UNIT

Introduction to Chemical
Thermodynamics

Unit Outcomes

After completing this unit, you will be able to:

< understand the terms system, open system, closed system and isolated system,

spontaneous process, state and path function, intensive and extensive property,
internal energy, heat and work;

understand the first and second laws of thermodynamics;

compare the energy change observed when chemical bonds are formed and
broken, and relate these changes to endothermic and exothermic reactions;

identify ways in which the terms reactant, product, and heat are combined to
form thermodynamic equations representing endothermic and exothermic chemical
change;

understand concepts such as enthal py change, entropy change and free-energy
changes,

determine the spontaneity of a given reaction; and

demongtrate scientific enquiry skillsincluding: communicating, measuring, applying
concepts and asking questions.
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Form a group and discuss the following issues:

How do you describe the following in relation to energy? How do they benefit the
society? Which of them are widely used in Ethiopia?

1. Fuels such as oil, wood, coal and natural gas.
2. Fertilizers.

3. Plastics, fiber glass and ceramic materials.

4. Solar energy.

5. Hydroelectric power.

Write a short report and present it to the class.

In Grade 11 Chemistry, you learned about chemical kinetics. What are the main
concerns of chemical kinetics? How do you relate it to thermodynamics?

Thermodynamics is the study of energy and its transformation. In a chemical reaction,
thermodynamics determines whether a reaction is possible and how much product can be
formed.

Thermodynamics deals with energy changes and applies to physical as well as chemical
changes. However, it does not give any information about the duration of time required for
the related processes. Which area of chemistry is concerned with that topic?

Figure 3.1 depicts the concern of chemical kinetics and chemical thermodynamics.
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Figure 3.1 Concerns of kinetics and thermodynamics.

Read chemistry books and other resource materials, and define the following terms:

a thermodynamics g equation of state
b system h heat capacity

¢ surroundings i specific heat

d isothermal process j  state function

e adiabatic process k state variable

f state

Try to explain these terms verbally to your classmates.

3.1 COMMON THERMODYNAMIC TERMS

At the end of this topic, you will be able to:

definechemica thermodynamics,
definesystem,

giveexamplesof system;

explain open, closed and isolated systems;
classify system asopen, closed and isolated,;
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* definegtatefunctionand path function;
* digtinguish betweenintensve and extensive properties; and
* define spontaneous and non-spontaneous process.

When we study aset of energy changes, wefocusour attention on alimited and well-
defined part of theuniverse. Inyour discussion of Activity 3.1, haveyou recognized that
weare cond dering systems?A thermodynamic system may beasolutionin abesker, agas
inacylinder, areaction vessal, an engine, an electrochemical cell, abiological cell, etc.

What do you call therest of the universe outside asystem? Because energy isneither
created nor destroyed, any gain or loss of energy by asystem must be accompanied by an
equivalent lossor gain of energy inthe surroundings.

There arethreetypes of thermodynamic systems based on the boundary between the
systemand itssurroundings.

An open system —isasystem that can exchange massand energy, usually intheform
of heat, withitssurroundings.

For exampl e, an open system may consist of aquantity of water in an open container,
asshowninFigure3.2a

A closed system —isasystemwhich transfersenergy, but not mass acrossitsboundary
withitssurroundings. If you closetheflask, asin Figure 3.2 b, so that no water vapor
can escape from or condenseinto the container, you create aclosed system.

Anisolated system —isasystem in which neither the transfer of mass nor that of
energy takesplace acrossitsboundary with thesurroundings. By placingthewaterina
totally insulated container, asshownin Figure 3.2 ¢, we construct an isolated system.

e

a open system b closed system c isolated system

Figure 3.2 The three classes of system.
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A systemissaidtobeinacertain stateif T, P, V, n (observablevariables) do not change
withtime. An equation that rel atesthese observable variabl esis cal ed an equation of state.
Anideal-gas equation isan example of equation of state. A thermodynamic function
(expressedin quantity) that dependsontheinitial and final state of asystem, regardlessof
how that condition wasachieved, iscalled astate function. Examplesare energy, volume,
pressure, etc. Functionsthat depend on the path are path functions. Examplesare heat,
work, etc.

The properties of asystem can beintensive or extensive based on its dependence on
amount of asubstance.

I ntensive properties are those that do not depend on the amount of matter present.
Some examplesinclude colour, temperature and density.

Extensive propertiesare those properties, that depend on the amount of matter, for
example, mass, internal energy, volume, and pressure.

In your group list properties of a system you know. Classify them as intensive or extensive.
Record your conclusions by coping and filling out the following table. Follow the example
that is given in the first line of the tabulation.

Properties Intensive Extensive

Colour v

A spontaneous process is a process that occurs without external influence. Once
started, requires no action from outside in order to continue. On the other hand, a
non-spontaneous process will not occur unless some external action iscontinuously

applied.

A rock that isrolling down fromthetop of ahill continuesto roll down. Hesat flowsfroman
object of hightemperatureto an object of low temperature. Ironrustsinmoist air. Each of
these processes occurs spontaneously, without requiring an outside force or agency. If
these processeswereto go in the opposite direction, they would be non spontaneous.
Can you mention someother examplesof spontaneousand nonspontaneous processes
you encounter in your daily life?
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Anisothermal processisaprocessinwhich temperature remainsconstant, AT =0. This
typically occurswhen asystemin contact with an outsidethermal reservoir (heat bath),
and the change occurs slowly enough to allow the system to continually adjust to the
temperature of thereservoir through heat exchange.

Andternativespecid caseinwhichasysemexchangesno heat withthesurroundings (Ag=0)
iscalled an adiabatic process. In anisothermal process, thevalueof AT =0but Ag#0,
whilein an adiabatic process, AT # 0 but Ag=0.

3.2 THE FIRST LAW OF THERMODYNAMICS AND SOME
THERMODYNAMIC QUANTITIES

At the end of this topic, you will be able to:
» explaininternal energy inrelationto the conceptsof thermodynamics;
* explainheat inrelation to the concepts of thermodynamics;
 explainwork inrelation to the concepts of thermodynamics,
o gatethefirstlaw of thermodynamics;
» explainthefirst law of thermodynamics; and

« calculate the change in the internal energy of a system based on a given
information.

3.2.1 Internal Energy (E)

If you have pumped air into a bicycle tyre, you probably noticed a warming effect in the
valve stem. Discuss in a group from where this heat is originated and write a short report
and present to the class.

Theinternal energy (E) of asystemisthetota energy contained within asystem, partly as
kineticenergy and partly aspotentid energy. Whenachemica system changesfromreactants
to productsand the product return to the starting reactant, theinterna energy haschanged.
To determinethis change, AE, we measure the difference between the systemsinternal
energy after thechange (E,, ) and beforethe change (E

|nitid)'
AE=E E

find  —inital
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Thekinetic energy component of internal energy consistsof varioustypesof molecular
motion and themovement of e ectronswithin molecules.

Potential energy isafactor of:
* atractive and repulsiveinteraction between molecules,
* dtractiveinteractionsbetween el ectronsand nuclel within molecules;
* repulsveinteractionsbetween e ectronswithin molecules; and

* repulsveinteractionsbetween nucle withinmolecule.

Take ordinary electric bulbs of 100 W, and 150 W; put separate white papers (of equal size
and weight) above the bulbs; after noting the initial temperature of the paper, switch the
bulbs on. Note the temperature of the papers after 15 minutes and 30 minutes
respectively. Do you observe any change in temperature of the papers? Discuss the results
with your classmates.

3.2.2 Heat (Q)

Heat (thermal energy) istheenergy transferred between asystem andits surroundingsas
aresult of adifferenceintheir temperatures. Heat passes spontaneoudy fromtheregion of
higher temperatureto theregion of lower temperature. Hest transfer sopswhenthesystem
and surroundingsreach the sametemperature and therefore the system and surroundings
areat thermal equilibrium.

Heat and Calorimetry

A chemical reaction or aphysical changethat releases heat issaid to be an exothermic
process. Theburning of charcoal, for example, isan exothermic process. A reactionor a
physical changethat absorbs heat isan endothermic process. Themelting of iceisan
endothermic process, because heat isabsorbed whenicemelts. The Sl unit of heatisjoule
(J). Another unit of heat iscalorie. A calorie (Cal) istheamount of heat, or other energy,
necessary to raise the temperature of 1 g of water by 1 degree Celsius. A kilocalorie
(kCal) is1000 calories, and 4.184 Joulesisequivaent to 1.0 calorie.

Experimentally, we can determinethe heat flow associated with chemical reaction by
measuring the temperature changeit produces. The measurement of heat flow iscalled
calorimetry. An apparatusthat measures heat iscalled acal orimeter.
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Thetemperature change experienced by an object when it absorbsacertain amount of
energy isdetermined by its heat capacity. Heat capacity isdefined asthe amount of heat
energy requiredtoraiseitstemperature by 1° (or 1 K). For pure substances, heat capacity
isusually given for aspecified amount of the substance. The heat capacity of 1 mol of a
substanceiscalled itsmolar heat capacity. Inal thermodynamic cal cul ationstemperature
must be expressed in Kelvin (K).

Thehegt capacity of 1g of asubstanceiscalleditsspecific heat. Specific heat of asubstance
can bedetermined experimentally by measuring thetemperature change (AT) for aknown
mass (m) of asubstancethat gainsor losesaspecific quantity of hedt, g.

quantity of heat transferred

Specificheat =
( gramsof substance ) x ( temperaturechange)

__ A
mMxAT

Table 3.1 shows the specific heat of some common substances.

Table 3.1 The specific heat of some common substances.

Substance Specific heat [Jg~'K']
Aluminum, Al (s) 0.90
Gold, Au (s) 0.13
Carbon (graphite) 0.72
Carbon (diamond) 0.50
Copper,Cu (s) 0.38
Iron, Fe (s) 0.45
Mercury,Hg (I) 0.14
Water, H,O (I) 4.18
Ethanol, C,H.OH (I) 2.46
Example 3.1
A 466 g sample of water is heated from 8.5°C to 74.6°C. Calculate the
amount of heat absorbed by the water in kilojoules.
Solution:
We know the quantity of water and the specific heat of water (4.18 J/g.K). On
applying theequation:
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q

ecificheat =
Sp mxAT

q

4.183/gK =
466 g (347.60 K —281.5K)

g= 4.18Jg.K x 466 g x 66.1 K =129 kJ

Exercise 3.1

1. How much heat isrequired to raisethetemperature of 250 g of water from 22°C
to near itsboiling point, 98°C?

2. What isthemolar heat capacity of water?

Take 50 mL water in two different beakers; heat one beaker to 10°C above room
temperature and cool the other beaker 10°C below room temperature. Note the time taken
by both the beakers to attain the room temperature. Discuss the results with your teacher.

3.2.3 Work (W)

How do you determine the pressure-volume work of a gas?

Work, likehedt, isan energy transferred between asystem and itssurroundings. Thereare
several typesof work, but herewewill consider only the pressure-volumework that is
donewhen gases are compressed or expanded.

Supposewe have agas confined to acylindrical container that isfitted withamovable
piston asshownin Figure 3.3, where Fistheforce acting on the piston of areaA. Since

F
pressureisdefined asforce per unit area, the pressure of thegasisP = re

Work isdefined asaforce applied over agiven distance, so if the piston movesadistance
Ah, asshownin Figure 3.3, then the magnitude of thework is

Work = force x distance=F x Ah

, F
S|nceP=X,or F=PxA, then
Work =Fx Ah=PxA x Ah
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The product of the cross-sectiona areaof thecylinder, A, and the height, Ah, represents
the changein volume of the gas, which isdesignated by the symbol AV. By replacing
A x Ahwithitsequivaent, AV, we seethat thework associated with agasthat expandsat
constant pressureisdescribed by thefollowing equation.

Work = P x A x Ah = PAV

Theproduct of pressureand achangeinvolumeisusualy caled pressure-volume” work.
When agasexpands, AV ispositive, and thework isnegative.

Work (W) = —PAV

A negative quantity of work signifiesthat the system|osesenergy, and that this, energy is
transferred from the system to the surroundings.

When agasiscompressed by itssurroundings, AV isnegative, the quantity of work is
positiveand energy isgained by the system.

T T
\_/ \_/

- F

F P

P=2
i —W
Gas at V, Gas at Vi,

. -
¥A/ ¥A/

a Initial state b Final state

Figure 3.3 a The piston, moving a distance Ah against a pressure P, does work on the
surroundings.

b Since the volume of a cylinder is the area of the base times its height, the
change in volume of the gas (AV) is given by Ax Ah.

Observe different types of energy transformations occurring at home and around you, and
make a list of these. Discuss the nature and type of transformations with your friends and
present your findings in the class.

127
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3.2.4 The First Law of Thermodynamics

What are the concepts studied in the first law of thermodynamics?

Thefirst law of thermodynamics, which isarestatement of thelaw of conservation of
energy, statesthat thetotal amount of energy inthe universeisconstant. When asystem
undergoesany chemical or physica change, theaccompanying changeinitsinterna energy,
AE, isgiven by the heat added to the system, g, plusthework done by the system, W.
AE=q+W

Thermodynamic quantitiesalwayscons st of two parts:

* anumber plusunits, which givesthemagnitude of the change; and

* adgnthat indicatesthedirection of theflow.
Thesgnreflectsthesystem’spoint of view. For example, if aquantity of energy flowsinto
the system asheat, qisequal to + g, wherethe positive signindicatesthat the system’s

energy isincreasing. On the other hand, when energy flowsout of the system ashezt, g
equa to—q, wherethe negative signindicatesthat the system’senergy isdecreasing.

Thissuggeststhat weneed sgn conventionsto beused with thefirst law of thermodynamics.
Theconventionsareasfollows:

* If heat isabsorbed by the system, g > 0. If work isdone on asystem, W> 0.
* If heat isgiven off by asystem, q<O. If work isdone by asystem, W<O.

Example 3.2

A gasdoes 135 Jof work while expanding and at the sametime, it absorbs 156 J
of heat. What isthechangeininternal energy?
Solution:
Notethat heat isabsorbed by the system (apositive quantity, + 156 J) and work
isdone by the system (anegative quantity, — 135 J). Because more heat isabsorbed
thanwork done, theinternal energy increases:
AE=gq+W=(+156J) +(-135J) =+21J

Exercise 3.2

1. Calculate AE for aprocessin which the system absorbs 65 Jof heat and 12 J of
work isdoneonit by the surroundings.

2. Abdloonisinflatedtoitsfull extent by heatingtheairindde it. Inthefina stages of
this process, the volumeof the balloon changesfrom4.00x 10°L to 4.50 x 10°
L by addition of 1.3 x 108 J of energy as heat. Assuming the balloon expands
against aconstant pressure of 1.0 atm, calculate AE for the process.
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3.3 THERMOCHEMISTRY

At the end of this topic, you will be able to:

define enthal py change, AH;

derivean expression for the entha py change of anideal gas, based onthefirst law
of thermodynamics,

caculateentha py changefor ided gases, fromagiveninformation;
define standard state;

define standard molar enthal py of combustion, AH ;

describe how heats of combustion can be used to estimate the energy available
fromfoods;

definestandard molar enthal py of formation, AH, ;

definestandard molar enthalpy of neutralization, AH °n o

carry out an activity to measure standard molar enthal py of neutraization;

state Hess' slaw;

apply Hess slaw to solve problems on enthal py changes of chemical reactions,
explain bond energy;

cal culate the bond energies of substancesin agiven chemica reaction; and

ca culate the standard enthal py changes of reaction from given entha py changes of
reactantsand products.

Form a group and discuss the following questions:
Can water freeze at room temperature; why?
When ice melts at room temperature, the enthalpy decreases or increases? Explain.

Write a short report and present it to the class.

Thermochemistry isthe study of energy changesthat occur during chemical reactions.
Usudly we assessthese energy changesintermsof losing and gaining energy inasystem.
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When wewarm our cold hands over acampfire, the burning wood gives off energy as
heat and our handsgain energy, raising their temperature.

3.3.1 Heats of Reactions
Inthefirst law of thermodynamics, you havelearned that,
AE =q + pAV

If areaction occursat constant volume, then AV = 0 and no pressure-volumework is
done. Thus, AE =(q),, Where the subscript V indicates aconstant-vol ume process.

Congtant volume conditionsare ofteninconveni ent, and sometimesimpossible, to measure.
What is enthalpy?

Most physical and chemical changes, including thoseinliving systems, take place under
the constant pressure of the earth’ satmosphere. In thelaboratory, for example, reactions
aregenerdly carried out in containersthat are open to the atmosphere, such asbeakers
and test tubes. For most processes, especially thosethat do not involve gases, only small
amount of work isperformed asthe system expandsor contractsdightly against the pressure
of theatmosphere. Thus, most of the energy gained or lost by the system during these
processesisintheform of heat. The heat absorbed or rel eased by a system at constant
pressureiscalled enthal py (H).

Enthalpy isdefined asthe sum of theinternal energy and the pressure-volumeproduct of a
system.

H=E+PV

or  AH = AE + PAV (at constant pressure)
AE = q— PAV

then AH =q-PAV + PAV
AH = (q),

Thus, the changein enthal py equalsthe heat gained or |ost at constant pressure.
What isthe relationship between AH and AE?
In case of anideal gas, we can expresschangein entha py, using theideal-gaslaw:

PV = nRT
AH = AE + A(PV)
AH = AE + A(NRT)

If thetemperatureisconstant
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AH = AE + ANRT
or AE = AH — AnRT

where An= Z Ne —Z N, of the gaseous substances.

Example 3.3
Calculatethe changein entha py when 2 molesof COisconverted to 2 moles of
CO, at 1 atm and 25°C.
2CO(g + O,(9)—> 2CO,(g) AE=-5635kJ
Solution:
GivenT =25°C=298K
AE =-563.5kJ
An = number of molesof gaseousproducts—number of molesof gassousreactants
=2-3=-1
L.atm
R =0.082 mol K = 8.314 Jmol .K
AH = AE + AnRT
=—563.5kJ + (8.314Jmal K x 298 K'x —1 md)
=—563.5kJ—(8.314 x 298) J
= —563.5kJ—-2477.6J
=—-563.5kJ-25kJ
=—-566.0 kJ

Isthere a significant difference between the values of AH and AE?

Notethat if aphysical processor reaction occursunder constant-volume conditions, then
the heat change, (q),,, is equal to AE. On the other hand, when a physical process or
reactioniscarried out at constant pressure, the heat change, (g),., isequal to AH.

Consder thecombustion of methane;
CH,(9) + 20,(9) — COL(g9) + 2H,0(); AH/. =—890.3kJ

We say that the enthal py changein the combustion of 1 mol CH,(g) at 25°Cis890.3kJ.
The negative value of AH showsthat the combustion of methaneat constant pressureisan
exothermicreection.
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Some Properties of Enthalpy

1.

Entha py isan extensive property. Theentha py of asystem dependsonthequantities
of substances present. Consider the formation of ammoniafrom nitrogen and

hydrogen;
L2N,(g) + 3/2H,(g) = NH,(9); AH, =-45.9kJmol
It isfound experimentally that —45.9 kJ of heat is produced when 1/2 mole of

nitrogen reactswith 3/2 molesof hydrogento produce 1 moleof ammoniaat constant
pressure system.

1 moleof nitrogen reactswith 3 moles of hydrogento form2 molesof NH, and
—91.8kJof heat isproduced.

Theentha py changefor areactionisequa in magnitude but oppositeinsignto AH
for thereversereaction. For example, if we assumefor thereversereaction of the
formation of ammonia(forward reaction for decompastion of ammonia):

NH, () = 12N (g + 3/2H,(g); AH, = +45.9 kJmol

1/2N,(g) + 3/2H,(g)

AH, = +45.9kJ AH, = -45.9kJ

NH;(9)

Figure 3.4 Reversing a reaction changes the sign but not the magnitude of the
enthalpy change: AH = - AH..
Theenthal py changefor areaction depends on the state of the reactantsand the
products. If the product in the combustion of methaneweregaseousH,O instead of
liquid H,O, AH would be—802 kJinstead of —890.3 kJ. Thisisdueto theabsorption
of 88 kJof heat when 2 mol of liquid water ischanged to gaseous water.

2HO() — 2H,0(g); AH = +88kJ

Therefore, the states of the reactants and products must be specified.
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3.3.2 Standard States

I sthere any difference between standard states of ideal gases and standard states
of thermodynamic properties?

The standard state for asubstanceisthe most stableform at temperature of 25°C and at
atmospheric pressure of 1 atm. We can definethe standard enthal py of combustion, AHZ,
asthe changein enthal py that accompaniesthe combustion of 1 mole of asubstancein
oxygen at standard conditions. Most chemical reactionsthat produce heat are combustion
reactions. Thefood weeat iscombusted in our bodiesin order to give usenergy. Most of
the energy our bodies need comes from carbohydrates and fats. Carbohydrates are
decomposed intheintestinesinto glucose, CH.. O

6 12 76"

Glucoseissolublein blood andisknown asblood sugar. It istransported by the blood to
cells, whereit reactswith O, inaseries of steps, eventually producing CO,(g), H,O(l),
and energy.

CH,O(9 + 60,9 — 6CO,g) + 6H,0();  AH.=-2816kJ
Thebreakdown of carbohydratesisrapid, sotheir energy isquickly supplied to thebody.
Standard Enthalpies of Formation

Thestandard enthal py of formation, AH, , isthechangein enthal py inthereaction when

onemoleof asubstanceisformed from the ementsin their standard states. By definition,
the standard enthal py of formation of the most stableform of any element iszero.

Table 3.2 Standard enthalpies of formation, AH: , of some substances at 25°C.

Substance Formula AH; (kJ/mol)
Acetylene C2H2(g) 226.7
Ammonia NH3(g) -46.11
Benzene CeHqg(D) 48.99
Calcium carbonate CaCO3(s) - 1207.1
Calcium oxide Ca0(s) - 6355
Carbon dioxide CO,(9) -3935
Diamond C(s) 1.88
Ethane C2H6(g) - 84.68
Ethanol CZHSOH(I) -277.7
Ethylene C,H,(9) 52.26
Glucose C6H1206(s) - 1260
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Substance Formula AH; (kJ/mol)
Hydrogen bromide HBr(g) -36.23
Hydrogen chloride HCl(g) -92.30
Hydrogen fluoride HF(g) -271.1
Hydrogeniodide Hi(g) 26.48
Methane CH 4(g) - 74.85
Methanol CH,OH(l) - 2386
Nitric oxide NO(qg) 90.25
Nitrous oxide NZO(g) 82.05
Nitrogen dioxide NOz(g) 33.18
Propane C,Hg(9) - 103.85
Silver chloride AgCl(s) -127.0
Sodium bicarbonate NaHCO3(s) -947.7
Sodium carbonate Na,CO,(s) - 11309
Sodium chloride NaCl(s) -441.0
Sulfur dioxide SO,(9) -296.8
Sulfur trioxide SO,(9) -395.7
Water H,O(l) -285.8
Water vapor H,0(9) -241.8

Now |et usexplore how we can use standard entha pies of formation to determinestandard
enthalpy changesof chemical reactions.

We sum the enthal pies of formation of all reaction products, taking careto multiply each
molar enthal py of formation by the coefficient of that substancein abalanced equation.
Fromthis, we subtract asmilar sum of the enthal pies of formation for thereactants:

AH nn Z nAHf (products) _Z mAH f (reactants)

where, n and m arethe stoi chiometric coefficientsof the chemical reaction.

Example 3.4

The standard enthalpies of formation of NH, H,O and NO are 46.2, —241.8
and 90.3 kIJmol, respectively. Calculate the enthalpy of the reaction:

ANH,(g) + 50,(g)— 6H,0() + 4NO(g)
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Solution:
The convenient way to begin thiskind of calculationistolist AH, under the
formulaof each substancein the equation.
4NH, (9) + 50,(g)— 6H,0() + 4NO(9)
—46.2 kJ 0 —241.8 kJ 90.3kJ

Now we can multiply these AH. values by the numbers of molesgiven by the
coefficientsintheequation. In subgtituting these valuesinto the genera equationfor

AH, , remember that we must subtract the sum of thetermsfor thereactantsfrom

the sum of thetermsfor products.

AH,, = 6| AH (H,0) ]+ 4[ AH; (NO) |-4[ AH, (NH,) ] -5[ AH, (0,) ]
=6 (—241.8kJmol) + 4 (90.3 kIJmol) — 4 (—46.2 kJmoal) —5 (0 kJmal)
=-1450.8 kJ + 361.2 kJ + 184.8 kJ—-0
=-904.8 kJ

Example 3.5

Calculate AH" for combustion of propane, C,H,, from the AH, values of the
products and reactants.

CH,(9 + 50,(g) — 3CO,(g) + 4H,0()
Solution:
Asusudl, firstwelist AH, under theformulaof each substancein the equiation:
CHy 9 + 50,9 — 3CO,g) + 4H,0()
—-103.8 kJ 0 —3935kJ  -285.8kJ
AH_ = 3(-393.5kJmol) + 4 (-285.8 kJ/mol) — (-103.8 k¥moal) —5(0)
= (—2324) — (-103.8)

=-2220 kJ
Exercise 3.3
1. Usingthestandard enthalpiesof formationsgivenin Table 3.2, calculatethe AH
for thereaction:

CH,(@9 + 20,(g — CO,(g + 2H,0()
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2. Compare the quantity of heat produced by combustion of 1.00 g of propane,
C_H,, withthat produced by 1.00 g of benzene, C.H,.. (Hint: refer to Example

3 8

3.5, above).

The standard molar enthal py of neutralizationisthe changeinenthapy, AH__ , when
one mole of an acid or a base is completely neutralized. For example, the heat of
neutraizationfor

HCI(ag) + NaOH(ag) — NaCl(ag) + H,O() AH_ =-56.2kJmol

Example 3.6

1.00x 10°mL of 0.5 M HCl wasmixed with 1.00 x 10°mL of 0.5M NaOH. The
initia temperature of the HCl and NaOH solution wasthesame, i.e., 22.5°C, and
thefinal temperature of themixed solutionwas 25.86°C. Cal cul atethe heat change
for the neutralization reaction onamolar basis.

NaOH(ag) + HCl(ag) — NaCl(agq) + H,O(l)

Assumethat the densities and specific heats of the solutionsarethe same asfor
water (1.00g/mL, and 4.184 Jg°C, respectively)

Solution:

Assuming no heat |lost to the surroundings, g, =4, + q,,=0,s009, =-q_,
whereq_, istheheat absorbed by the combined sol ution. Becausethe density of
thesolutionis1.00 g/mL, themassof a100 mL solutionis100g. Thus

q
mxAT

Oy, = M x CAT
=(1.00 x 10?°g + 1.00 x 10?g) (4.184 Jg°C) (25.86°C — 22.50°C)
=2.81x10°J=2.81kJ
Becauseq, = -, d,,=—2.81kJ
The number of molesof both HCl and NaOH in 1.00 x 10°mL solutionis:
0.5mol

Specificheat =

x0.1L = 0.05mol

Therefore, the heat of neutralization when 1.00 moles of HCI react with 1.00

2.81kJ

molesof NaOH is — =-56.2kJ/ mol
0.05mol




INTRODUCTION TO CHEMICAL THERODYNAMICS (UNIT 3) ’

Exercise 3.4

2.00x 10?mL of 0.862 M HCl ismixed with 2.00 x 10? mL of 0.431M Ba(OH), ina
constant-pressure calorimeter of negligible heat capacity. Theinitia temperature of the
HCI and Ba(OH), solutionisthe same, at 20.48°C.

For the process
H*(ag) + OH<(ag) — H,0()

the heat of neutralization is —56.2 kJJmol. What is the final temperature of the
mixed solution?

3.3.3 Hess’s Law

Hess'slaw statesthat if different processesare used to bring about the same changethe
enthal py changesduring these processesarethe same.

Consider thefollowing cycle, inwhich Path x from step A — B, representsone process,
and path y represents second processthrough threesteps. A — C,C— D, and D — B.
Both pathsresult in the same change.

A 1 B
Path x >
2 4
Path y
C 3 ’D
AH, =H,—H,

If we know how to cal culatethe enthalpy fromA to C, from Cto D, and from D to B, then
we can cal culate the enthal py from A to B for path x. Thisispossible becauseenthalpy is
agtatefunction. By definition,

AH,=H_—-H,
AH,=H_—H,_
AH,=H_ —H,

Accordingto Hess'sLaw, if weadd up AH,, AH, and AH,, we get:
AH, +AH,+AH, = (H, —H, )+ (H, - H )+ (Hy - H, ) =Hg —H, =AH,
AH =AH,+AH_ + AH,

Thisshowsthat the changein the heat of areactionisconstant, whether thereactionis
carried out directly in one step or through anumber of steps.
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To apply Hess'slaw, you can generally expect to do thefollowing.

Reversecertain equationsand changethesgnsof their AH vaues. Multiply certain quantities
andtheir AH vauesby appropriatefactors. Thefactorsmay bewholenumbersor fractions.

Example 3.7

The enthal pies of combustions, of Cto CO, and CO to CO, are—393.5 kJ/mol
and—283.0kJmol, respectively.

1. C(s) + 0O,g — COL9): AH =-393.5kJ
2. CO(g) + 1/20,g) —» COL9); AH=-283.0kJ
Using these data, cal cul ate the enthal py of combustion of Cto CO.
C(s + 120,9) — CO(g)
Solution:

To apply Hess'sLaw, we need to arrange the above equations, (Equation (1) and
equation (2)) so that C(s) on thereactant side and CO(g) on the product side of
thearrow arethe same, aswe can seein thetarget equation.

Todothis, we needto reverse equation (2) so that CO(g) isaproduct. Remember
that whenreactionsarereversed, thesign of AH isalso reversed. Wearrangethe
two equations so that they can be added to give thetarget equation:

C(® + 0,0 - 95 (9); AH =-393.5kJ
€O, (g) - CO(g) + 120,(g); AH=283.0kJ
C(s + 120,(g) » CO(g); AH=-1105kJ

Example 3.8
Cd culatethe entha py for thefollowing reaction:
C (graphite) — C (diamond)
Giventhedata:
1. C(graphite) + O,(g) — CO,(9); AH=-393.5kJ]
2. C(diamond) + O,(g) — CO,(9); AH =-395.4 kJ
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Solution:

To get thetarget equation C (graphite) — C (diamond) fromequation (1) and (2),
wereverse equation (2) and add to equation (1).

C(graphite) + ©5(9) > €&, (9); AH=-3935kJ
CO, (gf — C(diamond) + ©; (g); AH=395.4kJ
C (graphite) — C (diamond); AH=1.9kJ

Exercise 3.5

1. Fromthefollowing enthalpiesof reaction:
a 280,9) + O(9 - 2S0,(9); AH =-196 kJ
b 259 + 3040 —  2S0,0); AH =-790 kJ
Calculatethe enthalpy changefor thereaction:
S(9 + O, — SO,
2. Cdculate AH for thereaction:
2C(9 + H,9) > CHLQ)
Giventhefollowing reactionsand their respective entha py changes:
a CH(g + 5209 — 2CO[g + HO(); AH=-1296.6kJ
b C(9 + 0O,0) —  CO,0); AH =-393.5kJ
c H@ + 12049 — HO(); AH =-285.9kJ

3.3.4 Bond Energies

Why is bond energy defined only for gases?

Bond ener gy isthe enthal py required to break aparticular bond in 1 mole of gaseous
molecules. Thisenergy isgenerally expressedin kil ojoules per mole of bonds (k¥moal).

It iseasy to understand bond-dissociation energy (D) for diatomic molecules because
thereisonly onebond (single, double or triple) per molecule. We can represent bond-
dissociation energy asan enthalpy change or aheat of reaction. The enthal py changefor
thereversereaction, whichisbond formation, isthe negative of the bond-dissociation
energy. For example

Bond breaking: Cl, (g) — 2Cl (g);  AH=+243kJmol
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Bond forming: 2Cl (g) — CI,(g); AH=-243kJmol

Noticethat the bond energy isawaysapositive quantity; energy isalwaysrequired to
break chemical bonds. Conversaly, energy isrel eased when abond forms between two
gaseousatomsor molecular fragments. Of course, thegreater thebond energy, the stronger
thebond.

Calculations Involving Bond Energies
How do we apply bond energies to calculate AH?

For chemists, reactionsinvolvethe breaking and remaking of bonds. So, we canimagine
aprocessinwhichwebreak all the reactant moleculesinto their respective atoms, and
then recombinethe atomsin theway wewant. In other wordsthe processwefollow is:

Gaseousreactants — gaseousatoms — gaseous products

Theenthalpy of thereactionisestimated asthetota energy required to break the bonds
minusthetotal bond energiesof the new bondsformed.

AH =" (bondenergiesof bondsbroken)— > (bondenergiesof bondsformed)

Table 3.3 Average bond energies of some substances (kJ/mol).

Bond Bond Energy Bond Bond Energy
H—H 436 N—H 389
H—F 565 N—N 163
H—Cl 427 N—O 201
H—Br 366 N—F 272
H—I 295 N — Br 243
C—H 413 N—I 159
c—cC 348 O—H 463
C—N 305 O—F 190
c—o0 358 o—dl 203
C—F 485 o—I 234
c—d 328 F—F 155
C—Br 276 Cl—F 253
C—I 240 Br—Br 193

Multiple bonds
C=C 614 N=N 418
C=C 839 N=0 607
C=N 615 0=0 498
C=0 799 N=N 945
C=0 1072
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Example 3.9
Estimate AH for thefollowing reaction:

CHy(@) + 50,(9) = 200,(9) + 3H.0(0)

Solution:
Among the reactants, we must break six C —H bonds and one C — C bond in
C,H,. Wealso break go = O bonds. Among the products, weform four C=0O

bonds (two in each CO,) and six O — H bonds (two in each H,O). We may
rewrite the equation, using L ewis structures of each substanceinvolvedinthe
resction.

H H

H—C|I—C|3—H(g)+%O=O(g)—>ZO=C=O(g) + 3H—O—H(g)
H H
AH :(6(C—H)+(C—C)+g(0=O)j—(4(C:O)+6(H—O))

= 6(413kJ) +348kJ/mol +£(498 kd/mol ) — 4( 799 k¥mol ) — 6(463 kJ/mol)

= 4558 kJmol —5974 kJ/mol =-1416 kJ/mol

Example 3.10
Estimate the entha py of the formation of gaseoushydrazine, N,H,(g)
N9 + 2H,(9) — N,H,(9)
Solution:

Toknow the bond energies, we need towriteaL ewisstructurefor each substance

involvedinthereaction.
H H

-
N=N(g) + 2(H—H)(g)—>1|\I—N(g)

H H
AH =945 kJ + 2(436 kJ) — 4(389 kJ) — 163 kJ

=1818 kJ—1719kJ
=99kJ
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Exercise 3.6

Using bond energiesgiven in Table 3.3, estimate AH for each of thefollowing gas-
phasereactions.

a CH,OH(g) + HBr(g — CHJBr(g + H,0(Q)
b CO(g) + HO@ — HJ9 + CO,9)

Experiment 3.1

ZRZAZESE E!
Iﬂlﬂlﬂ"*“

Measuring the standard molar enthalpy of neutralization

Objective: Tomeasurethe standard molar enthal py of the neutralization of sodium
hydroxideand hydrochloricacid.

Appar atus. Plagtic cup, beaker, thermometer, measuring cylinder, cotton wool .
Chemicals: Sodium hydroxide, hydrochloricacid.
Procedure:

1. Measure50mL of 1M NaOH solution and put it in the plastic cup. Measureits
initial temperatureand recordit.

2. Add50mL of 1 M HCI tothebeaker containing 50 mL of 1M NaOH and stir the
solution with thethermometer. Record the maximum temperature of themixture.

Thermometer

‘Bl Plastic cup
A Cotton wool

4 1 M NaOH + 1 M HCl

FNEH LN EWEATH LT LT D

I Beaker

Figure 3.5 Apparatus to measure standard molar enthalpy of neutralization.
3. Recordthetemperatureasfollows:

Initial temperature of NaOH

Temperature of the mixtureof NaOH and HCI ...

Change in temperature, AT =
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4,

1
2.

Observations and analysis:

Thetotal massof the solutionis 100 g (100 mL ), and the specific heat of the
solutionis

[Given: Specific heat of water =4.18 Jg.°C]

Cadlculatethe heat of neutrdization.

Isthevalue obtained for the heat of neutralization larger or smaller than 57.3 kJ?
Why?

If moreacidisadded after neutralization, no moreriseintemperaturewill take
place. What isthereason?

3.4 ENTROPY AND THE SECOND LAW OF

THERMODYNAMICS

At the end of this topic, you will be able to:

explain entropy and entropy change;

calculate entropy change, from the given standard entropies of substances;
state the second law of thermodynamics;

explainthe second law of thermodynamics;

caculatethe entropy changesfrom the given enthal py changes of the systemand
absolutetemperature;

explainfreeenergy and free-energy change;

calculatethe standard free-energy change, AG®, from given standard freeenergies
of reactantsand products,

describetherelationship between AG°, AH® and S° of areaction; and
determinethe spontaneity of agivenreaction.

3.4.1 Entropy and Spontaneous Process

Discuss the following issues in group and present your ideas to the class.

1. Why a ball rolls down a hill but not up?
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2. Does this rolling of ball down a hill need any action from outside to occur?
3. List any process that can occur in a system by itself.
4. Decide whether the following become ordered or disordered.

a Solids melt to liquids.

b Solids or liquids vaporize to form gases.

¢ Solids or liquids dissolve in a solvent to form solutions.

d A chemical reaction produces more number of molecules of gases.

A spontaneous process (change) isachangein asystem that proceedswithout any outside
influence on the system. For example, whenweadd solid st towater, thesolid dissolves
without any outsideinfluence. Thedissolution isspontaneous. Liquid water freezestoice
spontaneoudly below 0°C; icemetsspontaneoudy at 25°C. When asolution of anacidis
added to asolution of abase, the hydroniumionsand hydroxideionscombine spontaneoudy.

We know well that certain other processesdon’t occur by themselves. They aresaidtobe
non-spontaneous. For example, water does not freezeto formice at room temperature.
Theiron oxideof arusty nail doesnot revert to iron metal and oxygen gas, solid sodium
chloride does not decomposeinto sodium metal and chloride gas.

A non-spontaneous processisonethat cannot take placewithout outsideinfluenceonthe
sysem.

Thefact that aprocessis spontaneous does not mean that it will occur at an observable
rate. A spontaneousreaction may bevery fast, asin the case of acid-base neutralization, or
very dow, asinthe case of therusting of iron. Thermodynamicscantell usthedirection
and extent of areaction, but it can say nothing about its speed. Which field of chemistry
studiestherates of reactions?

What factors make a process spontaneous?

In the previous section, we have seen that the enthal py change, AH, for aprocessisan
important factor in determining whether the processisfavorable. Those exothermic
processesfor which AH isvery negative arefrequently spontaneous. For example, enough
heat to melt and ignitethe metal may be produced by the spontaneousreaction of sodium
with water, and thereactionisexothermic.

2Na(s) + 2H,0() — 2NaOH(s) + H,(g); AHS,=-2819kJ

298

However, weshdl seethat considering only the entha py change of aprocessisnot enough.
The spontaneity of aprocess also dependson how the disorder of the system changes
during the process.
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Entropy and Entropy Change

Entropy (S) isthe thermodynamic property of asystem that isrelated to its degree of
randomness, or disorder. Thegreater the randomness, or disorder, inasystem, the higher
isitsentropy. Entropy isoneof the most important scientific concepts.

The S unit of entropy isJK-(Joule per Kelvin), which isthe same unit asthat of heat
capacity. Every substance hasentropy asoneof itscharacteristic properties, just asit has
colour, hardness, volume, melting point, density and entha py. Isentropy anintensive or
extensive property?

Theentropy change, AS, for achemical changeisequal to the sum of theentropiesof the
products minusthe sum of the entropies of thereactants.

AS. =Y mS

rxn (product)

->nS

(reactant)

wheremand naretheamountsof theindividual speciesrepresented by their coefficients
inthe balanced equation. For areaction,

aA + bB — cC + dD,theentropy changeis
AS=[(oxSp) +(dxS;)]-[(ax8,) +(bxS; )]
where S, istheentropy of A, S, istheentropy of B, and soon.
*  AS>0indicatesanincreasein randomness, or disorder, during the change.
*  AS<O0indicatesadecreasein randomness, or anincreasein order.

InActivity 3.8, inwhich case doesthe entropy increase? | n which case doesthe entropy
haveanegativesgn?

Thedifference between the entropy changefor aprocessat 298 K and that same process
at someother temperatureisgeneraly small andisoftenignored. Itiscommon practiceto
makethe approximationthat AS’ . equalsAS’° for the same process.

298

ASc;xn = Z mSchroduct) - 2 nScEreactant)

Example 3.11
Predict whether each of the following leadsto an increase or decreasein the
entropy.

a HZO(I) N HZO(g)
b C,H, 0, — C,H,0,(aq)

120 '22711
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c Ag'(ag) + Cl(ag) — AgCI(9
d NJ9) + 3H,(9) — 2NH,(9)

Solution:

a Thevaporization of aliquidisaccompanied by anincreaseinvolume, because
the molecul es are distributed throughout amuch larger volumein the gaseous
statethan in theliquid state, anincreasein disorder accompanies vaporization,
thus producing anincreasein entropy.

b Sucrose molecules are highly ordered in the solid state, however they are
randomly distributed in agueous sol ution. We predict anincreasein entropy.

¢ Inthisprocess, theionsthat arefreeto move about the larger volume of the
solutionformasolid in which theionsare confined to highly ordered positions.
Thusthereisadecreasein entropy.

d Four moles of gaseous reactants produce two moles of gaseous products.
Becausetwo molesof gasin ahighly disorganized state of matter arelost, we
predict adecreasein entropy.

Exercise 3.7

1. Indicatewhether each of thefollowing reactionsproducesan increase or decrease
intheentropy of the system, and predict whether ASispositive or negativein each
case.

a CO,(s) — CO,(9)
b CaO(s) + CO,(g) — CaCO,(s)
¢ NH,(g)+HCI (g) — NH,CI (9
d 2KCIO,(s) = 2KClI (s) +30,(9)
2. Predictthesign of entropy changefor each of thefollowing processes:
a cooling nitrogen gasfrom80°Ct020°C

b freezingliquid brominebe ow itsmelting point

Cc evaporating ethanol
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3.4.2 The Second Law of Thermodynamics

Write a brief paragraph on the following topic and present it to the class.

If the processes of the universe are not at equilibrium, what would be the effect of the
solar energy on living things?

The connection between entropy and the spontaneity of areaction isexpressed by the
second law of thermodynamics, which statesthat “ The entropy of the univer seincreases
in a spontaneous process and remains unchanged in an equilibriumprocess.” Because
the universeis made up of the system and its surroundings, the entropy changein the
universe(AS, . ) for any processisthe sum of the entropy changesin the system (ASS,S)
andthesurroundings(AS, ).

Mathematically, we can expressthe second law of thermodynamicsasfollows:

For a spontaneous process: A = ASSys +AS,, >0

univ

For an equilibrium process: AS . = ASWS +AS, =0

For aspontaneous process, the second law saysthat AS . must begreater than zero, but
it doesnot place arestriction on either ASS/S or AS, . Thusitispossiblefor either ASS/S or
AS, , to benegative, aslong asthe sum of thesetwo quantitiesisgreater than zero. For an
equilibrium process, AS . iszero. In thiscaseASS/S and AS,, must beequal in magnitude
but oppositeinsign.

Free Energy and Free Energy Change

We have seen that the spontaneity of areaction involvestwo thermodynamic concepts,
enthal py and entropy. A new quantity that tellsuswhether areaction will be spontaneous
wasfirst devel oped by the American mathematician J. Willard Gibbs. He proposed a
new state function, now called the Gibbsfree energy, or just free energy, designated
by G.

The Gibbsfreeenergy, G isdefined as
G=H-TS

whereT isthe absol ute temperature, Sisan entropy and H isan enthal py.

147
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For aprocess occurring at constant temperature, the changein freeenergy isgiven by the
expresson
AG=AH -TAS

The Gibbsfreeenergy change givesan unambiguous prediction of the spontaneity of a
chemical reaction run at constant temperature and pressure, becauseit combinestheeffect
of both AH and AS. Sincetemperature, T, haspositive value, ASdeterminesthe sign of
TASterms, and thefollowing can be summarizedfor AG=AH-TAS

*  Forachangeinwhich AH <0and AS> 0, the changein Gibbsfreeenergy becomes
lessthan zero (AG < 0), and the processis spontaneous.

* |If AH>0and AS <0, thechange in Gibbs freeenergy becomespostive(AG>0),
and the processis non-spontaneous.

* |If AH>0and AS> 0, AG may or may not be negative, but only if AH < TAS,
AG<O.

* If AH<Oand AS<0, AG<0if TASissmall. This occurs at small value of
temperature.

* If AGiszero, theprocessisat equilibrium and thereisno driving forcetending to
makethereactiongoineither direction.

Table 3.4 Criterion for spontaneous change:AG = AH - TAS.

Case| AH | AS | AG | Result Example
1. = i = SpontaneousatallT 20,5(g) — 30,(9)
2. - - - Spontaneous toward low T Nz(g) + 3H2(g) - 2NH3(g)
- - + Non-spontaneous toward high T
3 + + + Non-spontaneous toward low T 2H20(g) - 2H2(g) + Oz(g)
+ + - Spontaneous toward high T
4. + = + Non-spontaneous atall T 2C (graphite) + 2H,(g) — C,H,(g)

Do the following as a group assignment:

1. Given the following AH and AS values, determine the temperatures at which these
reactions would be spontaneous:

a AH =105 kJ; AS=30J/K
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b AH = 1.8 kJ; AS =113 J/K

¢ AH = -11.7 kJ; AS = -105 J/K
2. Consider the reaction:

2HI () — H,(9) + 1, (9)

a IsAS°>0,AS°=0o0r AS°<07?

b Indicate the sign of AG® at high and low temperature, and predict whether the
reaction is spontaneous or non-spontaneous

¢ What is the answer for the questions a and b if the reaction is reversed?

Example 3.12

Thereaction of calcium oxidewith the pollutant sulfur trioxide has been proposed
asoneway of removing SO, from burning high sulfur cod.

CaO(s) + SO,g9 — CasSO,(s

Usingthefollowing AH?and S values, ca culatethe standard free-energy change
for thereaction under standard state conditionsand predict whether thereactionis
Spontaneous or NoN spontaneous.

CaO(s):  AH? =-635.5kJmol; S, =40Jmol K

298

SO,(9): AH? =-395.7kJmol; S, =256.6 Jmol K
CaSO,(s); AH? =-1432.7kJmol; S, =107 Jmol K
Solution:

We calculate AHS, and S for the reaction from the data and then calculate

AGS, fromthefree energy equation.
AH°298: 2. AH ? (product) 2. AH ?(reactant)
= AH, CaSO,(s) —AH, CaO(s) —AH,S0,(g)
=1mol (-1432.7 k¥mal) -1 mol (-635.5 kI/mol) =1 mol (395.7 k¥mol)
=-401.5kJ=-401,500J

ASSQS = Z S(oproducts) - Z S(orea(:tants)

=Scaso 29 SCaO(s) - SSO3(g)
AS’ . =1moal (107 Jmol K) —1moal (40 Jmol K) —1mol (256.6 Jmol K)

298

=-189.6 JK




‘ CHEMISTRY GRADE 12

Thefree-energy change of achemical processequa sthe sum of thefreeenergies
of formation of the products minusthe sum of thefree energiesof formation of the
reactants.

For thereaction
aA +bB —-cC+dD

thefreeenergy changeis

AG:QS = z AG(c;)roducts) - Z AG(Cr’eactants)
= [(cx AGy ) +(dxAGy, )—(axAG;, ) —(bx AGy )]
The standard molar freeenergy of formation of any freedlement initsmost stable

stateiszero. So, for the above example,

o

AG:QS = AH 298 TAS;QS
= —401,500 J— (298.15 K) x (~189.6 JK)
= 344,971 J = -345.0 kJ

Since, AG;, isnegative, therefore, thereaction will be spontaneous.

Exercise 3.8

Classfy each of thefollowing reactionsasbe onging to thefour possible casessummarized
inTable3.4.

1 Ny(9) +3F(9) — 2NF,(9)
AH® =—-249kJ; AS°=-278JK
2 N,(g)+3Cl,(g) — 2NCl,(g)
AH® =460kJ; AS° =—-275JK
3 N,F(9 — 2NF (g
AH° =85kJ; AS° =198 JK
4 Calculatethe standard free energy change, for the reaction

2AQ,S(s) + 2H,0(1) — 4Ag(s) + 2H,S(g) + O,(9)

Standard molar free energiesof formationof Ag,S, H,O and H_Sare—40.7, - 237.2
and—33.6 k¥mol, respectively.
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Thermodynamics is the study of heat, work, and energy and the rules that
govern their inter-conversion. Among its basic ideas are the notion of a
systemand its surroundings, the concepts of kinetic energy, potential energy,
and the internal energy and the distinction between two types of energy
exchanges, heat (g) and work (W).

Thefirst law of thermodynamics (the law of conservation of energy) tellsus
that the energy is conserved. That isthe energy lost by a system equals that
gained by its surroundings and vice versa.

Enthalpy change (AH) can be written into chemical equations and
incorporated into conservation factors that relate amounts of substances
with quantities of heat released or absorbed in chemical reactions. In an
exothermic reaction, enthalpy of the system decreases and heat is given off
to the surroundings. In an endother mic reaction, enthal py increases and heat
is absorbed fromthe surroundings.

The standard enthal py change, AH°, and the standard enthal py of formation
(heat of formation), AH?, are important thermodynamic quantities. The
standard enthalpy of formation of a substance is defined as the enthal py
change for the formation of 1 mole of that substance from the elements,
with all reactants and products in their standard states.

o o o
AH n — Z nAH f (products) - Z mAH f (reactants)

A spontaneous change in a system occurs by itself without outside
intervention. The enthal py change of a system, AH, isa measure of the heat
change in a process. Exothermic processes (AH < 0) tend to occur
spontaneously. The spontaneous character of a reaction is also determined
by the change in randomness or disorder of the system, measured by the
entropy, S. Processes that produce an increasein randomnessor disorder of
the system (AS> 0) tend to occur spontaneously.

The second law of thermodynamicstells usthat in any spontaneous process
the entropy of the universe increases. That is

AS __+ AS >0

System surroundings
The standard entropy change in a system, AS’, can be calculated from
tabulated standard entropy values, S, as follows:

AS = Z nSO(products) - Z mSO(reectants)
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The Gibbs free energy, G is a thermodynamic state function that combines
the two state functions enthal py and entropy:

G = H-TS For processes that occur at constant temperature,
AG=AH -TAS

For a spontaneous process at constant temperature and pressure, AG must
be negative, that is AG < 0. In many cases, the sign of AG can be predicted
just by knowing the signs of AH and AS.

The standard free energy change, AG®, for any process can be calculated
from tabulated standard free energies of formation,AG;.

AG® = z nAG‘f’ (products) z mAG‘f’ (reactants)

Key terms of the unit

Calorie * Heat of reaction
Calorimeter e Internal Energy
Closed system * Open system
Endother mic process *  Secific heat
Enthal py * Sandard state
Entropy » Sate function
Exothermic process * Surroundings
First law of thermodynamics * System

Free energy change * Thermochemistry
Gibbsfree energy  Work

REVIEW EXERCISE ON UNIT 3

Part I: Multiple Choice Questions

1.

Inthemodynamics, aquantity whosevauessimply dependsupontheinitia andfinal
state of thesystemiscalled:

a themodynamic quantity c adiabatic quantity
b datefunction d pathfunciton
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All naturaly-occurring processes proceed spontaneoudy inadirection whichleadsto:
a increaseinenthalpy of asystem

b decreaseinentropy of asystem

c decreaseinfreeenergy of asystem

d increaseinfreeenergy of asystem

A system absorbs 20 kJ of heat and also does 10 kJ of work. The net internal
energy of thesystem:

a increasesby 10kJ c decreasesby 10kJ
b increasesby 30kJ d decreasesby 30 kJ
A hypothetica reaction X — 2Y proceeds by thefollowing sequence of steps:

%x%z; AH =q,

Z —-2W; AH =q,

W—>%Y; AH =q,

after applying Hess law, thevalue of AH for the hypothetical reaction aboveis:
aq+q,*0, ¢ 29,+2q,+2q,

b 2(q, +2q, + 20,) d 2(q, +a,+20,)

A certain system which can exchange energy but not matter withthesurroundingsis
classfiedas

a opensystem C isolated system

b closed system d hetrogeneoussystem

A human being requires 2700 kcal of energy per day. If AH . of glucoseis—1350
kcal/mol, how many gramsof glucose aperson hasto consumeevery day:

a 3609 c 3.6kg
b 36.0g d 360mg

Inacertain chemica processboth AH and AShavevauesgreater than zero. Under
what conditions, the reaction would not be spontaneous?

a AH>TAS c TAS-AH>0
b AH=TAS d None
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A modeof transference of energy involved when petrol undergoescombustioninan
internd combugtionengineis.

a heat aswell aslight

b heat

c work aswell ashesat

d heat aswell aselectricity

If AHZ and AH‘(’:O2 are—111.3kJmol and—-393.5 kJmol respectively, the AH? of
CO(g) will be

a —282.2kJ b +282.2kJ c 28.2kJ

d unpredictablebecauseAng isnot given

Which of thefollowing processesinvolve decreasein the entropy of system?
a Br,(l) —Br,(9) ¢ N,(g) (1latm) — N, (g) (10atm)
b diamondtographite d none

Part ll: Short Answer Questions

11.

12.

13.

14.

15.

16.

Definethefallowingterms:

a sysem f thermochemistry

b surroundings g enthdpy

C opensystem h entropy

d closedsystem I thermodynamics

e isolated system | adiabatic process

a Whatiswork?

b How do we determinetheamount of work done given the magnitude of the

associated force?

What isthe changeininternal energy of asystem that absorbs 455 Jof heat and
does 325 J of work?

How much heat, in J, is needed to raise the temperature of 324 g of H,O from
15.3°Cto 67.1°C.

a What ismeant by theterm statefunction?
b Giveanexampleof aquantity that isastate function and onethat isnot?
c Istemperatureasatefunction? Why?

State Hess's law. Explain with one example the usefulness of Hess's law in
thermochemidtry.
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A large bed of rocksare used in some solar heated homesto store heat. Calculate
the quantity of heat absorbed by 50.0 kg of rocksif their temperatureincreases by
12.0°C (Assumethat the specific heat of therock is0.82 Jg.K.

a What isthe specific heat of water?

b How many kilojoulesof heat are needed to raisethetemperature of 2.06 kg of
water from 35.14°Ct0 76.37°C?

Fromthefollowing enthal piesof reaction:

2S0,(g) + O,(@) — 2S0,(g) AH =-196kJ
2S(s)  + 30,(g) — 2S0,(g) AH=-790kJ

Calculatethe entha py changefor thereaction

S(s) +0O,(9) — SO, (9)

Determinethe enthal py changefor the oxidation of ammonia
4NH, (9) +50, (g) — 4NO(g) +6H,0(I)

Fromthefollowing data

N,(@ + 3H,(g) — 2NH,(g); AH =-92.221kJ
N,(g + O,(g — 2NO(g); AH =+180.5kJ
2H,(g) + 0,(9) — 2H,0(); AH =-571.6kJ

If areaction isspontaneous, doesthisimply that it occursrapidly? Explain.

Rank thethree physical statesin order of increasing entropies.

How doestheentropy of the system changewhen thefollowing processes occur?
a Asolidismelted.

b Aliquidisvaporized.

¢ Asolidisdissolvedinwater.

d Agasisliquidified.

Giventhefollowing bond energy data:

N—-N AH =160 kJmol
N=N AH =481 kJmol
N=N AH =941 kJmol
F-F AH =154 kJmol
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1 3
and the enthalpy change for the reaction ENZ(g) + EFZ(g) — NFK(9);

AH=-103 kJmol ; what isthebond energy for NF,?

Find thetemperature at which reactionswith thefollowing AH and ASvalueswould
become spontaneous.

a AH=-126 kJmol, AS=84 JK.mol
b AH=-117 kJ/mol, AS=-105 JK.mol

Calculatethe standard free energy change, AG®, for the compl ete combustion of
methane.

CH,(g) +20,(g) — CO,(g) +2H,0(l)

The standard free energies of formation for CH, (g), CO, (g) and H,O (l) are
—51 kJmol, -394 k¥mol and —237 k¥mol, respectively.

From thefollowing heatsof combustion,

CH,OH (I) + goz (@ — CO,(@ + 2H,0(); AH°=-726.4kJ
C(graphite) + O,(g) — CO,(9); AH° =-393.5kJ
H,@+50,@ - HO0); AH® = —285.8K]

cal culatethe enthal py of formation of methanol (CH,OH) fromitselements.

1
C (graphite) + 2H_(g) +§O2 (99 — CH,OH(I)
Fromthe datagiven below:

S(rhombic) +O,(g) — SO,(g) AH°=-296.06kJ
S(monoclinic) + O,(g) — SO,(g) AH°=-296.36kJ

Cdculatetheenthapy changefor thetransformation

S (rhombic) — S (monoclinic)
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