k]

4 W +20,—>4H0

Products

CaHg () + 503 —>3CO,»+4HO0

4

Thermochemistry
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Calculation of AH

We can use Hess'’s law in this way:

AH=X nAH; oguets — = MAH;

reactants

where n and m are the stoichiometric
coefficients.

4

Thermochemistry
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Enthalpy

Calculation of AH

CiHg g + 9 03()—> 3 CO;(,» +4H0
AH = [3(-393.5 kJ) + 4(-285.8 kJ)] — [1(-103.85 kJ) + 5(0 kJ)]

3 C (graphite) + 4 Hy(g) + 5 Ox(g)

f Elements :
I

1
AH, = : Decomposition : Formation of 3 CO
+103.85 K] | @ ? ! @ ?

1

1CsHg(¢) + 50 :

1 C3Hg(g) 2(8) | AH, = —1181k]
Reactants

l
|
|
13 CO(g) + 4 Hy(g) + 2 Ox(g)

S ’

- I
: @Formation of 4 H,O
I
i AH; = —1143 k]

y 3COx(g) +4HO()

Products

4

Thermochemistry
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Energy in Foods

Most of the fuel in the

food we eat comes
from carbohydrates
and fats.

Approximate Composition (% by mass) Fuel Value

Carbohydrate Fat Protein k]/g kcal/g (Cal/g)
Carbohydrate 100 e - 17 4
Fat - 100 - 38 9
Protein — s 100 17 4
Apples 13 0.5 0.4 2.5 0.59
Beer* 1.2 - 0.3 1.8 0.42
Bread 52 3 9 12 2.8
Cheese 4 87 28 20 4.7
Eggs 0.7 10 13 6.0 1.4
Fudge 81 11 2 18 4.4
Green beans 7.0 - 1.9 1.5 0.38
Hamburger - 30 22 15 3.6
Milk (whole) 5.0 4.0 3.3 3.0 0.74
Peanuts 22 39 26 23 )

"Beers typically contain 3.5% ethanol, which has fuel value.

4
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Energy In Fuels

Approximate Elemental

The vast
majority of the
energy
consumed In
this country
comes from
fossil fuels.

Composition (mass %)

& H o Fuel Value (kJ/g)
Wood (pine) 50 6 44 18
Anthracite coal (Pennsylvania) 82 1 2 31
Bituminous coal (Pennsylvania) 77 5 7 32
Charcoal 100 0 0 34
Crude oil (Texas) 85 12 0 45
Gasoline 85 15 0 48
Natural gas 70 23 0 49
Hydrogen 0 100 0 142
Renewable
Nuclear energy (6.0%)
Petroleum

(40.4%)

(8.1%)
Coal
(22.9%)

Natural gas (22.6%)

4
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