SPONTANEITY OF
CHEMICAL REACTIONS

We have studied about the first law of thermodynamicsin lesson 11. According to this
law the processes occur in such a way that the total energy of the universe remains
constant. But it does not tell us whether a specified change or a process including a
chemical reaction can occur spontaneously i.e., whether it isfeasible or not. For example,
thefirst law does not deny the possibility that ametal bar having a uniform temperature
can spontaneously become warmer at one end and cooler at the other. But it is known
from experience that such a change does not occur without expenditure of energy from
an external source.

Thefirst law also states that energy can be converted from one form into an equivalent
amount of energy of another form. But it doesnot tell that heat energy cannot be completely
converted into an equivalent amount of work without producing some changes el sewhere.
Inthislessonyou shall learnto predict whether agiven processor achemical reaction can
occur spontaneously or not.

), Objectives

After reading thislesson you will beableto:

e defineentropy;

e recognise that entropy change in asystemis given by

= O
AS= T
e state entropy criterion for a spontaneous processA S . > 0 and at equilibrium

AS =0

universe
e statethird law of thermodynamics;
e dtatetherelationship between G Hand S;

e derivetherelationAG_  =TAS

system !
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e state Gibbs energy criterion for spontaneous process
A G < 0for a spontaneous process
A G=0atequilibrium
A G > 0 for anon-spontaneous process

e define standard Gibbs energy of formation of a subtance;
e relatethe standard Gibbs energy change with the equilibrium constant and

e solvenumerical problems.

12.1 Spontaneous and Non-spontaneous Processes

Weknow that hot water kept in acontainer cools down by losing heat to the surroundings.
On the other hand, water at room temperature cannot become hot by gaining heat from
the surroundings. It can be made hot by heating it over agas burner. The cooling down of
hot water isan exampl e of aspontanneous process. Heating of water (at room temperature)
Is an example of a non-spontaneous process because an outside agency (gas burner) has
been used.

A spontaneous process is a process that occurs in a system by itself; once started, no
action from outsi de the system (outside agency) is necessary to make the process continue.
A non-spontaneouspr ocesswill not take place unlesssome external actioniscontinuoudy
applied. Let usconsider another exampl e, we know that when iron objects are exposed to
moist atmosphere, rusting of iron takes place. Although the rusting of ironisaslow process
but it lwaystakes place in the same direction. We say that the rusting of iron isaspontaneous
process. During rusting of iron, ironisoxidisedtoiron (I11) oxide.

4 Fe(s) + 30,(g) — 2Fe,0,(s)

Thereverse of the above reaction is aso possible but it is non-spontaneous. An external
agency has to be used to reduce iron (I11) oxideto iron.

From our discussion it can be concluded that

e if aprocessis spontaneous, the reverse process is non-spontaneous.

e  both spontaneous and non-spontaneous processes are possible.

e  spontaneous processes occur natural ly whereas non-spontaneous processes require
the help of an outside agency to occur.

12.2 Entropy

Infig 12.1(a) the bulb ‘I’ contains 1 mol of an ideal gas ‘A’ at a pressure of 1 bar and the
bulb Il contains 1 mol of another ideal gas ‘B’ at 1 bar. The two bulbs are joined together
through avalve.
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When the valve between the two bulbs is opened [Fig 12.1 (b)], the two gases mix
spontaneously. The mixing of gases continues until the partial pressure of each gasbecomes
equal to 0.5 bar in each bulbi.e., the equilibrium is attained. We know from experience
that the process cannot be reversed spontaneously - the gases do not unmix. What is the
driving force behind thisprocess?

We know that the internal energy (U) and enthalpy (H) of an ideal gas depend only upon
the temperature of the gas and not upon its pressure or volume. Since there are no
intermolecular forcesinideal gases, A U = A H =0 when ideal gases mix at constant
temperature. Thusenergy changeisnot the driving force behind the spontaneous mixing
of ideal gases. Thedriving forceissimply the tendency of the molecul es of the two gases
to achieve maximum state of mixing, i.e., disorder. The thermodynamic property related
to the disorder of the system is called entropy. It is denoted by the symbol S.

The entropy is the measure of disorder or randomness in a system. The greater
the disorder in a system, the greater is the entropy of the system.

For a given substance,

(i) the crystalline state is the most ordered state, hence its entropy is the lowest.

(ii) the gaseous state is the most disordered state, henceits entropy is the maximum, and
(iii) the disorder intheliquid stateisintermediate between the solid and the gaseous state.
When a system changes from one state to another, the change of entropy ASis given by

_ G
AS= T (12.1)

where g, isthe heat supplied reversibly at temperature T.

12.3 Criteria for Spontaneous Change :

The Second Law of Thermodynamics

So far we have studied about internal energy, enthalpy and entropy. Can we define the
spontaneity of a processin terms of these properties? Let us see whether these changes
in properties can be used asacriterion for determining the spontaneity of aprocessor not.

(i) We know that most of the processes which occur spontaneously are exothermic.
Water kept in a container at room temperature evaporates spontaneoudly. It is an
endothermic process. Thus enthalpy change cannot be used as a criteria for
spontaneous change.

(i) Canwe use theincrease of entropy as acriteriafor the spontaneous change? Then
how do we explain the spontaneous freezing of water at —10°C? We know that
crystallineice is more ordered then the liquid water and therefore the entropy must
decrease. The answer to this question is that we must consider simultaneously two
entropy changes:

() the entropy change of the system itself, and

(b) the entropy change of the surroundings
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univ System 'surroundings

The equation is one of the many forms of the second law of thermodynamics.

According to the second law of thermodynamics all spontaneousor natural processes
produce an increase in entropy of the universe.

Thus, for a spontaneous processwhen a system is at equilibrium, the entropy is at
maximum, and the changein entropy iszero

A S=0(at equilibrium)

(12.3)

12.4 Entropy Change in Phase Transitions

When a solid melts and produces liquid, the process occurs at the melting point of the
solid. For example, ice melts at 273 K and produces water at the same temperature.

H,0(s) —22%  H,0()

Theheat involved inthe process of meltingiscalled enthalpy of fusion (A, H). Therefore,

the entropy of fusion (A S isgiven by
A fusS= Af-uFH ( qrev at const p= A fusH)

Similarly, for theequilibrium

H,0() —232¢_, H,0(g)

AygpH

A oS= , (T istheboailing point)

E(ampl e12.1: Theenthalpy changefor thetransition of liquid water to steam at 373K
is40.8 kJ mol*. Calculate the entropy change for the process

Solution: H,0 (I) ==K H,0(g)

T
A H=40.8kJImol*=40.8 x 10° J mol*

A VapS=

T=373K

_ 40.8x10° Jmol™*

- 100 3K mal* -
A S= 373K =109 JK*mol

o
kej_.- Intext Questions 12.1

1. The enthalpy change for the transition of ice to liquid water at 273 K is 6.02 kJ
mol-*. Calculate the entropy change for the process.
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2. Arrangethe following systemsin the order of increasing randomness, Chemical energetics

(i) 1 mol of gasA
(ii) 1 mol of solidA
(iii) 2 mol of liquidA

3. Indicate whether you would expect the entropy of the systemto increase or decrease
(@ 280, (9) + O, (9) —» 230, (9)
(b) N, (9) +3H, (9) — 2NH, (9)
(c) O, (9) - 20(g)

12.5 Absolute Entropy

When the temperature of a substance is increased, the trandlational, vibrational and
rotational motions become more vigorous. It leadsto greater disorder and as aresult the
entropy of the substance increases. Thus, on increasing the temperature of a substance
the entropy of a substance increases. It decreases on decreasing the temperature of a
substance.

According to Walther Nernst, the entropy of a pure perfectly crystalline substance
approaches zero as the temperature approaches absolute zero. This is known as the
Third law of thermodynamics. This third law of thermodynamics helps us to calculate
the absolute value of molar entropies (S ) of substances at different temperatures. The
standard molar entropies of some substances at 298 K are givenin Table 12.1.

Table12.1: Standard molar entropies(S, %J K™ mol™) at 208K

Solids Entropy Liquids Entropy Gases Entropy
C (graphite) 5.7 H,0 69.9 H, 1307
C (diamond) 24 Hg 76.0 0, 2051
Fe 273 C,H.OH 160.7 N, 1916
Pb 64.8 CH, 1733 Co, 2137
Cu 331 CH,COOH 1598 NG, 2401
Al 9%.2 N,O, 3043
C,H,,0, 3608 NH, 1923
CaCO, 929 CH, 186.2

Entropy Change for a Reaction

The absolute entropies can be used for calculating standard entropies changes
accompanying chemical reaction. It can be determined by subtracting the standard entropies
of reactants from those of products. Thus, for a general reaction

aA+bB+...... — pP+qQ+ ...
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AS°=[pS°(P)+qS°(Q)+ ..]-[aS°(A) +bS°(B) +..]
A S°=ZXS7° (products) - X S ° (reactants)

E(ampl e12.2: Calculatethe entropy change, A S, °for thefollowing reaction at 298K .
4Fe(s) + 30,(g) — 2Fe,0,(9)

Given that the standard molar entropies of Fe(s), O,(g), and Fe,O,(s) at 298 K are 27.3,
205.0 and 87.4 J K- mol~* respectively.

Solution : 4Fe(s) + 30,(g) — 2Fe,O,(9)

A, S° =2 VRS, (products) — X vz S, (reactants)

AS° = 25, (Fe,05) ~ [4S5 (Fe) + 355,(0,)]
=[2 x 87.4— (4 x 27.3 + 3 x 205.0)] J K- mol-
= _549.4 J K- mol-t _j

12.6 Gibbs Energy and Spontaneity

We can use the expression

AS,,=AS,=AS. +AS >0 (12.4)

System 'surrounding

asour basic criterion for a spontaneous change. But it isvery difficult to apply it because
we have to evaluate the total entropy changei.e. the entropy change of system plus that
of surroundings. Thisisatedious processasitisdifficult tofigureout all theinteractions
between the system and the surroundings. Thus, for a system which is not isolated from
itssurroundings.

AS,, =AS,,*tAS (12.5)

System 'surrounding

At constant temperature and pressure if d, is the heat given out by the system to the
surroundings, we can write

—q AH e
AS = P - _Tes (12.6)

'surrounding T T

(since g, = AH at constant pressure)
Substituting Eg. 12.6 in Eq. 12.5, we get

AH

— System
A gotal =A Ssystem - T
T A Sotal = T A Ssystem -A Hsystem
or- TAS,, = AHSygem- TASsystem (22.7)

Now, let us define another thermodynamic property, Gibbs energy. It is defined by the
equation
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G=H-TS (12.8)
For a change in Gibbs energy, we write

AG=AH-A(TY

AG=AH-TAS-SAT
For a change at constant temperature, AT = 0,
Therefore AG=AH-TAS (12.9

SinceH, T and Sare state functions, it followsthat G isa so a state function. Comparing
equations 12.7 and 12.9, we find that

AG=-TAS,

otal

(12.10)

We haveseenthat if A S, ispositive, the change will be spontaneous. Equations 12.10
can be used to predict the spontaneity of a process based on the value of A G.

The use of Gibbs energy has the advantage that it refers to system only. Thus for a
process occurring at constant temperature and pressure, if

A G <0 (negative), the process is spontaneous

A G > 0 (positive), the processis non-spontaneous

A G =0 (zero), the processisat equilibrium
In deciding the spontaneity of a chemical reaction, the equation A G=A H-T A Stakes
into account two factors (i) the energy factor AH, and (ii) the entropy factor AS. Based on

thesignsof A H and A Stherearefour possibilitiesfor A G. These possibilitiesare outlined
intable12.2

Table12.2 Criterion for spontaneouschange: DG =DH -TDS

SNo AH AS AG Result
1 - + - Spontaneous at all temperatures.
2 - - - Spontaneous at low temperatures.
+ Non-spontaneous at high temperatures.
3 + + + Non-spontaneous at low temperatures.
- Spontaneous at high temperatures.
4 + - + Non-spontaneous at all temperatures.

E(ample 12.3 : For the reaction
2NO (g) +G, (9) — 2NG, (9)

Calculate A G at 700 K when enthal py and entropy changes (A H and A S) arerespectively
—113.0 kJ mol* and -145 JK* mol*

Solution : Given that
A H=-113.0 kJ mol*
A S=-145JK mol = - 145 x 10 kJ K1 mol~*
T=700K

Chemical energetics

Notes
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Substituting thevaluesin
AG=AH-TAS
A G = (- 113.0 kJ mol) — (700 K) (- 145 x 10~ kJ K-t mol-)
= (- 113.0 kJ mol?) + (101.5 kI mol )

=~ 11.5 kJ mol: _j
o

ke Intext Questions 12.2
1. Determinewhether the following reaction
CCl, (1) + H, (9) — HCI (g) +CHCI, (1)

is spontaneous at 298 K if A H =91.35 kJmol~ and A S=41.5 JK-* mol for this
reaction.

2. Which of thefollowing conditionswould predict aprocessthat is always spontaneous?
(i)AH>0,AS>0
(i) AH>0,AS<0
(ii)AH<0,AS>0
(ivyAH<0,AS<0

12.7 Sandard Gibbs Energy Change (DG°) and

Equilibrium Constant (K)

The standard Gibbs energy change is defined as the change in Gibbs energy for the
process in which the reactants in their standard states are converted into the productsin
their standard states. It is denoted by the symbol A G°.

Thevalueof A G° can befound from the standard Gibbs energy of formation of substances.

The standard Gibbs energy of formation of acompound is defined asthe changein Gibbs
energy when 1 mole of the compound is formed from its constituent elements in their
standard states. Like the standard enthalpy of formation of an element, the standard
Gibbs energy of formation of an element in its standard state is taken as zero.

Thusfor areaction

aA+bB+...>pP+0gQ+...
AG°=(PAGS +qAGY +....) - (aAGE +bAGS +...)

AG° = X AG° (products) — 2 A G° (reactants)
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Thestandard Gibbs energy change (A G°) isrelated to the equilibrium constant (K)) of the Chemical energetics
reaction by the expression

AG°*=-RTInK=-2303 RT log K

E(ample 12.4: The equilibrium constant of the reaction

3
P(9+ Cl,(@) = PO, (g)

is2.00 x 10> at 500 K. Calculate the value of A G°.
Solution : Given that
K =2.00 x 10
T=500K
AG®°=-2303RTlogK
= —2.303 x (8.314 J mol-t K1) (500 K) log 2.0 x 10
=—2.303 x (8.314 J mol* K-?) (500 K) 24.30

=—232.6 kJ mol* _j

’E@mple 12.5: Cadlculate the standard Gibbs energy change for the reaction

at 298K. The standard Gibbs energies of formation of CH,, CO, and H,O at 298K are
—50.8 kJ mol-, -394.4 kJ mol-*, and —237.2 kJ mol-* respectively.

Solution : CH, (g) + 20, (9) —» CO, (g9) + 2H,0 (1)
AG®=AG°(CO) +2AG° (H,0)-AG® (CH) - 2AG° (O,)
=-394.4+ 2 x (-237.2) - (-50.8) -2 x 0
=-394.4-474.4+50.8

=-818 kJ mol-* _j

F ot

h@'{_.. Intext Questions 12.3

1.  Whatistherelationship betweenthe standard Gibbsenergy changeand the equilibrium
constant of the reaction?

2. The standard Gibbs energy change for the reaction
CO(g) +2H,(9) = CH,OH (I)
at 298 K is — 24.8 kJ mol™. What isthe value of the equilibrium constant at 298 K?
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i',{‘réﬂ' What You Have L ear nt

o All spontaneous processes lead to an increase in disorder or randomness

e  Thethermodynamic function related to disorder in asystemis called entropy, S

« Foraspontaneous changethetotal entropy changeof the system and the surroundings
must increase.

e Gibbsenergy isdefinedasG=H-TS

e At aconstant temperature, the change in Gibbs free energy is related to enthal py
and entropy changes by the expression

AG=AH-TAS
For a spontaneous change, there must be a decrease in Gibbs energy, i.e., AG<0.
AtequilibriumA G=0

The standard Gibbs energy change is related to the equilibrium constant of the
reaction by the expression

A G°=-2303RT logK
e The standard Gibb’s energy change is given by

AG° = ¥ AG® (products) — > A;G° (reactants)

;e ‘ Terminal Exercise

1.  What do you call the measure of disorder or randomness in a system?
2. Predict thesign of A Sfor each of the following processes.

() H,(9) — 2H (9

(ii) O, (9,300 K) — O, (9, 500 K)
3. Defineentropy.

4. Explain why entropy is not a good criteria for determining the spontaneity of a
process?

5.  What istherelationship between the enthal py and the entropy change for a system
a equilibrium?

6. Forthereaction

0,(9) +0 (9 — 20, (9

AH=-3919kJmol™ and A S=10.3 JK* mol~ at 298 K. Calculate A G at this
temperature and state whether the reaction is spontaneous or not.

7. What happensto A G during
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(a) a spontaneous process

(b) a non-spontaneous process

(c) aprocessat equilibrium

Calculate A G° at 298 K for the reaction

2NO, (9) — N,O, (9)

Given AH=-57.20 kJmol™ and A S= - 175.8 J K-*mol*
Isthis reaction spontaneous?

The standard Gibbs energies of formation at 298 K are — 202.85 kJ mol* for
NH,CI (s), — 16.45 kJ mol~* for NH, (g) and — 95.3 kJ mol* for HCI (g)

(@) What is A G° for the reaction

NH,CI (s) = NH, (g) + HCI (g)

(b) Calculate the equilibrium constant for this decomposition.

For thefollowing reaction

CCl, () + H, (99 = HCI (g) + CHCI, (1)

A,G°=-103.7 kI mol at 298 K. Cal cul ate the equilibrium constant for thisreaction.

@ Answersto Intext Questions

12.1
AgH  6.02kJmol™  6.02x10° Jmol™
LooASE T = Tk T 273K
=22.0 Jmol* K+*
2. 1moal of solid, 1 mol of liquid, 1 mol of gas.
3. Decrease (b) Decrease (c) Increase
12.2
1.  AG =-103.7 kJ. Therefer the reaction is spontaneous.
2. (i)
12.3
1. AG°=-2303RT log K
2. 22x10¢
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SENIOR SECONDARY COURSE
CHEMISTRY
Student’s Assignment — 3

) ) 1
Maximum Marks: 50 Time: 15 Hours

INSTRUCTIONS

e Answer al the questions on aseparate sheet of paper.
e Givethefollowinginformation onyour answer sheet:

e Name

e  Enrolment Number
e  Subject

e  Assgnment Number
e Address

e Get your assignment checked by the subject teacher at your study centre so that you get positive
feedback about your performance.

Do not send your assignment toNIOS

1. (@ Giveoneexampleeach of thefollowingtypesof solutions:
() Liquidinsolid
(i) Solidingas
(b) WhatisBrownianmotion?
() Giveoneexampleeach of thefollowingtypesof colloids:
(i) Liquidinsolid
(i) Solidingas
(d) Defineentha py of formation of acompound.
(8 What arestatefunctions? Giveoneexample.
(f) Isenthalpy of reactantslessor morethan that of productsin an endothermic reaction?
(90 Defineentropy.
(hy What happensto thefree energy of asystem during anon-spontaneous process?
() What isthereationship between freeenergy changeand equilibrium constant?
() Mentiontherelation between K ; andK . (1x10=10)
2. (8 Whatisanided solution? Giveoneexample.
(b) Whatisacolligative property? Nametwo such properties.
(c) Distinguish between lyophilicand lyophobic colloids. Given oneexampleof each.



(d
©
(f)
©

)
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@

(b)

©

(d)

@

(b)

What arethe causesof chargeon colloidal particles?
What isa(i) closed system (ii) isolated system.
Giverelation between AH and AE of areaction.
Indicatein each case whether the entropy of the system would increase or decrease
(i) H,O(l) = H,O(s)
(ii) H, (300 K) — H, (150 K)
(iii) 30,() > 20,(0)
(V) 1,(0) > 1,(9)
Calculatetheentropy changefor thereaction :
2H,(g) + O,(g) > 2H,0()

at 300K if the standard entropies of H,(g), O,(g) and H,O(l) are 128.6 JK-* mol . 201.2 JK~
mol-* and 68.0 JK-* mol-! respectively.

What arethe characteristics of equilibrium State?

When sulphur inthe form S; is heated at 900K itsinitial pressure of 1atm falls by 0.299 at
equilibrium. Thisisbecause of conversion of someS;to S,. (2% 10=20)

Calcul ate the molar mass of asubstance, 0.4 gram of which when dissolved in 29 g benzene
lowersitsfreezing point by 0.75K (K, for benzene=5.1K kgmol™)

Thenorma molar mass of the substanceis68 g mol-. What isitsmolecular stateinthe solution?
Explainbriefly how :
(i) smokeis precipitated.
(i) rubber iselectrolysed.
Cd culatetheenthdpy of thefollowing reaction
C,H,(9) + HCI(g) - C,H.CI(g)
Giventhat thebond energiesare:
C=C 6151kdmol*; C=C 347.7kdmol*
C-H 413.4kdJmolt; H-CI 431.8kJmol-!and
C-Cl 3284kJmol™
Cadl culatethetemperature up to which thefollowing reaction woul d not be spontaneous:

M,0 (9 > 2M (9 + 5 O,(@)

AH° =30 kJmol- and AS° = 70 JK-* mol~ (3x4=12)

500 cm?® agueous sol ution contains 8.0g of adibasic acid (molar mass=80gmol-). Thedensity
of the solutionis0.99 g cm3. Calculate molarity, molality and themolefraction of acidinthe
solution.

25 cm?® of H, and 18 cm? of |, vapour were heated in aseal ed vessel at 460°C. At equilibrium
30.8 cm?® of HI wasformed. Calcul atethe degree of dissociation of HI. (4%x2=28)



