The second and third law of thermodynamics

1- Introduction: All natural transformations in an isolated system are spontaneous and not
influenced by the external environment. The spontaneous transformation is defined as a
physical or chemical process that occurs on its own under certain conditions without the
influence of any external factors. It is not necessary for this process (transformation) to be
fast, as speed is not a crucial factor in determining spontaneity.

Examples:

* Heat transfer from a hot body to a cold one, but not the reverse.

* Rolling of objects from elevated positions to lower ones, but the reverse does not occur
without external intervention.

» When two gases are placed in a vessel (A) and a vessel (B) after opening the valve, the two
gases diffuse into the vessels spontaneously without the intervention of an external

environment.

After opening
the valve

gasl gasl
gas 1 gas2 | o> + 4

| gas 2 gas 2

vessel (A) vessel (B)

Conclusion: These examples illustrate that processes occurring spontaneously in a specific
direction cannot occur spontaneously in the opposite direction, even though internal energy is
conserved even in the reverse transformation. This necessitates the existence of a second law
of thermodynamics, which specifies the spontaneous direction of the transformation.

2- Second Law Statement: An isolated system undergoing a transformation
(evolution) cannot return to its initial state.

3-Carnot cycle of an ideal gas: (Principle of operation of some heat
engines):

It is a set of reversible transformations undergone by an ideal gas such that the initial state
corresponds to the final state, meaning these transformations form a cycle.

This cycle consists of four reversible transformations, two of which are isothermal and two
are adiabatic.
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So, the heat engine takes a quantity of heat from the hot source, and from this
heat, it produces useful work and transfers a quantity of heat to the cold source.

Useful work
= W

The hot source

T4

'\-u---""a-..h.__k L]
‘| The cold source

T> |

Within a certain period of time, the system returns to its initial state, thus
completing a cycle or closed loop, where the loop consists of two
transformations at constant temperature and two adiabatic transformations.

Studying the Carnot cycle:

e The transformation from A to B:

T Cst
A — B = V z> V,( Gasexpansion )

— AUppg= Qap+ Wug=0 (Accordiﬂgtutheﬁrstlawuf,]gu[] = Qupg = —Wag
Reversible transformation of an ideal gas— W, , — — f PdV = —nRTan(;LI:)
Vi
Qug = Wy = nRTan(‘TB) =Q1=0 (V= V,y)
A
Q: (T;) The amount of heat taken from the hot source
(VB> Ly p
Qs = Q4 = nRT, LuL-‘{;J = nRT; I.u{-PH-) IR s '



e The transformation from B to C:

Adiabatic
B — C = Q=0

Ve FB( Gas expansion )

Since the transformation is adiabatic = | We can apply the relationships of Laplace
— -1 _ -1 -1
= PVY = Cst, TV =C(Cst — Pch — PBVE 3 T;:VE = Tgvg
-1 y—1 .

e The transformation from C to D:

D = Pp> Po(whHaa)

= AUcp = Qo + Wep =ﬂ(1:§,dc):}= Qcp = Wep
\

A Sl usse Jsad = Wep — _devz “BRT,LnGD)
C

Vi
Qmp = Wep = nRT;Ln (V_D) =Q:<0(Vp< V)

C
Q5: (Ty) 2ukedl aiall ) S i jla Cpa Blamall 31 jadl das
Qcp = Q2 = nRT,Ln (v_[,] — nRT,Ln (i“] (3)
cD 2 2 Ve, 2 py)

e The transformation from D to A:

Adiabatic
D — A = Qps=0
V< Vp(QWaial)spP, > P

Since the transformation is adiabatic =  We can apply the relationships of Laplace
= PV = Cst, TV 1 = Cst = PpV) = P,V s ToV0 ' =T,V

=T,V =T,V . ()
From equations (2) and (4), we find:

(T, v =T,V ()
Ve _ V¢

-1 -1
TV =T @



From equation (1), we find:

Vg» Q. Vg»
1 = nRT;Ln (E} = T—1 — nRLn (V—q}

From equation (3), we find:

L.r A - L.r A

}: = nRT:Ln (V—i] = g; = nRIn (V—i]
So:

Q1 _ Q2 _ @1 Q2

Tl TE T1 2
It means:

e, T,

Q- T,

The efficiency of the engine t: It is the amount of work done by the engine
on the external medium divided by the amount of heat taken from the
external medium.
—W w
t = b

Q. Q.

The total internal energy remains conserved during the cyclic
transformation.

Al = W — w —_
cvcle c}'cle_l_ Q1+ Q2 0 = cycle (Q1 + Q2)
T w E}TIE { Q 1 t Q'_' } 1 4 Q'_" 1 T._'
Q 1 Q 1 - Q 1 I-|

) T
T% — (1 — —=) > 100
T,

T, : The temperature of the cold source

T1 : The temperature of the hot source

Note:
To obtain work from a heat cycle, there must be at least two heat sources,

one hot and the other cold. However, it's not possible to convert all the heat
into work because the efficiency is less than one, and efficiency is better
when the temperature difference between the two sources is greater.
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Practical Example: A heat engine operates according to the Carnot cycle
between two reservoirs, one hot with a temperature of T1 = 630°C and the
other cold with a temperature of T = 45°C. Calculate the efficiency of the
heat engine and the work done by the engine if the amount of heat taken
from the hot reservoir Q1 is equal to 100 Kj.

Solution:

Calculating the efficiency of the engine:

T, 45 + 273
% =(1-22)x100 = (1-—2"""0) x 100 = 64.79

T ( T, 630 + 273 %
Calculating the work done:

Q1, Q2 _ _ Iz 5 _(ﬂ) _ ;
T1+Tz—ﬂ=-03_ Tl.Ql— €30 273 .100 = —35.22Kj

W= —(Qy+ Q) = —(100 + (—35.22)) = —64.78Kj

4- Entropy:

Through the previous relationship: @, L2,
r, 2 -

Proven in the Carnot cycle, this result can be generalized to any reversible
cycle for any ideal gas. We define a new function called entropy,
represented by: S, and its differential expression is:

dQ:rev
T

Entropy is a perfect differential (the integral of this quantity over a cyclic
transformation is zero), and this relationship is the differential expression
of the second law. Thus, during a reversible transformation from initial
state A to final state B along a reversible path, the change in entropy is
path-independent, where:

dSsS =

B dQ'rev'
AS = Sg— S5, = f
B A A T
And its unit is: J/mol. K or cal/mol. K
Studying the cycle ABA in the case of non-reversible transformation: We
consider the evolution from the initial state A to the final state B through a

non-reversible (real) path.
non-reversible
=

A =
—— &

reversible



We assume the existence of a reversible path that returns the system from
state B to state A. Therefore, the ABA cycle is non-reversible, and the
Clausius inequality can be applied:

dQ
gSAEA? <0
So: BdQ AdQrev
L T fB — -9

Knowing that:

SA_SB:J’dS:fﬁ
B B T

So:

Bd Bd

f —Q+(SA— Sg)<0 = Sz — S, = f cQ
a T a T

If the system is isolated during the non-reversible path (from A to B), there is no

heat exchange with the external surroundings.
So:

B dQ
f — =0 — AS= Sg— 5,=>0
. T
Through the non-reversible ABA cycle, we observe that the entropy of an
isolated system increases during a real (non-reversible) transformation and
remains constant during a reversible transformation.

reversible transformation AS=0

Isolated system -<
non-reversible transformation AS >0

Conclusion:

* During a real (non-reversible) transformation, the entropy of an isolated system
Increases.

* During a reversible transformation, the entropy of an isolated system remains
constant.

* The universe is an example of an isolated system; therefore, the entropy of the
universe remains constant during a reversible transformation and increases for a
non-reversible transformation. The entropy of the universe cannot decrease.

AS UNivers =0



The entropy of a system or a closed system: The entropy of a system or a
closed system is defined by the following relationship:
AS =Ao0 + A S = S;,— S;

Where:

AS :The change in entropy (state function) of a system as it evolves, is the same
for both reversible and irreversible transformations.

Ao . The entropy generated within the system or the system, and based on its
value, we can determine the nature or type of transformation.

reversible transformation —» Ao =0
Irreversible transformation (l'eal n'ansfm'mation) — Ac =0

AeS : The change in entropy acquired from the external surroundings, known as
the exchange entropy, is not a state function. And it equals the ratio of the
amount of heat gained by the system to the temperature of the source (the
temperature of the external surroundings), where:

Q

TSDIII.I'CE

A S =

e The sign of AcS is related to the sign of the exchanged heat quantity.
e To determine the value of Ao, it is necessary to know the values of AS
and AeS, where:

Ao = AS — A_S

ﬂs — fdQTBU
T
AS = ¢
TSDI].I‘CE'

Special case (isolated system): In this case, there is no heat exchange.

AS = A S + Ao

A8 = Q =0 —= AS = Ao =0

TE ource

Ao = 0 — reversible transformation
Acg = 0 = Irreversible transformation (real tl'ansfm'mariﬂn)




The physical interpretation of entropy: Entropy S is a thermodynamic state
function and is considered a measure of the degree of disorder or randomness of
the system.

AS = S_f — Si
AS for physical changes:

OO0
OO0 o condensation freezing §§
# —
o O O AS <0 AS <0
gas liquid Solid
increased distances decreased distances more orderly

between molecules,
lack of order.

[ ]ﬁ'apm';ltﬂm,[ o ] Melting,
gas —— | liquid —_—

45 >0 45 >0 ‘

between molecules

AS >0  sublimation

The process of dissolving a solid in a liquid:
State ¢ z) State 7 2/

| Dissolving a solid in water

A5 =5-5>=0

The transition from state (1) orderly to state (2) less orderly.



So entropy describes the extent of disorder or randomness of the particles
in the system and the dispersion of energy associated with these particles.
We summarize in the following table the different physical transformations
and the sign of the corresponding entropy change.

AS < () Transition from disorder to order | AS > () Transition from order to disorder
g — L Condensation ® L — g Evaporation @
L—— S freezing @ S — L melting, ®

dissolving a gas in a liquid, ® S — q sublimation, o
€0yy) + Ha0) = HaCOy
crystallization of solid bodies * dissu_lving a solid in a liquid. ¢

Applying the second law to ideal gases during reversible transformations:
1- Entropy expression in terms of T and V:
According to the first law:

dU = dW + dQ

dQ
S = — = dU = dW +Tds

dW = —P_..dV = —PdV — dU= —PdV +TdS

ext

du P
dS = —+= dV

T T
PV —nRT —> P — nRT - P_ nR
-n 7 T -V
dU nR dT dVv
d5= ?—F? dF=nCV?—|— RR?
T2 dT V2 dv
AS = nC —+ nR —
n Vfr T n L v
i 1

AS = nCyL (Tz)+ RL (Fz)
=n n|— T ni{—
VETAT v

1 1



2- Entropy expression in terms of T and P:

H=U+PV = dH =dU+ VdP + PdV
dH = d@Q +dW +VdP + PdV
dW = —PdV
dQ
ds = ?:>dQ=TdS
dH = dQ +dW + VdP + PdV =TdS — PdV +VdP + PdV = TdS + VdP

PV — nRT — . — ™K
=n T P

o AH_dP
T T ™p

AS T2 dH f”z R dP
= — = nh—-
Ty T Py P

T2 dT f’z dP

AS = nCPf T nR

Ty
Ty P,
AS = nCpln (—) — nRLn (—)
Ty Py
Note:

P,
If TCst — ﬁS=—nRLn(—)

1

T,
If PCst — AS = HCFLH(T—‘_)

1

3- Entropy expression in terms of P and V:

dT dVv
dS =nCy—+ nR—- . (D)
dT dP
ds = pr? — HR? (2)
dT dv dT dpP

1)=(2) =2=nCy—+ nR— =nCp—— nR—
(1) = (2) = nCy— + nR~-=nCp—r— nR—
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dr dv  dp dr dv  dp
7+ 7) "R (T + )

e B 2 A SN2
dT  dV dP 3
T V P (3)

By substituting (3) into (1), we find:

s c dv dP RdV
=nly(—+ )+ nh—
ds C b C R v
v+ n(Cr + R
dpP dv
ds :?’ICV—+ HCP—
P Vv
P2dp V2dv P, v,
AS = "fvf —+ nfpf — = AS = nCVLn(—) -l—nCan(—)
p, P v, V P, Vi

Note:

£
If PCst — AS= nCPLn(—)
Vy

P,
If VCst — AS= nCVLn(—)
Py

We can summarize all the previous relationships in the following tables for
the reversible transformation of n moles of an ideal gas:

11



Isothermal transformation

_ Va\ Py Q
Q = nRTLn (V1) = nRTLn (P2>
|74 P
W = —nRTLn (—2> — —nRTLn (—1) w
vy P,
AU =0 1 according to the first law of Joul AU
AH = 0 according to the second law of Joul AH
|74
AS = nRLn (—2) AS
Vy
AS = —nRL (PZ)
= —nRLn P,
Isochoric transformation
Q =Qy =AU =nCy(T, —T,) Q
w=0 W
AU = nCV(TZ — Tl) AU
AH = nCp(Tz — Tl) AH
T
AS = nCyLn (—2) AS
Ty
Isobaric transformation
Q=Qp=AH =nCp(T, —T) Q
W=-P,(V,-V,) W
W =AU — AH
AU = nCV(TZ = Tl) AU
AH = ncC, (T, - T,) AH
T
AS = nCpLn (T—2> AS

1

12




Adiabatic transformation

Q=0 Q
W = AU = nCV(TZ — Tl) W
W — P,V, — PV,
y—1
AU = nCy(T, — T,) AU
AH = nCp(T, — T,) AH
AS =0 AS

Types of Entropy:

1- Entropy Change of State: At constant pressure (P Cst) and constant
temperature (T Cst). During a phase change of a pure substance, the pressure
remains constant and equals atmospheric pressure, and likewise, the temperature
of the phase change remains constant. In this case, the change in entropy equals:

. dQ?"QU _ dQ?"QU _ EJ’ . Q?"QU
ds =— :::.as—f = = dQy = <

n4 HTrmwfuﬂn ation

a5 =
TTrm!sfuﬂnnﬁﬂn
AS . ndH fusion A . ndH vaporization
fusion = @ ’ vaporization T .
fusion VaAPorIIanon
‘dHfﬂsiuﬂ = Lf‘HSiD?i; AH"’H_FGI“imﬁﬂn =L vaporization

L: Latent heat (J/mol ; cal/mol)

Example :
Calculate the change in entropy AS corresponding to this transformation:

H;0,, — H;O0.4,
T1=rrporimﬁm: = 100°C
AH yvaporization = 40,4Kj/mol
nAH vaporization 40,4 x 10°

a8 .= = = 108,32 J/K
vaporization Tyaporization 100 + 273 I/

13




2- Mixture Entropy:

2-1) Two different gases at constant temperature: Let's consider two different
gases present in separate containers, insulated from each other by a heat-
insulating cover, as systems under the same pressure and temperature.

Gas (2) Gas (1) Gas(1)+ Gas (2)
ny,P,T,V; ny,P,T, Vs — > natny, P, T Vit V)

After removing

. the barrier The final state
The initial state
dQ dU —dW dU dw dT dv dT dv
das = T = T = T — T =11CV?—|—P?= ]IC‘.—?—FFIR?

174
T Cst = AS — nRLn( f) — AS,;,, — AS, + AS,

V;
Vi + Vz)

Vi+V
g);ﬂszz anLn(
Vo

AS-]_ == .rl-]_RLn( Vl

| V.
AS,,, — n, RLn (1 + —2) +n,RLn (1 + —1)

VvV, Vs
vV, mny
PCst; TCst —= PV, =n,RT; PV; = nRT — — = —
Vz >

AS;,, = nyRLn (1 + z—f) +nRLn (1 + ;‘—;

mn, +n o + 1
AS;,, = n,RLn (%) +n.RLn (#)
i

AS;,, — —n,RLn L) — n,RLn (L
g + 1, nz + 1n,
.ds;r'ot - _fllRLn(Xl) — flzRLn(—Xz) - _R[flan(Xl) -+ flan(Xz]]
AS,,., — —RZ n, Ln(X;)
i=1

14



Where :
n; : the number of moles of gas i.
Xi: The molar fraction of gas i.

Example:

Calculate AS corresponding to the preparation of a mixture consisting of 1 mole
of oxygen gas and 2 moles of hydrogen gas, assuming no chemical reaction
between them and that it is reversible.

solution:
Ti 1 2
AS — —R Z n;ILn(X;) = —R [1. ILn (5) +2 Ln (5)]
1 2
AS = —8,314. [1.Ln (5) +2.Ln (E)] = 15,87 J/K

2-2) Two gases of the same nature at different temperatures:

Gas (2) Gas (1) Gas(1)+ Gas (2)
n,P,T2,V2 n,P,T1, Vi > 2n,P, T [ Vit V3)
After removing
The initial state the barrier The final state

After removing the barrier and at thermal equilibrium, we have:
T +T>
2

Tf:

Assuming the gas is an ideal gas and Cp is constant, then:

ﬂs"rﬂt == ds-]_ + ﬂsE

dT dP
ds, = nCP?— nR?
dT T;
PC(Cst = dS; = nCP? —= AS; = nCPLn(?]
1

T; T; T;
AS; = nCpln (—) —= AS7,, = nCpln (—) +nCpln (—)
T Ty T

ASt,, =nCp [Ln (E) +Ln (E)] =nlp Ln( sz )
? Ty T, T, XT,
(T, + T,)?
4(T; X Tz))

AS, =nlCp Ln(

15



Practical Example 1: A setup consists of two equally sized insulated containers
connected by a valve. We place 1 mole of gas in one of them and completely
evacuate the other. Calculate the change in entropy when the valve is opened
between the containers, allowing the gas to spread throughout the entire volume.
(Temperature remains constant).

Gas [1} Empr}'
imel V | T v o >
After removing

The initial state the barrier The final state

Ve =2V ;n;,,=1mol; T; = T, = Cst
Iy Vy Vs

A5 = nCylLn (—) + nRLn (—) = nRLn (—)
T V V

i i i
2V
AS =1x8,314Ln (?) =576 J/K

Practical Example 2:

Calculate the change in entropy and the work done for a gas compression
process at constant temperature from the initial state (T; = 15°C; V; = 0.03 m3;
P1 = 1.05 atm) to the final state (P, = 4.2 atm).

Solution:
Calculate n:
v wRT. s PiVi 1,05 x 0,03 x 103 334 mol
1t = = = ey T 0,082 x (273 + 15) mo
AS CoL (Tf) RL (Pf)
= P n Tf n n Pi
P, 42
TCst — AS — —nRLn(P ) — 1,334 x8,314Ln (1 05) — 15,37 J/K

Let's calculate the work:
TCst =5 AU=0=W+Q=0=w= —Q

45 = e = Q=TAS=W = —TAS = —288 X (—15,37) = 4426,56J

T
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Second method :

f f dVv Vf Vs
W = — PdV = — nRT — = —mRTLn = —nRTILn|—/—
| V; V4,
Vo P,
P-]_V-l_ == PIRT,'PZVZ == PIRT:;’V—-]_: P—Z
P, 1,05
W = —nRTLn P = —1,334 x 8,314 x 288Ln 3 2 = 4428, 06 ]
2 ’

The third Law of thermodynamics:

Introduction: The experiments conducted by both Nernst and Planck on solid bodies
at low temperatures have demonstrated that the specific heat of solid bodies decreases
significantly.

Text of the third law principle:
The entropy of a pure crystalline solid in its most stable form is zero at absolute zero,
and we write:

Suzﬁf:{}

From the results of this principle, the following are observed:

1- The specific heat of all bodies tends towards zero as the temperature approaches
absolute zero.

2- At absolute zero, the internal motion of molecules becomes nonexistent, thus the
crystalline body is in a state of maximum regularity and its corresponding entropy is
zero. After raising the temperature, molecules begin to move randomly, increasing the
state of disorder and consequently increasing entropy.

3- This principle allows us to calculate absolute entropy at temperatures other than
absolute zero using the aforementioned relationships.

Example:

H,0( — H,0(
0°K T"K
At absolute zero, water exists in a solid state, and from it:

ﬂ.s == Sf _SE - SDT:H — SDD K - SDT:H
5°T°k : The absolute molar entropy at T °K

5%k : The absolute molar entropy at ( °K

17



The absolute entropy of a pure substance at T °K: We consider 1 mole of a pure
substance and raise its temperature from 0 °K to T °K at constant pressure:

AS AS AS AS AS
Ags) — Ag5) — Ay s Ay— A — Ag
0°K Tfus Tfus Téhu Tehu T°K
MZSf_SI:M—SDT:K_SDK—STH
ds — dorev
T
Tyye dT AH Tipu dT AH
fus vap
As= 5= | Coas T 2 [ Tepaa,
0°K r Tftfs T s T Tébtf
T*K dT
+ CP(AJH?

Special cases:

1- Calculation of the absolute entropy under standard conditions S°29s k: If the solid
remains solid under standard conditions, then:

298°K dT

AS = 5%;9g:x — 5%k = 5208k = J n fp(ﬂ)s?
0°K

The following table provides some values of absolute entropy under standard conditions
for some elements:

The compound Ceraphite CuQys) H,O O2g)
5° 29g:-x (cal/mol.K) 0,6 10,4 16,7 49

2- Calculation of the absolute entropy at temperature T °K:

T°K
dT
298°K

In case there is no change in physical state during the temperature change from 298 °K
to T °K.

18



Chemical reaction entropy:

The change in entropy for a chemical reaction at constant
temperature is calculated using Hess's law.

In standard conditions (P = 1 atm, T = 298 °K), the change in entropy
for a reaction is given by the following equation:

AS°r2o0g-k = 2, &;S% ( Products) — 2} B;S°%( Reactants )

o, B; : stoichiometric coefficients

In the case of variable temperature, the change in entropy is
calculated using Kirchhoff's law (assuming no change in physical
state for the reactants and products during the temperature change):

- T dT
In the case Cp == F(T) = AS®p 7k = AS®paeg-x + ﬁcPJ
Z985 T
T dT
Iﬂthe case CP' —_ f':T) —_— .&5'}“. e — asgnlzgﬂ = -+ QCPT
S 298

ACp = Z o; Cp, ( Products) — Z B:iCp, ( Reactants )

o;, B; : stoichiometric coefficients

Examples:
1- Let the chemical reaction be:

CyHyo(g)y — 4Cgranite + SHa(g
52098 “K(Cg'rahite) = 5,74]J/molK

S°98-k(Hz(g) = 130,68 J/molK
5°98-k(CaH10(y) ) = 320,23 J/molK
The change in entropy for this reaction is:

AS°r298 -k = 45°208 *k(Cgranite) + 55°208-x(H2(g))

— 5°208 *k(CasH 10¢g) )

AS°g 208 -k = 4(5,74) + 5(130,68) — 320,23 = 356,13 J/molK

AS°r29g -k = 0. because Ng; = Ngyr

2 - Let the chemical reaction be:

Nzigy + 3Hz(g) — Z2ZNHgzg4

5°%0g -k(N2ig ) = 191,61]/molK
S5°398 -k(Hz2(g)) = 130,68 J/molK
S5°298 -k(NH3z(45,) = 192,45 J/molK

19



The change in entropy for this reaction is:

AS°R298 °k = 25°298 k(N H3(g)) — 5208k (N2(g))
— 35°20g°k(H2(g))
AS°Rr298-k = 2(192,45) — (191,61) — 3(130,68)
— 198,75 J/molK

AS°R2og:k = 0 OV Ng; = Mg The final state is more ordered than the initial state.

Practical Example 1:

1- Calculate the standard molar absolute entropy of water at 298 °K, where:

AHfus,z73 (HzO)s = 1440 caI/moI ’ S°273(H20)s = 10,28 caI/moI.k
Cp(H,0). = (11,2+7,17.103T)

2- Calculate the change in standard molar entropy for the formation of water at 298 °K,
where:

S°298(H2)g = 31,21 cal/mol.K; S°205(02)g = 49 cal/mol.K

Solution:

1- Calculating the standard molar absolute entropy of water at 298 °K:

AS, AS,
Hzﬂ - HEG > Hzﬂ
(s) (D (1)
273K 273K 298 K
AS°r,, = ASy +AS, ‘

MDT:}t = SDZQB=K(—H20L] - SDZTIS:K(-HZUS) = 'ﬂsl + MZ
SDZQB=K(HZGL] = SDZTIS:K(HZGS] + Iﬂ*‘s‘l + &SZ

B nAHg,, B 1 %1440 _ 5 27 P IK
= T rue = 273 =5, cal/mo

298 dT 298 1. 2
AS, = f nCp(H,0,)— = 1(—+ 7,17 X 1{]‘3)dT
273 T 273 T

298
AS, = 11,2Ln (2?3) + 7,17 x 1073(298 — 273) = 1,1606 cal/molK

5%gg:-x(H20;) = 16,71 cal/molK

20



2- Calculating the change in standard molar entropy for the formation reaction of water
at 298 °K.

1
Hyg) + 50209 = H20q,

o o L} 1 o
AS°R 208k = $%208 =K(H20{L]) — 57208 =K(H2{g]) —55 298 =K(02(g])
1
AS°g 29g-x = 16,71 — 31,21 —5(49] = —39 J/molK

AS°r 208k < 0 ( Increase in orderliness )

Practical Example 2:

3
Let the following chemical reaction be:  2ZNH3z(g) + 5 02(g) = N2¢g) +3H20¢,

Calculate AS® for this reaction at:

* Temperature 298 °K.

* Temperature 300 °K where water is in the liquid state.

* Temperature 400 °K where water is in the gaseous state.
Given:at T=25°Cand P =1 atm.

The compound | H,0) H20(q) Natg) Ozg | NHypg)
s°(J/molk) | 69,94 | 18872 | 191,5 2050 | 192,6
Cp (J/molK) 75,30 33,58 29,12 29,37 | 35,1
AHvapo(H;0q)) = 40,5 KJ/mol

Solution:
* Calculating AS° at a temperature of 298 °K:

AS°R 298k = 35%0g :K(HZD{L]) + 5%9g =K(Nz{g]) —25%49g =K(NH3{33)
3 o
- ES 298 =[{(02(gil )
3
AS°g208-% = 3(69,94) +191,5 — 2(192,6) — - (205,0)

* Calculating AS® at a temperature of 300 °K
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There is no change in the physical state for the reactants or the products during the
temperature change from 298 °K to 300 °K. Therefore, according to Kirchhoff's law:

300 dT
ﬂSDR. 300°K — MDR.ZQB *K + f ﬂ'CP_
208 T

3
ACp = Cp(Nay)) + 3Co(H20(y) — 2Cp(NH3 ) — 2 Ce(02,))

3
ACp = 29,12 + 3(75,30) — 2(35,1) — 2 (29,37) = 140,765 J/molK

300

AS° = AS° +f AC T— 291,38 + L 300
R, 300°K — R.298°K ros Pp T ’ 11(298]

* Calculating AS° at a temperature of 400 °K.

When the temperature is raised to 400 °K, water converts to the gaseous
state.

0> 08
3
2NH3g) + 502(31—- Nz + 3H20g,

F 3 F 3

ASe

3H,0(L) 373°K

AS, AS, .
6 + AS AS.

3H,0(g) 373 °K

a54]
L L

AS® 40
3
NH;3(,) + Eoz{g]—h Nz + 3Hy0,
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AS =0 = AS, +AS; + AS® 00+ AS3 + AS, + ASs + ASg — AS°,05 = 0
cycle

AS®400 = AS%295 — AS; — AS; — AS; — ASy — AS; — ASg

AS,; = j'“m 2Cs(NH — =2x35,1L (400) = 20,664 J/K
n ,

AS fm Cp(020)) ar _ 3 . 29,37L (400) 12,96 J/K
27 ), 2 P 2@ 2 "\208/ =

AS —fmc Noe ) _ 29 121 (298)— 8 57 J/K
Il p( ""(g)) = n(zo0) = 8 J/

AS fm 3Cp(H205) — ar 3 x 33,58L (3?3) 7,040 J/K
= 2 = n = —7,
4 oo TV FT@ 400

—3AH,,, —3x40,5x 10°

ASs = —p = o _ _325,73J/K
298 293

AS, — I 3cp(HjﬂLL~,)— — 3 x 75, :an( ) — —50,71J/K
s 373

AS°400 = —291,38 — (20,664) — (12,96) — (—8,57) — (—7,040)
—(—325,73) — (—50,71) = 67,046 J /K

AS®400 > 0 Increasing the number of gas moles

Practical Example 3:

The following figure represents a Clapeyron diagram for the three
transformations undergone by 1 mole of an ideal gas, forming a closed

cycle.

P[bar]ln
Ta=Ts = 1000 °K°
B
2 fprarsnns TC=250,2°K;'9‘=1:4
n}E e .=
C: : A
>

41,9 166 V(L)
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Calculating AS for the cycle:

T Cst Vg 41,9
A—B = &SﬂgerRLn(ﬁ)= 1><8.314Ln(166)
AS,g = —11,45]J/K

R R
Cvzﬁi P:i
V Cst T, 8 314 250,2
B —C = ASp =RCVLH(V—B)= 1Xx 1'4_11.11(1000)
ASgr = —28,8] /K
c’ =4 5 AScs = HCPLH(E) =1x 1,4 X 8'3141,11(1000)
Vv 1,4-1 250,2

C
ASgc = 40,32 J/K
AS = AS,p+ASgc+AScy = —11,45 + (—28,8) + 40,32 ~ 0

cyele

24





