6.2

CHEMICAL EQUILIBRIUM

Equilibrium Constants (Part |)

At the end of the lesson, students should be able to:

(a) Define homogeneous and heterogeneous
equilibria.

(b) Deduce and write expressions for equilibrium
constants in terms of concentration, K. and partial
pressure, K, for homogeneous and heterogeneous
systems.

(c) Derive and use the equation, K, = K, (RT)A".

LESSON DURATION: 1 hour



Qg\ HOMOGENEOUS EQUILIBRIUM

< Products and reactants are in the same phase.
N2O4(9) === 2NO,(9)

250,(g) + O,(g) === 2S04(9)

CH;COOH(aq) === CH;COO-(aq) + H*(aq)




e
03 WRITING K, AND K. EXPRESSIONS

aA(g) + bB(g) === cC(g) + dD(g)

_ [CI°[D]

T ARBP

N2O4(9) === 2NOy(9)

_ [NOQyJ?
[N2O,]

C

Subscript C In K =
concentrations of the
reacting species

CH;COOH(aq) === CH;COO-(aq) + H*(aq)

 _ [CHCOOT[H]

[CH,COOH]

Note: Unit of concentration = M (mol L)



3. WRITING K, AND K, EXPRESSIONS

aA(g) + bB(g) === cC(g) + dD(g)

P.C P, P = equilibrium partial
Kp = S ap b pressure of the gas
A B
N,O,(9) === 2NO,(9)
p 2
K = . NO,
P~ D Note:
N,O, Equilibrium constant
Ny() + 3Hy(g) === 2NHy(g) ~ SXPression (e orice)
5 also calle
< = PNH3 Equilibrium law
P 3 expression
Py N, PH2

Note: Unit of pressure = atm.



‘%{ WRITING K, AND K, EXPRESSIONS

PV = nRT

T
|
| =
Py
_|
©
I

ALE
Y RT vV
At constant temperature,

pressure is directly proportional to molar
concentration (n/V).

The equilibrium constant for reaction
Involved gases, can be expressed based
on concentrations (K.) and pressures (K;).




v |

The equilibrium constant (K- and K;)
IS a dimensionless (no unit) quantity.

PCl;(g) + Cl,(g) === PCI(9)
Ke = 1.67 (at 500K)

K, = 4.07 x 102 (at 500K)



PCl3(g) + Cly(g) === PCls(9)

K. = 1.67 (at 500K)

K, = 4.07 x 102 (at 500K)

In quoting a value for the K; or K, you MUST

specify the balanced equation (including the phase
of each reactant/product) and the temperature.




m EXERCISE - 2

Write expressions for K., and K; if applicable,
for the following reversible reactions at
equilibrium:

Note: balance the equations first.

a) HF(aq) === H*(aq) + F(aq)
D) NO(g) + 0,(g) === NO,(g)
C) N,O5(g) === NO,(g) + O,(9)

d) CsHg(g) + O,(g) === CO,(g) + H,0(g)

e) NHz(g) + O,(g) === NO(g) + H,0(g)
f) NO(g) === N,O(g) + NO,(g)



EXAMPLE - 1 l ANS:

The following equilibrium process has been
studied at 230°C:

2NO(g) + O,(9) 2NO,(9)

In one experiment the concentration of the
reacting species at equilibrium are found to be
[INO] = 0.0542 M, [O,] =0.127 M, and

[INO,] = 15.5 M. Calculate the equilibrium constant
(Ko) of the reaction at this temperature.

[NO,] (15.5)2
K, = = = 6.44 x 10°
[NOJ?[O.] (0.0542)2 x 0.127




Consider the following equilibrium process at
700°C:

2H,(g) + S,(9) 2H,5(9)

Analysis shows that at equilibrium, there are
2.50 mol of H,,1.35 x 10— mol of S,, and

8.70 mol of H,S present in a 12.0-L flask.
Calculate the equilibrium constant K for
the reaction.




m EXERCISE - 4

At a certain temperature, K. = 1.8 x 104 for
the reaction

N,(g) + 3H,(9) === 2NH;(9)

If the equilibrium concentrations of N, and NH,
are 0.015 M and 2.00 M, respectively,
what is the equilibrium concentrations of H,?




m EXERCISE -5 |

In a study of the conversion of methane to other
fuels, a chemical engineer mixes gaseous CH,
and H,O in a 0.32-L flask at 1200 K.

At equilibrium, the flask contains 0.26 mol of CO,
0.091 mol of H,, and 0.041 mol of CH,.

What is [H,O] at equilibrium?

Ke = 0.26 for the equation

CH,(@) + H,O(g) = CO(g) + 3H,(9)




Equilibrium is established at 25°C in the
reaction

N,O,(g) === 2NO,(g) K. =4.61x 103

If INO,] = 0.0236 M in a 2.26-L flask,
how many grams of N,O, are also present?




- EXAMPLE - 2
uy

The equilibrium constant K for the reaction

2NO; (9) ===2NO (9) + O, (9)
IS 158 at 1000K. What is the equilibrium

pressure of O, If the Py = 0.400 atm and Py =
0.270 atm?

P2 P
ANS: J K, =02
PN02

P2

I:)NO

Po, = 158 x (0.400)%/(0.270)2 = 346.8 atm



m EXERCISE - 7

The equilibrium constant K for the decomposition
of phosphorus pentachloride to phosphorus
trichloride and molecule chlorine

PCls(g) === PCl;(g) + Cl;(9)

IS found to be 1.05 at 250°C. If the equilibrium
partial pressure of PCl; and PCI; are 0.875 atm and
0.463 atm, respectively, what is the equilibrium
partial pressure of CI, at 250°C.




For the Haber process,
N,(g) + 3H,(9) 2NH3(9)
Kp =1.45 x 10~ at 500°C.

In an equilibrium mixture of the three gases at
500°C, the partial pressure of H, is 0.928 atm

and that of N, Is 0.432 atm.
What is the partial pressure of NH; In this

equilibrium?




Keep 1n mind!

The value of K- and K, depend on how the
equilibrium equation is written and balanced.

N,O,(g) === 2NOy(9) (at 25°C)
NO,]2
K = INO™ _ 463 % 10
[N,O,]
2NO,(g) === N,0,(g) (at 25°C)
[N,O,]
KC — 2~ =216

[NO,]?



Keep 1n mind!

The value of K- and K, depend on how the
equilibrium equation is written and balanced.

N,O,(g) === 2NO,(9) (at 25°C)
[NO,]?
Ke = = 4.63 x 10-3
[N,O,]
1 —_—
5 N;O4(9) === NO,(9) (at 25°C)
K = INO  _ 50680

[N,O ]2



For the ammonia-formation reaction,

N»(g) + 3Hy(9) 2NH;(g)

Ke =2.4 x 1073 at 1000 K. If we change the
coefficients of this equation, what are the values
of K. for the following balanced equations?

a)  3N,(0) + Hy(g) ~—=5NH;(g)

b)  NHy(g) === 5Nx(9) + 3 H(@)




m EXERCISE - 10

At 25°C, K. = 7.0 x 102> for the reaction:
250,(9) + 0,(9) 2505(9)
What is the value of K for the reaction:
= 1
SO5(9) = SO,(9) + 502(9)




2% HETEROGENEOUS EQUILIBRIUM
[ }-

# Reactants and products are in different phases.

CaCO,(s)=== CaO(s) + CO,(g)

(6 = [CaO][CO,] [CaCO,] = constant
C~ [CaCO,] [CaO] = constant
Ke =[CO,] Kp =Pco,

The concentration of pure solids, pure liquids
and solvents do not appear in the equilibrium
constant expression.



T=650C

Same [COo9]
¢ / T \, o

oo ToTER

CaCO3 &
S h «
l( 20 l . CaCOs .

& A pure solid always has the same concentration at
a given temperature = same number of moles per liter
of the solid.

& Just as it has same density at any given temperature.

& Same reason applies to pure liquid.



CaCO,(s)=<==—= CaO(s) + CO,(g)

0
o n
CaCo, 4/ caCo, n N
R o CaO o A — CaO
& o X AEH

Pco, = Kp

Pcozdoes not depend on the amount of CaCO; or CaO.



EXAMPLE - 3 l ANS:

Write equilibrium constant expression for
Ke and Ki for the formation of nickel

tetracarbonyl, which is used to separate
nickel from other impurities:

Ni(s) +‘:‘@

_ [NI(CO),]
KC_ [CO]4 _ I:)Ni(CO)4




m EXERCISE - 11

Balance each of the following equations and
write its equilibrium constant expression,
Ke and Kg:

a) Na,O,(s) + CO,(q)

Na,CO4(s) + O,(g)
D)  H,O() === H,0(9)

C) NH,CIS)~  NHy(g) + HCI(g)

d) H,0() + SO,(g) === H,S0O,(aq)

€) KNO,(s) === KNO,(s) + 0,(q)

f)  Sa(s) + F,(g) =—=SF4(9)



m EXERCISE - 12

Balance each of the following equations and
write its equilibrium constant expression,
Ke and Kg:

a) NaHCO4(s) Na,CO,(s) + CO,(g) + H,O(g)
b) SnO,(s) + H,(g) ===Sn(s) + H,0(g)
C) H,SO,() + SO;(g) == H,S,04(l)

d) AgCl(s) ===Ag*(aq) + Cl(aq)
€) CO,(s) <~—=C0,(g)
C) N,O5(s) === NO,(g) + O,(9)



:'3 EXAMPLE - 4 ANS:

Consider the following equilibrium at 295 K:
NH,HS(s) ==—=NH;(g) + H,S(9)

The partial pressure of each gas is 0.265 atm.
Calculate K, for the reaction?

Kp = Ry, Ph,s = 0.265 x 0.265 = 0.0702



At equilibrium in the fol
the partial pressure of t

owing reaction at 60°C,
ne gases are found to be

P, =3.65x 10~ atm anc

Ph_s = 0.996 atm.

What is the value of K for the reaction?
H,S(g) + 1(s) = 2HI(g) + S(s)



m EXERCISE - 14

At equilibrium, the pressure of reacting mixture
CaCO4(S) CaO(s) + CO,(9)

IS 0.105 atm at 350°C.
Calculate K for this reaction.




N % RELATION BETWEEN K, AND K.

7

In mMost cases

Ke #Kp
aA(g) + bB(g) === cC(g) + dD(9g)
C d cp d
oo 3
An = moles of gaseous products = (c +d)-(a+b)

— moles of gaseous reactants



4% Derivation of equation: Kp = K(RT)®
[

Let us consider the following equilibrium in gas phase:

aA(g) + bB(g) === cC(g) + dD(9)

The equilibrium constant K: The expression for Kp:
. e PPy
cC — —
[A12[B] "~ pap.pb
Assuming the gases behave as ideal gases: PV = nRT

Po = DART  Pg = IBRT  P. = Nert Py = DoRT
\Y \Y \Y \Y%

= [AIRT = [BIRT = [CIRT = [D]RT



7

Pro = IART P =I8RrT P, = Nerr Pp = DoRT
\% \Y% \Y; V
= [A]RT = [B]RT = [C]RT = [D]RT

*Notice that, n,/V, ng/V, n./V and ny/V have units mol L and been
replaced by [A], [B], [C] and [D]

By substituting these relations into the expression of Kg:

PC Py [C]¢[D]¢
K. = — RT)( + d)~@ + b)
" PRP AREP
— ([C]RT)® x ([D]RTY) = K(RT)™

([A]RT)2 x ([B]RTP) An = moles of gaseous products -
moles of gaseous reactants




Keep 1n mind!

Relationship between K, and K- can also
be written as Ky = K-(0.0821T)An

R =0.0821 L atm mol! K-

fAN=0: Kp=K(0.0821T)°
Ko = K

Example: H,(g) + Br,(g) === 2HBIr(g)




Show how you can get the following equation:

Kp = Kc(RT)

Hints:
aA(g) + bB(g) === cC(g) + dD(g)
[C]¢ D] PSPy
c~ Kp = b
[A]2[B]P P,%Pg

PV = nRT



EXAMPLE - 5 l ANS:

The equilibrium concentrations for the reaction
between carbon monoxide and molecular
chlorine to form COCI, (g) at 74°C are [CO] =
0.012 M, [CI,] = 0.054 M, and [COCI,] = 0.14 M.
Calculate the equilibrium constants K- and K.

CO (g9) + Cl, (9) COCl, (9)

_[cocl] 0.14
€ [COJ[Cl,] 0.012x 0.054

Kp = Ke(RT)4"
An=1-2=-1 R =0.0821 T=273+74=347K
Kp =216 x (0.0821 x 347)1 = 7.58

= 216



Determine An g, for each of the following
reactions:

a)
b)
C)
d)
€)

)

2KClO4(s)=— 2KCI(s) + 30,(g)
2PbO(s) + O,(g) === 2Pb0O,(s)

,(s) + 3XeF,(s) == 2IF;(s) + 3Xe(g)
MgCO,(s) === MgO(s) + CO,(9)
2H,(g) + Oy(g) === 2H,0(l)

HNO,(I) + CIF(g) === CIONO,(g) + HF(g)



m EXERCISE - 17

Calculate K for the following equilibria:

a) CO(g) + Clx(9) COCI,(9)
K, = 3.9 x 10-2 at 1000K

b) S,(g) + C(s) ===CS,(9)
K, = 28.5 at 500K

c) Hy(g) + I,(g) ==2HI(9)
K, = 49 at 730K

d) 2S0,(g) + O,(9) === 2S0;(9)
Ky = 2.5 X 1010 at 500K




Calculate K for the following equilibria:

a) N,0,(g) ===2N0O,(9)
K. = 6.1 x 102 at 298K

b) N,(g) + 3H,(9)=== 2NH;(9)
K. = 2.4 X 10-3 at 1000K

c) Hy(g) + CO,(g)=== H,0O(g) + CO(9)
K. = 0.77 at 1020K

d) 30,(9)=—= 204(9)
Ko = 1.8 X 10756 at 570K

D+ @ - -+




m EXERCISE - 19

Nitric oxide, oxygen, and nitrogen react by the
following equation:

2NO(g) === N,(g) + O,(9)
Ko =2.3 x 1030 at 298K.

In the atmosphere, PO = 0.209 atm and
Pn,= 0.781 atm.

What IS the partial pressure of NO In the
alr We breath? Inspiration -




Consider the following heterogeneous equilibrium:
CaCO4(S) CaO(s) + CO,(9)

At 800°C, the pressure of CO, Is 0.236 atm.
Calculate K, and K. for the reaction at
this temperature.




I ! ! EXERCISE - 21 l

For which of the following reactions does
Kp =K ?

a) 2H,(g) + C,Hy(g) == C,Hq(9)

b) Ny(g) + O,(g) === 2NO(g)
C) 2NO(g) + O,(9)=—=2N0,(g)




END OF
SLIDE SHOW




CHEMICAL EQUILIBRIUM

6.2 |Equilibrium Constants (Part Il)

At the end of the lesson, students should be able to:
(@) Calculate K., K, or the quantities of species

present at equilibrium.

(b) Define and determine the degree of dissociation, a.

LESSON DURATION: 2 hours



%2 EQUILIBRIUM PROBLEMS

Two types:

< Equilibrium quantities ( concentrations ,
partial pressure ) are given

B < Solve for K. or K,

< Initial quantities ( initial concentrations
Initial partial pressure ) and Ky or K- are

given

& Solve for equilibrium quantities
( concentrations , partial pressure )




USING A REACTION (ICE) TABLE

1. Express the equilibrium concentrations of all species
In terms of the initial concentrations and a single
unknown x, which represents the change in
concentration.

2. Write the equilibrium constant expression in terms of
the equilibrium concentrations. Knowing the value of
the equilibrium constant, solve for x.

3. Having solved for x, calculate the equilibrium
concentrations of all species.




EXAMPLE - 6 l

At a certain temperature, a mixture of H, and I,
was prepared by placing 0.200 mol of H, and
0.200 mol of I, into a 2.00 L flask. After a period
of time the equilibrium

H,(9) + 15(g) ===2HI(9g)

was established.

At equilibrium, the concentration of |,
concentration had dropped to 0.020 M.
What Is the value of K. for this reaction
at this temperature?

)

/

..‘.*.”
—3
v-’




Initial (M)

Change (M)
Equilibrium (M)

|0€

[1,] =0.020 M

[H,] = (0.100 — 0.080) M

= 0.020 M

EXAMPLE - 6 l ANS:

Hy(@) + (@) === 2HI(9)
0.200 mol 0.200 mol ~ 0.000

2.00 L 2.00 L
= 0.100 = 0.100
— X - X + 2X
0.100 — x 0.100 = X 0.000 + 2x
= 0.020 = 2X
So, x=0.100-0.020
= (0.080

[HI] = 2x0.080 M
= 0.160 M



o EXAMPLE - 6
uy

Ha(@) + () === HI@©)
[H,]=0.020M [l;]=0.020M  [I;]=0.160 M

K. - [HI]2
[H] [15]
~ (0.160)2
~ 0.020 x 0.020

= 64.0



- EXAMPLE - 7
uy

The atmospheric oxidation of nitric oxide,

2NO(g) + O,(9) 2NO,(9)

was studied at 184°C with pressure of 1.000
atm of NO and 1.000 atm of O,.
At equilibrium, P, = 0.506 atm.
2
Calculate K.

w ..v_Si»




EXAMPLE - 7 l ANS:

2NO(g) + O,(g)==—= 2NO,(9)

Initial (atm) 1.000 1.000 0.000
Change (atm) — 2X — X + 2X
Equilibrium (atm) 1.000-2x 1.000 — X 0.000 + 2x
= 0.506 = 2X
So, x =1.000 - 0.506
= 0.494
Pno = (1.000 — 2x0.494) atm Pno, = 2x0.494 atm
= (0.012 atm = 0.988 atm

P02 = 0.506 atm



. EXAMPLE - 7
uy

2NO(g) + O,(g)==—= 2NO,(9)

Pno =0.012 atm PO2 = 0.506 atm  Pno, = 0.988 atm

(0.988)2
(0.012)2 x 0.506

= 1.34 x 104



EXAMPLE - 8 l

At 1280°C the equilibrium constant (K,) for the

reaction

Br,(9) 2Br(9)

is 1.1 x 1073, If the initial concentrations are

[Br,] =0.063 M and [Br] =0.012 M, calculate the
concentrations of these species at equilibrium.
ANS:

Let X be the change in concentration of Br,

Br,(9) =—"2Br(g)
Initial (M) 0.063 0.012
Change (M) — X + 2X

Equilibrium (M) 0.063-x 0.012 + 2x



- EXAMPLE - 8
uy

Bry(9)=—"2Br(g)
Initial (M) 0.063 0.012
Change (M) — X + 2X

Equilibrium (M) 0.063-x 0.012 + 2x

_ [Br]? « = (0.012 + 2x)?

K = -1, -3
c=Br,] e~ ooea—x _-t*10

& Solve for x



EXAMPLE - 8 l ANS:

Br,(9) =—"2Br(g)
Initial (M) 0.063 0.012
Change (M) — X + 2X

Equilibrium (M) 0.063—-x 0.012 + 2x

~(0.012 + 2x)?

~——qgiven
K
¢ 0.063 — X

1.1 x 103

4x2 + 0.048x + 0.000144 = 0.0000693 — 0.0011x
4x2 + 0.0491x + 0.0000747 =0

_-b i\/b2 — 4ac
X =
2a

ax?+bx+c=0



EXAMPLE - 8 l ANS:

@ Determine chemically meaningful x value

Br,(9) =—"2Br(g)
Initial (M) 0.063 0.012
Change (M) — X + 2X

Equilibrium (M) 0.063—-x 0.012 + 2x

(X :79701/05) 50@70? = 791@
(x=-0.00178) =0.0648 = 0.00844
Note: Only one x value makes sense chemically!

At equilibrium, [Br] = 0.00844 M
[Br,] = 0.0648 M



At particular temperature, suppose that the
Initial temperatures of H,, I,, and HIl are
0.00623 M, 0.00414 M and 0.0224 M.

H,(9) + 1x(9) === 2HI(9)

Calculate the concentrations of these species
([H,], [I5], [HI]) at equilibrium.




At 1280°C the equilibrium constant (K.) for
the reaction

Bry(g) =— 2Br(g)

s 1.1 x 10-3. If the initial concentrations are
[Br,] =6.3x 102 M and [Br] =1.2 x 10~> M.
Calculate the concentrations of these species
at equilibrium.




m EXERCISE - 24

Consider the following equilibrium process at
686°C:

CO,(g) + Hy(g) == CO(g) + H,0O(g)

The equilibrium concentrations of the reacting
species are [CO] = 0.050 M, [H,] =0.045 M,
|[CO,] =0.086 M, and [H,O] = 0.040 M.

a) Calculate K for the reaction at 686°C.

b) If we add CO, to increase its concentration
to 0.50 M, what will be the concentrations of

all gases be when equilibrium is
reestablished?




In a particular experiment, it was found that
when O,(g) and CO(g) were mixed and reacted
according to the equation

2C0O(g) + 0O,(g) === 2C0,(9)

The O, concentration decreased by 0.030 M
when the reaction reached equilibrium.
How had the concentrations of CO and CO,
changed?




The reaction
CO(g) + H,O(g) === CO,(g) + Hy(9)

has K. =4.06 at 500°C. If 0.100 mol of CO and
0.100 mol of H,O(g) are placed in a 1.00 liter
reaction vessel at this temperature, what are the
concentration of the reactants and products
when the system reaches equilibrium?

HYDROGEN




m EXERCISE - 27

The reaction
CO(g) + H,O(g) === CO,(g) + Hy(9)

has K. = 4.06 at 500°C.
Suppose 0.0600 mol each of CO and H,O are
mixed with 0.2100 mol each of CO, and H, In

a 1.00 L reaction vessel.
What will the concentrations of all the substances

be when the mixture reaches equilibrium at
this temperature?



At a certain temperature K. = 4.50 for the reaction
N20,(9) === 2NOy(9)

If 0.300 mol of N,O, Is placed into a 2.00 L
container at this temperature, what will be the
equilibrium concentrations of both gases?




Phosgene (COCI,) is toxic substance that forms
readily from carbon monoxide and chlorine at
elevated temperatures:

CO(g) + Cly(g) == COClI,(g)

If 0.350 mol of each reactant is placed a 0.500—-L
flask at 600 K, what are the concentrations of
each substance at equilibrium?

(Ke = 4.95 at this temperature)

Vocabulary: elevated
Increasing, high




m EXERCISE - 30 |

Fuel engineers use the extent of the change from
CO and H,O to CO, and H, to regulate the
proportions of synthetic fuel mixture.

CO(g) + H,0O(g) === CO,(g) + H,(9)

If 0.250 mol of CO and
0.250 mol of H,O are
placed in a 125-mL flask
at 900 K, what is the
equilibrium concentrations
of each gas in the
mixture?

At 900 K, K. = 1.56.




A 1.000-L flask is filled with 1.000 mol of H, and
2.000 mol of |, at 448°C.

H,(g) + I,(g) =—" 2HI(9)
K. =50.5 at 448°C.

What is the partial pressure of H,, |, and Hl
at equilibrium?




Hydrogen iodide decomposes according to
the reaction

2HI(g) == H,(9) + 1,(9)

A sealed 1.50-L container initially holds
0.00623 mol of H,, 0.00414 mol of I,, and

0.0244 mol of HI at 703 K.

When equilibrium is reached, the concentration
of H,(g) i1s 0.00467 M.

What are the equilibrium concentrations of

HI(g) and 1,(9)?




Compound A decomposes according to the
equation

A(g) —— 2B(g) + C(9)

A sealed 1.50-L reaction vessel initially contains
1.75 x 10— mol of A(g), 1.25 x 10— mol of B(Qg),
and 6.50 x 10—+ mol of C(g) at 100°C.

When equilibrium is reached, the concentration
of A(g) is 2.15 x 103 M.

What are the equilibrium concentrations of

B(g) and C(g) ?




0.500 mol of ICI was placed in a 5.00-L flask
and allowed to decompose at a high temperature:

21CI(g) === 1,(g) + Clx(9)

Calculate the equilibrium concentrations of
l,, Cl,, and ICl. (K. = 0.110 at this temperature)




A United Nations toxicologist studying the

properties of mustard gas, S(CH,CH,CI),,

a blistering agent used in warfare, prepares
a mixture of 0.675 M SCI, and 0.973 M C,H,
and allows to react at room temperature (20.0°C):

SCl,(g) + 2C,H,(g) === S(CH,CH,Cl),(g)

At equilibrium, [S(CH,CH,CI),] = 0.350 M.
Calculate K.




m EXERCISE - 36

A key step in extraction of iron from its ore is

FeO(s) + CO(g) =—= Fe(s) + CO,(g)
K, = 0.403 at 1000°C

What are the equilibrium

e CO. CO,

re, limestone, coke)

partial pressure of CO(g) and
CO,(g) when 1.00 atm of

3Fe;,05 + CO—> 2Fe;04+ CO,
CaCO;—> CaO + CO,
Fe;0, + CO—> 3FeO + CO,

CO(g) and excess FeO(s)
react In a sealed container

C+CO,—2CO
FeO + CO — Fe + CO,

Iron melts
Molten slag forms

at 1000°C?

2C +0,—> 2CO




An industrial chemist introduces 2.0 atm of H,
and 2.0 atm of CO, into a 1.00-L container at

25°C and then raises the temperature to 700°C,
at which K. = 0.534:

Hy(g) + CO,(g) == H,0(g) + CO(9)

How many grams of H, are present after
equilibrium is established?




A guality control engineer examining the
conversion of SO, to SO, in the manufacture
of sulfuric acid determines that K. = 1.7 x 108
at 600K for the reaction

250,(g) + O,(g) === 2S05(g)

a) At equilibrium P, =300 atm and B, =100 atm.

SO, 5
Calculate PSOZ .

b) The engineer places a mixture of 0.0040 mol of
SO,(g) and 0.0028 mol of O,(g) in a 1.0-L
container and raises the temperature to 1000K.
At equilibrium, 0.0020 mol of SO4(g) Is present.

Calculate K and B, for this reaction at 1000K.




e EQULIBRIUM CALCULATIONS
#% WHEN K. IS VERY SMALL

® The concentration change (x) can often be
neglected.

[Alinitiar = X = [A]equilibrium =  [Alitia

Note: You must check that the assumption is
justified or not.

X
_ X 100 < 5o < Assumptionis OK
CHECK: [Alinitial

5% rule o
&
X100 > 504 Assumption is NOT OK

[Alinitia @ Use quadratic formula




EXAMPLE - 9 l ANS:

Phosgene is a potent chemical warfare agent
that is now outlawed by international
agreement. It decomposes by the reaction

COCI,(9) CO(g) + Cly9)
K. = 8.3 x 10 (at 360°C)

Calculate [CO], [CI,], and [COCI,], when the
following amounts of phosgene decompose
and reach equilibrium in a 10-L flask:

a) 5.000 mol of COCI,

b) 0.100 mol of COCI,



EXAMPLE - 9 l ANS:

a) COCIy(g) == CO(g) + Clyx9)
Initial (M) 5.000 mol 0.000 0.000
10.0 L
= 0.500
Change (M) — X + X + X
Equilibrium (M) 0.500 — x X X
< [CO][CI,] N
= Ke = = 8.3 x 104
¢™ [cocly © ~(0.500 — x) X

& Solve for x



- EXAMPLE - 9
uy

[CO][CI,]

—_ 2
¢~ [COCI,] Ke =3 550 - =8.3x10%
. — X

& Solve for x

K

K¢ Is very small
Assume x very small, 0.500 — x = 0.500

Ke = X* - 8.3 x 104 Checking the assumption:

0.500
2.0 x 102

0.500

x 100 =4 % (< 5%)

x2=8.3x 104 x 0.500
X =2.0x 102




EXAMPLE - 9 l ANS:

COCl,(g) == CO(g) + Clx9)

Initial (M) = 0.500 0.000 0.000
Change (M) - X + X + X
Equilibrium (M) 0.500 — x X X

(x=2.0x102)
[CO] = 2.0x 102 M [Cl,] = 2.0x 102%M

[COCI,] = (0.500 = 2.0 x 10-2) M
= 0.480 M



EXAMPLE - 9 l ANS:

b) COCIl,(g)=<=——CO(g) + ClIy(9)
Initial (M) 0.100 mol 0.000 0.000
10.0 L
=0.010
Change (M) — X + X + X
Equilibrium (M) 0.010 — x X X
< [CO][CI,] N
= Ke= = 8.3 x 104
¢™ [cocly ©~(0.010 - x) X

& Solve for x



- EXAMPLE - 9
uy

[CO][CI,]

—_ 2
¢~ [COCI,] Ke =3 leo - =8.3x10%
. — X

& Solve for x

K

K. Is very small
Assume x very small, 0.010 - x = 0.010

Ke = X* - 8.3 x 104 Checking the assumption:
0.010

2.9x 103 .
= > KO
x2=8.3 x 10 x 0.010 x 100 =29% (>5%)

0.010




- EXAMPLE - 9
uy

[CO][CI,]

— 2
Ke="[cocl] X

Ke =
(0.010 - x)

=8.3x 10

* Solve for x using quadratic formula
x2 + (8.3x 104)x —-8.3x 106=0 Do it yourself

X = 2.5 x 1073 (the only meaningful value of x)

[CO] = 2.5% 103 M [Cl,] = 25X 103 M

[COCI,] = (0.010—2.5x 10-3) M
= 7.5x 103 M



%ﬁ DEGREE OF DISSOCIATION,

Dissoclation reaction: a molecule is broken down

Into smaller molecules, atoms or ions

PCl; (9) + Cl,(9)

Fraction or the percentage of molecules that
dissociate Is called degree of dissociation, a

EXAMPLE: | PCl; (g)

a=1or 100% If

If

a= [ ]changes

X 100%

[ ]initial




%2 THERMAL DISSOCIATION

 Areversible reaction brought about by the
application of heat

 When cool, the products bond again to
give the original compound

« Example: PCl;, N,O, and NH,CI
PCl; (9) PCl; (g) + Cl,(9)
N,O,(0) = 2NO,(9)

NH,Cl(g)===  NH, (g) + HCI(g)



:': EXAMPLE - 10

The degree of dissociation of dinitrogen
tetroxide at 250°C and 1 atm is 0.15.
Calculate the degree of dissociation at
250°C and 5 atm.




:': EXAMPLE - 10

According to Dalton’s law of partial pressure:
Partial pressure of NO, = 0.3/1.15 x 1atm = 0.261 atm
Partial pressure of N,O, = 0.85/1.15 x 1atm = 0.739 atm

_ PN022
Kp =
I:)N204
0.2612
KP :
0.739

=90.21 x 102atm



:'} EXAMPLE - 10 ANS:

N,O,(g) == 2NO,(9)
Initial (mol) 1 0
Changes -0.15 +0.15

Equilibrium | 1-0.15=0.85 | 2(0.15) =
(mol) 0.30

Total number of moles after dissociation
=0.85 +0.30
=1.15 mol



:': EXAMPLE - 10

Let the degree of dissociation, a at 5 atm = x

NoO,(@) = 2NOy(9)

Initial (mol) 1 0

Changes -X +X

Equilibrium 1- X 2X
(mol)




:': EXAMPLE - 10

2X
Pyos = (5 atm)
1—-Xx+ 2X
1 X
Prn2os = (5 atm)
1—-Xx+ 2X
o - (2x/1+x)?(5? = 9.21 X 10
o=
(1-x/1+x)(5) |Only 6.8% of dinitrogen
tetroxide dissociates at
X = 0.068
250°C and 5 atm




m EXERCISE - 39

At a pressure of 4.4 x 10° Pa and a temperature of
150 °C, phosphorus pentachloride is 25%
dissociated. Calculate the partial pressure

equilibrium constant for this reaction.




m EXERCISE - 40

Hydrogen, a potential fuel, is found in great
abundance in water. Before hydrogen can be used
as a fuel, however, it must be separated from
oxygen; the water must be split into H, and O..
one possibility is thermal decomposition, but this
requires very high temperatures. Even at 1000°C,
Ke = 7.3 x 10718 for the reaction |

2H,0(g) === 2H,(g) + O,(9)

If at 1000°C the H,O

concentration in a reaction vessel

IS set initially at 0.100 M, what will be
the equilibrium concentration of H,?




m EXERCISE - 41

In a study of halogen bond strengths, 0.50 mol of
|, was heated in a 2.5-L vessel, and the following
reaction occurred:

,(9) === 2I(9) s
a) Calculate [I,] and [I] at equilibrium
at 600K; K. =2.94 x 1010

b) Calculate [I,] and [I] at equilibrium
at 2000K; K- =0.209




m EXERCISE - 42

Even at high temperature, the formation of
nitric oxide is not favored:

No(g) + O,(g) === 2NO(9)
K. = 4.10 x 104 at 2000°C

What is the equilibrium concentration of NO(Q)
when a mixture of 0.20 mol of N,(g) and
0.15 mol of O,(g) Is allowed to come to

equilibrium in a 1.0-L container at this
temperature?




m EXERCISE - 43

Nitrogen dioxide decomposes according to the
reaction:

2NO,(g) === 2NO(g) + O,(9)

where K, = 4.48 x 1013 at a certain temperature.
A pressure of 0.75 atm of NO, is introduced
Into a container and allowed to come to
equilibrium.

What are the equilibrium partial pressures of
NO(g) and O,(g) ?




m EXERCISE - 44

The dissociation of molecular iodine into iodine
atoms represented as

,(9) === 2I(9)

At 1000K, K. for the reaction is 3.80 x 10~>.
Suppose you start with 0.0456 mol of

l, in a 2.30-L flask at 1000K.

What are the concentrations of the

gases at equilibrium?

o/

tt:t -
 —
*




END OF
SLIDE SHOW




CHEMICAL EQUILIBRIUM

6.2

Equilibrium Constants (Part lll)

At the end of the lesson, students should be able

to:

Deduce the expression for reaction quotient,
Q and predict the direction of net reaction by
comparing the values of Q and K.

LESSON DURATION: 1 hour



%ﬁ REACTION QUOTIENT (Q)

& Calculated by substituting the initial
concentrations (or pressures) of the reactants
and products into K- or K, expression.

aA(g) + bB(g) === cC(g) + dD(g)

_ [C]¢[D]° [A], [B], [C], [D] :
- [A]2[B]P equilibrium
concentrations

C

[C]C¢ [D]d [A], [B](,_ [C], |[)D] :
= 3 any (initia
[A] [B]b concentrations

Qc



%2\ COMPARING Q AND K
v

aA(g) + bB(g) === cC(g) + dD(g)

Suppose you know the value of K- at any given
temperature of the reaction.

‘l. _
' ?

q" _
' 2

@ Compare the value of K- and Q..



7%2 COMPARING Q AND K

g

_ e (D]

[A]2[B]®

aA(g) + bB(g) === cC(g) + dD(g)

E Q<K

# Denominator (reactants) is large relative to
numerator (products)

% To reach equilibrium, Q =K:
the products must increase, reactants decrease.

If Q <K, reactants —— products

The reaction will progress to the right (more
product forms) until equilibrium is reached.



7%2 COMPARING Q AND K

g

_ e (D]

[A]2[B]®

aA(g) + bB(g) === cC(g) + dD(g)

EQ>K

* Denominator (reactants) is small relative to
numerator (products)

% To reach equilibrium, Q =K:
the products must decrease, reactants increase.

If Q > K, reactants «——— products

The reaction will progress to the left (more
reactant forms) until equilibrium is reached.



%ﬁ COMPARING Q AND K

- [CI°[D]

aA(g) + bB(g) === cC(g) + dD(@) -
[A]2[B]®

P Q=K

< When the reactant and product concentrations
(or pressures) has attained their equilibrium
values.

If Q =K, reactants === products

No further net change.



| esS

Reactants ——> Products Equilibrium: no net change Reactants <—— Products

P Q<K P Q=K P Q>K



Before equilibrium is reached, the concentration are
changing continuously, so Q # K.

oncentration

Once equilibrium is reached and any time thereafter,

= K.
Q=K |

Time




EXAMPLE - 11 l

K¢ for the formation of nitrosyl chloride, an
orange-yellow compound, from nitric oxide
and molecular chlorine

2NO(g) + Cl,(g) 2NOCI(g)

Is 6.5 x 10% at 35°C. In certain experiment,
2.0 x 102 mole of NO, 8.3 x 103 mole of Cl,,
and 6.8 moles of NOCI| are mixed in a 2.0-L

flask.
In which direction will the system proceed to

reach equilibrium?




:': EXAMPLE - 11

2NO(g) + Cl,(g) === 2NOCI(g)

Ke=6.5x 104
[NOCI]?
¢ = INOJ2 [C)
Initial concentrations: INOJ = 2.0 x 10=2 mol
2.0L
[Nocl,] = 8-8mol = 0.01 M
2.0L
(Cl] = 8.3 x 10-3 mol
=34 M 2 50 L

=0.0042 M



EXAMPLE - 11 l ANS:

2NO(g) + Cl,(g) === 2NOCI(g)

K =6.5x 107 Initial concentrations:
[NOCI]2 3E8]C|—Z]o:osi4MM
¢~ INoR[c] o
Cl,] =0.0042 M
_ 3.4
0.01%2x 0.0042 Numerator (products)
- 275 % 107 Is larger than
Q. > Ko denominator (reactants)

(2.75 x 107) (6.5 x 10%)

The reaction is not at equilibrium and
will proceed to the left until Q. = K.



rSLI mm ary O? PRELIMINARY SETTING UP

1. Write the balanced equation
2. Write the reaction quotient, Q

t h e S t e p S 3. Convert all amounts into the

I correct units (M or atm)
Involved In
. WORKING ON THE
SOoi1ving I REACTION TABLE
. . 4. When reaction direction is not

5. Construct a reaction table

eq u I I b rl u m I known, compare Q with K

v/ Check the sign of x, the
change in the quantity

SOLVING FOR x AND
EQUILIBRIUM QUANTITIES
6. Substitute the quantities into Q
7. To simplify the math, assume that
X is negligible
([Alinit — x = [Aleq = [Alinit)
8. Solve for x

v/Check that assumption is
justified (< 5% error). If not,
solve quadratic equation for x.

9. Find the equilibrium quantities

/ Check to see that calculated
values give the known K




m EXERCISE - 45 |

State three criteria that characterize a chemical
system that characterize a chemical system at

equilibrium.

Concentration

QK

Q=K

NO»o

NoOg

Time




m EXERCISE - 46

State the reaction N,O,(g) === 2NO,(g),

Ke = 0.21 at 100°C. At a point during the reaction,
'N,O,] =0.12 M and [NO,] = 0.55 M.

s the reaction at equilibrium?

f not, in which direction is it progressing?

0.

Q.

Reactants — Products Equilibrium : no net change Reactants «— Products



m EXERCISE - 47

Chloromethane forms by the reaction
CH,(9) + Cly(g) === CH;Cl(g9) + HCI(9g),

At 1500 K, K, = 1.6 x 104 In the reaction mixture,
= 0.13 atm, Pg, =0.035 atm
= 0.24 atm, and R,;, = 0.47 atm.

CH3CI
b

s CH;Cl or CH, forming?




At the start of a reaction, there are 0.249 mol N,,
3.21 x 102 mol H,, and 6.42 x 10~* mol NH,

iIn a 3.50-L reaction vessel at 375°C.

If K for the reaction

N,(g) + 3H,(9) ===2NH;(9)

Is 1.2 at this temperature, decide whether the
system iIs at equilibrium.

If not, predict which way the net reaction will
proceed.




m EXERCISE - 49

For the synthesis of ammonia

N»(g) + 3Hy(9) 2NH;(g)

Ke at 375°C is 1.2. Starting with [H,] = 0.76 M,
[N,] = 0.60 M, [NH;] = 0.48 M, which gases will
Increased in concentration and which will have
decreased in concentration when the mixture

. I . . ’?
‘Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




At 425°C, K; =4.18 x 10° for the reaction
2HBr(g) === Hy(9) + Br,(9)

In one experiment, 0.20 atm of HBr(g), 0.010 atm
of H,(g), and 0.010 atm of Br,(g) are introduced
Into a container.

Is the system at equilibrium?

If not, in which direction will it proceed?




At 100°C, K, = 60.6 for the reaction
2NOBTr(g) 2NO(g) + Br,(9)

In a given temperature, 0.10 atm of each
component is placed in a container.

Is the reaction at equilibrium?

If not, in which direction will it proceed?




The water—gas shift reaction plays a central role
In the chemical methods for obtaining cleaner
fuels from coal:

CO(g) + H,0O(g) == CO,(g) + H,(9)

In a given temperature, K, = 2.7.

If 0.13 mol of CO, 0.56 mol of H,0, 0.62 mol of
CO,, and 0.43 mol of H, are mtroduced mto a
2.0-L flask, in which ~ B&3 N '
direction must the
reaction proceed to
reach equilibrium?




END OF
SLIDE SHOW




