@ Chemical Equilibrium

CHEMICAL EQUILIBRIUM IN THE ENVIRONMENT

Paper mill on the Potomac Fiver near Westernpaort, Margand, neutralizes add mine drainage in Creat Barrier Reef and other coral resfs are threatened
thes wiarter. Upstream of the mill, the river i addic and lifeless; below the mill, the river teems with extinction by rising atmospheric 00, [Copynght Jor
wiith life. [Phoio aourtesy C Celpra, Polomac Ries [ : by

Pari of the Morth Branch of the Potomac River mns crysial clear thmough the scenic
Appalachian Mouentains, but it is lifeless—a victim of acid drainage from sbandoned coal
mines. As the river passes a paper mill and o wastewater treatment plant near Westernpot,
Maryland, the pH rises from an acidic, lethal value of 4.5 1o a neutral valwe of 7.2, at which
fish and plants thrive. This happy “accident”™ comes abowt because calcium carbonate exiting
the: paper mill equilibrates with massive quantities of carbon dioxide from bacterial respira-
tion at the sewnge treatment plant. The resulting soluble bicarbonate nowtralizes the acidic
river and restores life downstream of the plant.’ In the absence of C0;. solid CaCi0; would
he trapped at the treatment plant and would never enter the river.

CaC0s(5) + COlag) + HaO(l = Ca®"{ag) + THCO; iag)
Calcium carhonais Diissalved calcium bicarhonaie
trappes of ireaiment plani eniers river and newirafees acid
HCOs (ag) + H' {ag) ===, ¢ihip) + HA0)
Ricarbonaie Acid in rmver

The chemistry that helps the Potomac River endangers coral reefs. which are largely
CaC0;. Burning of fossil fuel has increased CO;z in the aimosphere from 280 ppm when
Captain Cook first sighted the Great Barrier Reef in 1770 to 380 ppm today (Figure 0-6).
C0; in the atmosphere adds C0; to the ocean, dissolving CaC0; from coral. Rising OO,
and, perhaps, rising a}mnsphu‘rjc temperatere from the greenhouse effect threaten coral
reefs with extinction.” O0; has lowered the average pH of the ocean from its preindus-
trinl value of 816 to & 04 today * Withoot changes in man's activities_ the pH could be 7.7
by 2100,
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Equation &3, the kiw of mass ooian, was
foemulansd by tha Nofwegians C. M.
Guidenberg and P. waage in 1864, Their
derwation was basad on the idea tar e
fomward and reverse rawes of 3 reamson 3
equilibgium must be equal.?

The equiihiium CONSLANT is More CTedly
expressed as a rato of ooiges rather than of
CONCENTBING. Wa resane me dscussion of

amivity for Chapaer 7

Enuilibrium consants ane dmensioniess.

Equilibrium constants ane dimensioniess but,
wilvan specilying CconCENIrations, you Must use
unis of molariey (M) for sobutes and bars for
gases,

Throughout this back, assume that all species
in chemical aguatons ana in aquegus
SOlution, unlass ommensise spacified.

if a reaction is ravarsed, then &' = Vi if tvn
reations are added, Men k; =K ,Kx

hemical equilibrivm provides & foundation not caly for chemical analysis, bat also for

er subjects such as biochemistry, geology, and oceanography. This chapler introduces
equilibrin for the solability of ionic compounds, complex formation, and acid-base reactions.

IEXN 1he Equilibrium Constant
For the reaction

ah + BB = cC + dD (610
we write the equilibrium constant, X in the form

I o
o JCrD)

(6-2)
(a1°BJ*

Eguilibrinm constand:

where the lowercase superscript letiers denote stoichiometry coefficients and each capi-
tal letter stands for a chemical species. The symbol [A] stands for the concentration of A
relative to its standard state (defined next). By definition, a reaction iy fovered whensver
K=l

In the thermodynamic derivation of the equilibriom constant, each guantity in
Equation &-2 is expressed as the ratio of the concentration of & species to its concentration
in its standard state. For solutes, the standard state is | M. For gases, the standard state
is | bar (= |07 Pa; | aim = 1013 25 bar). and for solids and liquids, the standard states are
the pure solid or liguid. It is understood that [A] in Equation 6-2 really means [A]J51 M) if A
is & sofute. If D is a gas, [IY] really means (pressure of D in bars¥ 1 barh. To emphasize that
[I}] means pressure of [, we wsually write Pjy in place of [[3]. The terms in Equation 6-2 are
actually dimensionless; therefore, all equilibium constants are dimensionless.

For the ratios [A)(1 M) and [D]Y] barh to be dimensionless, [A] must be expressed in
males per liter (M), and [[X] mist be expressed in bars. If C were a pure liquid or solid, the
ratio [C)f{concentration of C in its standard state) would be wnity (1) because the standard
state is the pure liquid or solid. If C is a solvent, the concentration is so close to that of pare
liqid C that the value of [C] is still essentially 1.

The take-home lesson i this: When you evaluate an equilibriom constant,

1. Concentrations of solutes should be expressed as moles per liter.

1. Concentrations of gases should be expressed in bars.

3. Concentrations of pure solids. pure liquids, and solvents are omitted because they are unity.
These conventions are arbitrary, but you most use them if you wish to use tabulated vales of
equilibrium constants, standard reduction potentials. and free energies.

Manipulating Equilibrium Constants

Consider the reaction

[H][A ]
[HA]

If the direction of a reaction is reversed, the Rew valie of K & simply the reciprocal of the
oripingl value of K.

HA=H'+A Kk =

Eguilibrinm consian! [HA]

for reverse reaction: H™ + & = HA Ki -m - 1k,
If rwo reactions are added, the rew K iv the prodinct of the two individaal values:
HA =[Hg+ A K
1+ C = CH' ki
HA+C= A +CH’ K5
Equilibrium constant _.LHJ"]'[A ] _[CH] _[A1ICH ]
for sum of reactions: R [HAT  [HMC]  [HAJIC)

If n reactions are added, the overall equilibrium constant is the product of a individual
eqquilibrium constants.
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m Combining Equilibrium Constants

The aquilitiam condat for e ection B0 = H' + 0K s cald K, (= [H'J[OH ")
and s he vl 10 10”25, Given ht K, = 18 10 for the rtion
NHlag) + B0 = NH + OH-, fnd K fortherecion NH = NHfag) + H'.

Solution The third reaction can be obained by reversing the second reaction and adding
It o th frst reaction:
BA =N+ k=K,
HH.‘ HI'E"' = HH;(EI] +Hﬂ K= ].'IH:.,|||1

| |
NHi = H +Mag) K=Ky S6x 10"
l"rl"l'H..

Tost Yoursef For e acionLi’ + H0 = LilO¥ag) + H' Ky, =23 0¥

Combing this reaction with e K, reaction io find the equilibrium consiant for the reaction
it 4 O = 1iifHaal davwer 17)




