Chapter 19. Chemical Equilibria

19.1. DynamicEquilibrium

Two fundamental questions to address foy ememical reaction areshere is the reac-
tion goingandhow fast is it gtting thee? Chemical reactions go to a stateegfuilibrium ,
where there is no further detectable change in amounts of the participants in the réection.
we shall see, although the amounts of substances participating in a reactiwrtHellawvs
of stoichiometryit is ot necessaryand indeed is usuallyot the case, that the maximum
amount of product will be producedjea if there is no limiting reagen\Where reactions are
going is the subject of the present chaptéow fast reactants get to products is the subject of
chemical kinetics (Chapter 18).

The notion of equilibrium connotestasis lack of motion, lack of changeOn the
macroscopic scale this means that ordinary measuring apparatus can no longer yletect an
change, if one occurred at allhe quantities of interest which change as a chemical reaction
approaches equilibrium are the amounts of substances, usually measured in terms of grams or
mols for gases, liquids or solids, and concentrations for soluti@mcentration is usually
measured in molarity for for liquid solutions and partial pressuresaeays solutions.

The fundamental notion of chemical equilibrium is tladit chemical eactions ag
reversible to some atent This means that after a reaction has had time to equilibrate, there
will always be some remaining reactants as well as products proddcebe re, the
amountsof reactants or products left may so small that the reaction will be ebis&rvgo
to completion, or perhaps to notgo" at al, but in mary reactions of practical interest, sig-
niEcant amounts of both products and reactants remain adtgriang time.

The equations which gern chemical equilibria are reladly simple, irvolving concen-
trations to pwers and eponential functions of temperaturéhese functional forms are sim-
ilar to those found in the study of kinetics and suggest an association between equilibrium
and kinetics. This association is callechicroscopic ewersibility, which says that although
there may not be gnobsened changes occurring on the macroscopic scale, omitre-
scopic(molecular) scale, much is happening indeed.
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Consider a jar containingater If left open, the ater eentually esaporates. It taks
some time to \eporate (at ordinary temperatures) because liquid molecules must surmount
the bonding barrier at the sace of the liquid before tlgecan \aporize. Nav consider what
appears to happen when a lid is placed on thelfaevacuated abee the liquid initially,
some liquid aporizes aswdenced by a careful measurement of the height of thacsurf
Eventually the surfce ceases to descend, signaling the onset of an equilibriumHstate.
eve, if the molecules were visible, weowld (End that at the sacé molecules are kag
and returning at rapid rate§.he reason the sade leel doesnt change is due to thedt
that the rate of condensation has become equal to #te of @apomtion. This state of
apparent macroscopic calm with microscopic frenzy is referreddpresnic equilibrium1

Dynamic equilibrium forms a bridge between equilibrium and kinetias. a general
reversible reaction,

aA+bB+---=pP+qQ+..., (19.1)

When the backerd and fonard rates become equal, the concentrations reach steady (con-
stant) statealues. Fronthe kinetic rate ha, Eq. (8.12)2

rbackward = rforward

P R
kbackward P (Ce)ini = kfor\/\/ard P (Ce ini
i i

kforward P n; R n
Ko ———=P(Co)" - P(Co)
kbackward i i

1 One vay to demonstrate dynamic equilibrium directly is to inject some lititidted water (water con-
taining the lgdrogen isotope of mass thre§ince tritium is radioactg, its presence may be detected with a ra-
dioactive ®nsitve munter No matter which phase is tritiatedery soon, radioadtity is detected in both phas-
es, changing in intensity until it becomes equal mnalance (fraction) in both phases.

2 Although derved for a one-step process, the resultaid/for a multi-step process as shobelaw.
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_ [PRIQIE - - -
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K= P CI7 = (aampe

(19.2)

where square braeks are an alternaé rotation denoting concentrations which ygoon-
venient when additional subscripts are usedxaress concentration condition$his equa-
tion is called théaw of mass action Theunitsof K depend on the units chosen for concen-
tration. Bycorvention molarities are used for solutions and atmospheresagmsgwhich are
proportional to molarity for idealages:

= (YRT = MRT
p=()RT=

Pure liquids and solids are not dissavin aiything and hee o concentration. Haever
their densities hae the dimensions of concentratio®ince densities are constant, theit-v
ues may be combined with the other constants in the equatiectivefy (but not actually)
rendering their concentrations equal to unifjne cowention is that K includes ansuch
constants. Subscripts K are used to pwide additional information, such as unitsc(for
molarity, K, for pressure), class of reaction; (idr ionization, K, for solubility product), etc.
In practice, the units on K (which can be sudxand of fractional pwer) are usually not
included with the numericalalue, and are inferred from the reaction, which showicys
be gven (including phases) tovaid ary ambiguity in K.

Unlike the general rate Waequation,in the mass action equation the posvelr concen-
trations ae dways identical to the stditometric cogfEcients in the balanceduemical equa-
tion. This suggests that equilibrium is independent of reaction mechanism, whickisfollo
gualitatvely from the idea that products must return to reactavestbhe same path as reac-
tants pursued to product3his agument is made plausible by considering what could hap-
pen if alternate paths could be used to communicate between reactants and phoducts.

a ase it would be possible to tap theate to generate ergyr without doing ap work,
thereby producing a perpetual motion machine, violating the ¢d thermodynamics.

Note that, according to the deEnition of K, doubling a reaction generates a correspond-
ing K that issquaed and in generamultiplying a eaction by a factor naises the coe-
sponding K to the nth power
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R® nR=>K® K" (19. 3)

As a special casegewersing a reaction (multiplying the reaction equation by minus one)
causes K to baverted(1/K).

K'is a psitive rumber which indicates what the ratio of products to reactants is at equi-
librium. It is a proportionality constant between reactant concentrations and product concen-
trations; roughly € = KCg. When K < 1, then the product of the reactant concentrations
(raised to pwers) is less than the product of the product concentrations (raised/éospo
and the reaction is said tdie to the left', or “fava reactants: Cornversely when K > 1, the
opposite situationxésts, and the reaction is said te to the right, or “fava products’. K
= 1 indicates comparable amounts of reactants and products at equilidrherfolloning
table summarizes the general situation.

Table 19.1. Magnitude of the Equilibrium Constant

K P/R Situation

K<1 P <R Reactants dominate (lies left)
K=1 P =R Reactants Products (balanced)
K>1 P >R Products dominate (lies right)

The temperature dependence of the equilibrium constant can also \mel fienin the
temperature dependencies of fardl and backard rate co€Ecients:

E;orward a;Efolward Ebackwardn
k(T Ae RT _ T & e
K(T) = k Sr )forward = pbackward =€ ¢ " ’ (194)
( )backward e
Ae RT

Note that %rward - Ebackward: I:]Ereaction

19.2. GeneralMass Action

Equilibrium is a special case of a more general situation with arbitrary amounts of reac-
tants and productsiA more general devétion requires a more general theayd we turn to
thermodynamics to dem expressions for the general situatiofihe natural thermodynamic
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quantity for chemical reactions is the Gibbs free gnddG. ExpressindG in terms ofDH
by Eq. (13.27), an®H in terms ofDE by Eq. (13.25) (using the product rule offdifentia-
tion), we hae for a process taking place at aegi temperature,

DG = DH - TDS = DE + PDV + VDP- TDS (19.5)

From Eq. (13.1DE = q + w. Expressing the heat for a process taking place at constant tem-
perature as g TDS from Eq. (13.13) (see Eqg. (13.14)), and tleknat constant pressure as
w = - PDV, leares

DG = VDP (19.6)

, n .
From the ideal gs lav, Eq. (15.7), P\= (V)RTZ CRT, where C represents concentration

(molarity or pressure, which is proportional to molarityfgking the limit of small changes
in Eq. (19.6), and noting that at constant temperature RPdC and V= n/C from the deC-
nition of molarity we have(cf. Table 3.1)

4G = g RT dC= nRTd—CS = nRT din(C) (19.7)
Integrating (cf. Bble 3.1)
G- G’ =nRT In(C)- nRT In(C°) =nRT |n(§) (19.8)

The reference state is called tsiandad sate and refers to unit concentrations®(€1),
leaving

G =G’ + nRT In(C)° G° + RT In(C") (19.9)
Now consider a chemical reaction.
Dern = Gproducts' Greactants (19-10)

There is a relationship kkEj. (19.9) for each component, leading to &pression for the
total difference in free engy between products and reactants:
+P,-R

DG, = DG, +RT In P C" °DG], + RT In(Q) (19.11)

where Q, called theeaction quotient, is the quotient of products of product and reactant
concentrations raised to \wers equal to the stoichiometric c@efients in the balanced
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chemical equation:

PR [PPIQI9---

QO PI Clnl - [A] a[B]b (19 12)

Applying the thermodynamic condition for equilibriudG,,, =0, to Eq. (19.11) leads
to
+P,-R

DGY,=- RTIn P (Co" (19.13)
Identifying the product on the right as the equilibrium constant in Eq. (19 gi

DGY,, = - RT In(K) (19. 14a)

D&%,
K(M=e R~ (19.14b)

R is the molar @s constant in engy units, 8.31441 J/mol-KThis fundamental relationship
links thermodynamics to equilibriumGiven the equilibrium constant for a reaction (from
experiment), the free ergy of reaction can be calculated from Eq (19.429nversely gven

the free engy of reaction (from thermodynamic tables), the equilibrium constant can be cal-
culated from Eq (19.4b).

Example 19.1Estimate the apor pressure of ater at 25C.
Vapor pressure is due to equilibrium between liquid aast ¢,0(liquid) = H,O(gas),
for which the equilibrium constant equals theper pressure: K= py,o. (Recall that

concentrations forageous reactants angpeessed in atmospheres, and that pure liquids
do not enter the mass actiotpession.)

The free engy of vaporization can be obtained from tables of formation freegeaser
DGyaporization= DGs(gas)- D G(liquid). At standard temperature (2%C), the \alues
combine taDG, zporization= - 228. 6kJ - (- 237. 2kJ) = 8. 6kJ.

The van't Hoff equation (when rearranged to seffor K) is

DG ap 8, 600 760 torr.

K.(25°C) = Pu.o = eX0(- ——-2P) = exp(- - 0.0311 - 23. 6torr.
p(25°C) = Pro = @00 —£ 1) =800 g1t 2og. 19 O 0311atm () = 23. 6tom
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Note thatDG is converted to Joules to be compatible with R and that@%s converted
to Kelvin. Thevapor pressure of 23.6 torr comparesryw well with the gperimental
value of 23.76 torr

Combining Eq. (19.11) and (19.14) leads to a general relationship:

DG, = RT |n§ (19. 15)

We will refer to this connection between thermodynamics and reaction equilibrium as the
generalized law of mass action, oran't Hoff equation. Note that Q = 1 rea@rs Eq.
(19.14) and Q = K rea@rs the equilibirum conditioDG = 0.

If an arbitrary mixture of reactants and/or products isagtbto react, Q indicates Wwo
the reaction will proceed. If Q is less than K, product concentrations areantdorlequilib-
rium and/or reactant concentrations are too high, so the reaciilols bp products at the
expense of reactants (the reaction (19.1) proceeds to the right). The opposite holds for Q > K.
Unlike the Arrhenius equation for kinetics where the\ation enegy is (for all practical
purposes) alays positie, leading to a unersal increase in rate c@dient with increasing
temperatureDG,,,, will be positve for endothermic reactionsubnegaive for exothermic
reactions, with the result that the equilibrium constant will increase with increasing tempera-
ture for endothermic reactiongjttiecieasewith increasing temperature foxahermic reac-
tions (EqQ. (19.14)).The equilibrium constant increases (reaction shifts right) with increasing
temperature for endothermic reactions, and decreases (reaction shifts left) with increasing
temperature forx®thermic reactionsThis is one manifestation ae Chatelier's Principle,
which says essentia|lgquilibria shift to ofset stess® Applied to the concentration relation-
ship of the lav of mass action, Le ChatelisrFinciple says that perturbing an equilibrium
system by adding or remimg a reactant or product will cause a shift in the equilibrium
which tends to reme a replace it, respeattly. The shift is not absolute in the sense that
the added substance is completely reedar the remeed substance is completely replaced,
however. Reactants and products will all adjust simultaneously until the ratio of products and
reactants agn equals thealue of the equilibrium constant, according to the mass actign la

3 This fundamental principle, bomed from chemistryhas been applied ubiquitously to nyaareas, from
psychology (people lito remain “status qud), to economics (e of ““supply and demanyl'
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EqQ. (19.3). The followving table summarizes the general situation.

Table 19.2. Reaction quotienvsEquilibrium Constant

Q/K DG Situation
Q<K DG<0 P- R(goes left)
Q=K DG=0 P=R (equilibrium)
Q>K DG>0 P® R (goes right)

19.3. MassAction Calculations

The lav of mass action and theam't Hoff equation constitute the fundamental relations
of equilibrium. Equilibrium applications imolve solving the mass action or viaHoff equa-
tion for one unknown This suggests thatalues for all the ariables kit one must be pro-
vided in equilibrium calculationsin the case of concentrationsgglwves may not be gn
explicitly, but may be inferred from the balanced chemical equat®toichiometric ratios
effectively provide additional equations to reduce the number of wwkso Althoughthe
algebra can become subtle, tlaetfremains that one equation can be esblfor only one
unknovn. Thekey to solving equilibrium poblems is toeduce the mblem to one equation
in one unknown

The “law" of mass action, Eq. (19.2), is an equatioroiving three types of quantities,
concentrations ([A], [B], etc), peers of concentration (a, b, etc) and equilibrium constant
(K). For a gven reaction, the stoichiometri@étors a, b, etc are kwa. AlthoughK is a
parameter (constant for avgn reaction), rather than akable like cncentration, there are
times when thealue of K may be sought-or example, the alue of the parameter K must
be determinedx@erimentally from equilibrium>geriments before it can be used in predict-
ing other e&perimental conditionsThus mass action problemalifinto two categories: con-
centration(s) unknan, given the balanced reaction and K, or K unkmg given the balanced
reaction and concentration3he balanced leemical equation vides stoibiometric ela-
tions between the conceations whith may used to éctively educe the number of
unknowns to unityThe Mass Action dble introduced in the algorithm beldelps oganize
the stoichiometry This perspectie leads to an algorithm for solving problems based on the
mass action la&. Some fcility with algebra may be required to cast equilibrium concentra-
tions in terms of oneariable, and to soésthe (polynomial) mass action equatfbn.

4 Introductory chemistry problems are usually restricted to linear and quadratic equations, easilyogolv
humans. Higheorder equations that appear are reducedwerdaearee through approximation€Computers
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The Mass Action Equilibrium Algorithm

Purpose: @ goply the lav of mass action, Eq. (19.2) to equilibrium calculations.
Procedure:

1. Writedown the balanced chemical reaction for the process being considered:
aA+bB+...:pP+qQ+...

2. ldentifythe gvens and unknans from the input.If some of the concentra
tions are not knen, construct anass action tableto omganize stoichiomet-
ric ratios in terms of a commomanable, x (‘alues are in mols or concentra-
tions, consistent with initial alues before reaction te& place, x is the
change from the Initial state to the Final state, and Final refers to equilibri-

um):
aA + bB + .. = pP + gQ + ..
Initial: ay by o} o
Change: -ax -bx +pXx +0X
Final: g-ax by-bx e PtrpPX o tOX
3. Sole the mass action equation for the appropriate wknariable K, con-
- e [PPIQIY- - _ [Po + px]P[go + gX]* - - -
centration ([ ]), or x: K= (AJ[B]> - orK= o - ax]b, - DKo

4. Corvert ary requested concentrationgpeessed as functions of x to ®nal
concentrations from the entries in the mass action table.

Example 19.2Find the alue of K for the reaction between drogen and diiodine,
given the experimental obseation that introduction of Hat an initial concentration of
5.30 M and J at an initial concentration of 7.94 M into a eask results in an oleserv
equilibrium concentration of HI of 9.49 M, alales at 717.7 K.

can sole equations of ay degree approximatelyusing numerical algorithmsSee Section 3.6 on Solving Gen-
eral Equations for Oneaviable.
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1. Thechemical equation must be identi®ed, or K cannot be de®8Bette reactants
are dilydrogen and diiodine, and the product concentrationydfdgen iodide is
given, it may be assumed no other products are forniée. balanced reaction and
associated mass action equation, then, are:

H2+|2:2H|

< Cu o IHI?
Ci.Cy,  [HAllJ

2. Thegivens are initial concentrations of,tnd |, and the equilibrium concentration
of HI. Unknawvns are the equilibrium concentrations of &hd |, and the alue of
K. Sincethe equilibrium concentrations for,tnd |, are not gplicitly given, they
must be deduced from the balanced chemical equafiba.mass action table is:

H2 + IZ — 2H|
Initial: 5.30 7.94 0
Change: X X +2X
Final: 5.30 x 7.94 x 2X =9.49

Note that the ariable x is written as an unkwa related to the gen @al concen-
tration of HI: x=9.49/2=4.745. The equilibrium concentrations of,tnd |, can
now be readily obtained from thexpressions for their ®nal concentrations:

[H,]; =5.30- 4.745=0.555M
[1,]; =7.94- 4.745=3.195M
The mass action equation camnige lved for K:

_ (9.49%
" (0.555)(3.195) 508

Example 19.3Find the walues of the concentrations of all species at equilibrium, if H
and |, are introduced into a eask with initial concentrations of 5.30 M and 7.94 M,
respectrely. The walue of the equilibrium constant is 50.8 at 717.7 (Khis is the
inverse problem of the pveous example.)
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1. Thechemical equation may be inferred to be the same as that of theugrexam-
ple:

Hy + 1, =2HI
_ [H?
~ [Hll2]
2. Sincenone of the equilibrium concentrations areegj construct the mass action

table:
HZ + |2 — 2H|
Initial: 5.30 7.94 0
Change: X X +2X
Final: 5.30 x 7.94 x 2X

3. In this case the ariable x is unknan, and must be found from the mass action
equation:

2
- (2X) =50.8
(5.30 x)(7.94 x)
Expanding and collecting terms in wes:
0.921% 13.24x+42.08=0

The Quadratic Equation Solving Algorithm from Section 3.5 may be emglto
solve for x = 4.745.The equilibrium concentrations of,tnd |, can nav be readily
obtained:

H,=5.30 4.745=0.56M
l,=7.94 4.745=3.20M
Hl, =2  4.745=9.49M
It would prove instructve © nlve the quadratic equation from the lagample using
the iteration method of section 3.8. It is more tedious than applying the quadratic formula,

but becomes essential when highegae polynomials result from the Mass Action Equilib-
rium Algorithm.
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Before leaing the general subject of equilibria it iohwhile observing that in mgn
industrial processes reactions are not permitted to reach equilibrium. This can tedashie
removing products or continually rgcling reactants. In suclow processes, it is possible to
drive reactions asymptotically to completion using Le Chateligthciple.

19.4. Solubility Equilibria

Slightly soluble salts he eguilibria constants calledolubility product constantsKg,
Solubility is measured by the amount which dissslgo if dissociation occurs, stoichiomet-
ric ratios must be consideredorfa typical salt comprised of a metal (M) and nonmetal (N)
part,

MmNn = mMn+ + nN™

If s represents the mols of W, dissoled, then there are ms mols of"Mand ns mols of
N™ produced. Thgeneral gpression for the solubility product is

Ksp = Chir Cline = (Ms)(ns)' = m™n"s™" (19.16)
Example 19.4What is the molar solubility of B8, in water if K, = 1.6~ 10 "??
K
In this case m = 2 and n = 3 sg,k 2°3°s> = 108 and s= (1%"8)1/5 =1.7 100%™ M.

19.5. AcidBase Equilibria

Alchemists dvided substances into three general gaties, depending on certain prop-
erties of their aqueous solutionécidic solutions taste sour (Laciditug and turn litmus
fungus red.Basic solutionstaste bitter (LIow) and turn litmus fungus blueSalt solutions
are neither acidic nor basic and may result fro@otralization reactions between acidic
solutions and basic solutions, or directly from dissolving salts iatietwAcids and bases
are further classi®ed atrong or weak For practical purposethe common sbng acids ag
nitric, sulfuric, hydochloric, hydobromic and hydsiodic; other common acids may be
assumed to be weak; the only commoongtrbases contain hyakide ion A more re®ned,
guantitatve measure of acid and base strength is based on equilibrium concepts.

The notion of chemical substances as compounds of elementary matter led to the idea
that acids and bases Viea mething common to their class which distinguishes their
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catgyories. Laoisier, who was Bscinated with the role of oxygen in camsbon, corrosion
and respiration, beled that oxygen wes a common component in all acids. This is not
inconsistent with modern obsation for sgeral acids (HNQ, H;PQ,, €tc.), kut inconsistent
for others, including commorytdrochloric ("muriatic”) acid, formed by dissolvingdrogen
chloride @s into vater

An improved explanation of acidic and basic befw, given by Arrhenius near the end
of the Nineteenth Centurgssumed that acids producgdnogen ions in water and bases pro-
duce lydroxide ions; Neutralization & described asacid plus base ges slt plus vater'.
Arrhenius' concept of acids and bases could account for much of theidrebfacids and
bases, bt unfortunately could notxglain, for ekample, wly anmonia gs dissoled in water
produces a basic solution.

An more general notion of acids and bases wublished independently by Bronsted
and Lavry around 1923. This concept adopted Arrhenius' notion of acidsexpanded the
base concept to include yasubstance which accepts protoriseutralization, according to
Bronsted and Lwery, invdves thetransferof a proton from an acid to a base, producing in
the products another acid and base, said todomjucate’ to the reactant base and acid,
respectrely. Bronsted linked acids and bases @onjugate pairs which are related by the
acceptance or release of a protdweutralization in the Bronsted sense states that an acid
reacts with a base to produce avreeid and ne/ base through the transfer of a protoh.
signi®cant insight of the Bronsted approach is the recognition of the role of trentsolv
water, which can act as either an acid (proton domarg base (proton acceptor). Such abil-
ity to play the dual role of reacting as an acid or a base is eatiptoterism.

A useful heuristic evisions acid/base reactions as occurring io geps, one with the
acid producing the proton and the other with the base accepting a p&itoh.component
steps are calledhalf reactions: A complete acid/base reaction results from combinirg tw
half reactions in such aay that protons are conset (transferred without loss ogig).
Subtracting tw half reactions ensures this requirement.

A listing of half reactions, calledBronsted &ble, summarizes a multitude of possible
acid/base combinations (n entries can be combined inte h{» n? pairs). Total reactions
are dways constructed by suhbtiting two half eactions (to cancel ptons)® Similar to the

5 Note that, just lik aithmetic and algebraubtactingtwo chemical half reactions is egalent torevers-
ing one half reaction analddingit to the other
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way a periodic of element properties can be used to deduce the propertiesyofonarina-
tions of elements, a table of half reactions can be used te dgormation rgarding a lage
number of total reactions obtained by combining talf reactions.

In the Bronsted dble gven below, acids are on the left with their conjaig bases on the
right, with the general reactionvgh a the head.The notation HB denotes a Bronsted acid
with a general chge g, capable of dissociating to a proton and its catgugase with one
less chage, B"L. The \alue of g can be posit, negdive a zero, as illustrated by the entries
in the table, with the common case ofjaese values resulting from ionization of neutral
acids (q = 0).Acids are listed according to decreasstgngth(value of K,), with their con-
jugate bases increasing in strengifhe \alues of K give a mantitatve measure of acid
strength, bt qualitatve rends can be deduced from a consideration of bond strerdyths.
useful heuristic is thahe stength of hyds acids of the form HB, ineases with deeasing
strength of the H-B bondThe relatve drengths of H-B bonds can be deduced from the
charge censity (chage/size ratio) on the B atoniThe lager the darge censity on B, the
stronger the H-B bond, and the weskthe acid This can be illustrated with theydirohalide
acids, HBy HCI, and HE According to The Periodicrénd Algorithm of Section 8.4, suo-
rine is smaller than chlorine, which is in turn smaller than bromine. Thugecliansity
increases with decreasing size in the ordeCBiF, and HB bond strength increases and acid
strength decreases in the same ordectual bond strengths arevgn in Example 12.13:
HBr(378 kJ/mol), HCI(477 kJ/mol), HF(590 kJ/molDxyacids, of the form HOB, ka a
proton bound to oxygen, which is in turn bound to B. In this case, the proton responds to the
chage density on B indirectyand the stength of oxy acids of the form HOB, ieases with
deceasing stength of the H-O bond, caused by eesing stength of the B-O bondThere-
fore, increasing the chge density on B strengthens the B-O bond, andidmathe electron
cloud into the bondvealensthe O-H bond.Thusthe lage the darge censity on B, the
stronger the O-B bond, the weakthe O-H bond, and the stiger the acid Thus, going
across the secondwoof the periodic table the clgg on the element (oxidation number)
increases while the size decreases.
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Table 19.3. Poperties of Hydroxy Compounds of the Second Rw of the Reriodic Table

Compound Name Oxidation Number pKa, Classi®cation
NaOH sodiurmrhydroxide +1(Na) 14 strongbase
Mg(OH), magnesium ydroxide  +2(Mg) insoluble  strondpase
Al(OH)4 aluminum lydroxide +3(Al) 11.2 amphoteric
OSi(OH), silicic acid +4(Si) 9.6 very weak acid
OP(OH) sulfurous acid +5(P) 2.1 weak acid
O,S(OH),  sulfuric acid +6(S) 2 strong acid
O;CIOH perchloricacid +7(Cl) 7.3 very strong acid

This trend is further is illustrated by the oxyhalo acids, such as HCIO, HEICO;, and
HCIO,. In this case the chge density increases with the formal deon Cl (alues are +1,
+3, +5, +7 in the order listed)Acid strength increases in the same gregeeen in the Bron-

sted Rble.
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Table 19.4 The Bonsted Table

Name HBI* =H* + BY K ,(25°C) pK,
Hydrobromic HBr=H"* + Br » 10*° 9
Hydrochloric HCI=H* + CI 37 10" 8.5
Perchloric HCIQ = H* + CIO; 27 107 7.3
Permangnic HMnQ, = H* + MnQ;, » 108 8
Chloric HCIO; = H* + CIO; 57 107 2.7
Sulfuric (1) H,S0O, = H* + HSQ, 1”107 2
Nitric HNO; = H* + NO; 2° 10" 1.3
Hydronium (1) H;O" = H* + H,O 100=10 0.00
Trichloroacetic CGICOOH=H"+CClL,COO 2  10° 0.70
Oxalic (1) HOOCCOOH= H* + HOOCCOO 5.90" 102 1.23
Dichloroacetic CHGICOOH=H* + CHCL,COO 3.32" 102 1.48
Sulfurous (1) H,SO; = H' + HSGy 1.54" 10?2 1.81
Sulfuric (2) HSQ, =H" + SO 1.20" 10?2 1.92
Chlorous HCIQ = H" + ClO, 1”102 2.0
Phosphoric (1) H3PO, = HY + H,PQ, 7.52° 103 2.12
Glycinium ion (1) CH,(NH3)COOH" = H* + CH,(NH,)CO@H46” 103 2.35
Hydrotelluric (1) H,Te=H" + HT¢e 2.3 103 2.64
Bromoacetic CHBrCOOH=H* + CH,BrCOO 2.05 103 2.69
Chloroacetic CHCICOOH=H" + CH,CICOO 1.40" 103 2.85
Nitrous HNG = H* + NG, 4.6 104 3.34
Hydrosuoric HF=H"+F 3.53 10* 3.45
Formic HCOOH=H* + HCOO 1.77 104 3.75
Hydroselenic (1) H,Se=H" + HSe 1.7 104 3.77
Benzoic GHsCOOH=H" + CgHsCOO  6.46" 10° 4.19
Oxalic (2) HOOCCOO =H* + 00CCO0O 6.4" 10° 4.19
Acetic CH,COOH=H"+ CH,COO  1.76 10° 4.75
Aluminum ion ltydrate (1) Al(H,0)3" = H* + AI(OH)(H,0)*1.5" 10° 4.82
Propionic CHCH,COOH = H" + CH;CH,COO 1. 34" 10°° 4.87
Hydrotelluric (2) HTe =H" + Te* 1°10° 5.0
Carbonic (1) CO, + H,0 = H* + HCG; 4.3 107 6.37
Sulfurous (2) HSG, =H* + SO 1.02" 10 6.91
Hydrosulfuric (1) H,S=H"+HS 9.1" 108 7.04
Phosphoric (2) H,PQ, =H" + HPOf 6.23 108 7.21
Hypochlorous HOCE H* + OCI 2.95 108 7.53
Hypobromous HOBE H* + OBr 2 10° 8.7

Ammonium ion (1) NH; = H" + NH; 5.62° 1010 9.25
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Hydrogyanic HCN=H" + CN’ 4.93 1010 9.31
Glycine (2) CH,(NH,)COOH= H" + CH,(NH,)COQ. 67" 10 1° 9.78
Hydroselenic (2) HSe = H* + S& 11010 10.0
Carbonic (2) HCO; = H' + CO% 5.61° 101 10.25
Hypoiodous HOE H* + OI 2.3 101 10.6
Methylammine ion CH3NH3; = H* + CH3NH, 2.20" 1011 10.66
Hydrogen peroxide H,0, = H* + HO, 2.4 10% 11.62
Hydrosulfuric (2) HS =H"+&* 1.1 10%? 11.96
Phosphoric (3) HPO; =H' + PO} 2.2 1013 12.67
Water (2) H,O=H"+OH Ky=1.00" 10  14.00
Sodium ion lydrate Na(HO)" = H* + NaOH » 1020 20
Ammonia (2) NH; = H* + NH, » 100 30
Hydroxide (3) OH =H"+0? » 10736 36
Hydrogen H=H"+H » 1038 38

In addition to shwing qualitatve trends in acid/base strength, Bronstedbles may
display quantitatie information about acid/base reactions in the form of equilibrium con-
stants, K, which measure thetent of completion of a reaction; thedar the K, the more
products formed. The Bronstedble gven aébove dso lists (redundantly) a lagithmic func-
tion of extent of reaction, pK= - log,,K,; the smallerK, is, thelarger pK, is. Whentwo
reactions are combined into a net reaction by subtraction, the equilibrium constant corre-
sponding to the net reaction is tipeotientof the equilibrium constants for thedvinalf reac-
tions, with numerator and denominator equal to the equilibrium constants of the added and
subtracted half reactions, respeeiy.

Typical Bronsted acid/baseescises determine the underlying half reactions fowvargi
complete reactionHow can we deelop a procedure to do this ygnh the total, ®nd the
parts)? Halfreactions in the Bronstedalfle are subtracted to consegwotons. Thusgiven
a Bronsted @ble, the appropriate pair can be identi®ed from thengeactants and products.

HBf=H"+Bf' K,
- [HBI=H'+B'] (Ko
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' § K
HBS + B3 =HBI+BY ! K= "
2

Recall from Section 2 thatversing the second reactiorvants its K.

Bronsted Table Algorithm

Purpose: @ identify acid/base half reactions from &egi total reaction.
Procedure:
1. Scarthe Bronsted dble for the reactants and products of thvergreaction.

2. Fromthe possible matches, identify dventries which hee @njugate pairs
in the gven reaction.

3. Reverse one entry half reaction and add to the other in suchyalvat the
resulting reactants and products agree with those of e igaction.

If a net equilibrium constant is requestedside the equilibrium constant fg
the reversed half reaction into that of the added half reaction.

B
=

Example 19.5 What is the walue of the equilibrium constant for the reaction
H,S+S* =2HS ?
1. H,S gpears only one place in the Bronstedl€, under theydrosulfuric (1) entry
as does 5, under the drosulfuric (2) entry (the numbers refer to ®rst and second
ionizations processes).

2. Inboth cases, HSs the conjugte species.
3.

H,S=H*"+HS K;=9.1" 108
-[HS =H*+S] (K,=1.1" 10!

K
HS+S" =HS +HS K =
2
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K
4, Kyp = — =8.27" 10"
Kz
Example 19.6Discuss the reaction of ammonia withter

NH; appears twice in the Bronstedble, once as a acid (left side) and once as a base
(right side). As vater also appears as an acid and a basegydssible reactions between
ammonia and ater are possible:

NH, + H,0 = NH; + H;0*

NH; + H,0 = NH; + OH
30

The equilibrium constants for the respeeti reactions are 10 =103 and
10—14

—— ___=1.78 10°. Both reactions lie to the reactants side at equilibrium, b

5.62 1010 a

the second dominateyva the ®rst by twenty-®g oders of magnitude and lies &uf
ciently to the products side to produce a basic solution. Thus the ®rst reactighgs ne
ble and ammonia is a base iater

Note that the ionization of a base imter that is conjugfe to an acid has a ionization
constant complementary to that ohter The second ammonia ionization a&ballustrates
this general resultto the analog of Eq. (19.24) using EqQ. (19.19) apdK K,

KK,=K, (19.17)

The quantitatie measure of the acidity or basisity of an aqueous solution is the concen-
tration of lydrogen ion (or fdrated lydrogen ion, called ydronium ion HO"), or equv-
alently its ngative logarithm:
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pH° - log,,(Cy+) (19.18a)
Cy+ = 10PH (19. 18b)
POH®° - 109,5(Cor ) (19.18c)
Con = 10P°H (19. 18d)

From the Bronstedable Algorithm the meaning of strong acids and bases becomes apparent.
Consider the acids abe hydronium (i.e. with K > 1). Sinceyldronium has an equilibrium
constant glue of unity combining the half reaction foryldronium with ay acid abwe it will
produce a reaction where the acid isvanted to tydronium with a total equilibrium constant

. K _
equal to than that ofyldronium, a alue greater than unlty:l—l = K;. Equilibrium constant

values greater than unity indicate greater concentrations of products than reactants, and the
equilibrium is said to'lie to the right. The strongest acids lieaf to the right, indicating
(nearly) complete carersion to tydronium, or equivalently, complete ionization toydrogen

ion. A similar agument holds for the bases belbydroxide as an basdn fact,in aqueous
solution the strngest acid that canxést is hydonium and the stngest base is hydxide
Stronger acids and bases than these are essentially totallgrtednto them, a process
referred to adeveling. Weak acids and bases lie between loyydum and hydixide in the
Bronsted @ble (the two boxed entries in the tableNote that the ®rst ionization of diprotic

acids is signi®cantly greater than the second ionizatimn.eample, sulfuric acid is a strong

acid, lut hydrogen sukiite ("bisulate™) ion is a weak acid.

The Mass Action Equilibrium Algorithm can be applied to weak acids and bases to
solve for equilibrium constants from pHalues, owice vesa

Example 19.7Calculate the pH of pureatet
The acid base reaction in purater is
H,O + H,0 = H;0" + OH
for which the equilibrium constant from the Bronstedl€ is K, = 1. 00" 10'*. Since

K =Cu0:Conr and and Go- =Cou, K, =Cho and Go =(¢X,=1.0"10".
Therefore the pH of ater is-log(1.0" 107) =7.



Acid Base Equilibria 289

Note the general realtionship betwegultogen and ydroxide concentrations:

Cq:Coy = 1710 (19.19a)
pH+pOH=14  (19.19b)

Example 19.8Calculate the alue of the equilibrium constant for the ionization of
formic acid from the obseed pH = 2.38 for a 0.10 M solution.

The Mass Action Equilibrium Algorithm ges the path to an answer

1. Neutralacids are substances of the form HB which dissociate in aqueous solution
into ions (ionize), one of which ig/drogen ion:

HB=H"+B
2. FromEg. (19.18b)
Cy- = 10°" =10%% =4.17" 10%

Since the equilibrium concentrations of the remaining species (HB gnateBnot
given, we construct a mass action table:

HB — H* + B
Initial 0.10 0 0
Change X +X +X
Final 0.10 x +x=4.17" 10° +X

3. Solvingthe mass action equation for Kves:
D L CO NI S 1 10%)?

- = =1.81" 10*
(0.10- x) (0.10- 4.17" 108)
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19.6. AcidBase Titrations

Titrationsconsist of addition of one reactant to another untilatemt amounts of each
are mied. Acid/base titrations add acids to bases or \ecsav V¢ will discuss the common
case of aqueous solutions of strong base added to dgtdstion curvesshowv the pH as a
function of titrant added to the other solution. As seen in Fig. 19.1, as the acid strength
decreases, theg®mn of changing pH near egalence narrars and it becomes increasingly
more difdcult to detect the end point of the titration.

pH
14 I I I I I
12
10

o N B~ O

0 20 40 60 80 100 120 mL base

weak acid buffer equivalence base

Fig. 19.1 Titration of 100 mL 0.1 M Acid with 0.1 M Base

The key © determining the pH along the course of a titration is to let the reaction ®rst
go conceptually teompletionand then let it telax" t o equilibrium

Example 19.9Calculate the pH of a 0.10 M acetic acid solution which has been titrated
1/4 the vay to neutralizationFor acetic acid, K=1.8" 10°
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The Mass Action Equilibrium Algorithm agn gves the path to an answeiVe will
®rst work out the case for when the titration is a general fraction f of dyetevcomple-
tion.

1. Acidequilibria was introduced in the preus example:
HB=H"+B

Titration involves neutralization by reaction of acids with bas&mple strong
bases ionize to producgdroxide ion, OH, which reacts with the acid, represented
by HB:

HB +OH =H,0+B
2. pHis de®ned as pi log[H'], suggesting solving for [H at equilibrium. How-

eve, before equilibrium is achied, the neutralization reaction occurghis sug-
gests a modi®ed mass action tdble:

HB + OH =— H,0 + B
Initial a,=0.10 0 - 0
After reaction 1- Hay 0 - fay
Change X +X - +X
At equilibrium  (1- fla;, x X - fay + X

3. Themass action equation is:
_ [H1(fag +x)
[(1-fag x]
Solving for [HT,
[(2- Pag x] (1-fay) _ 1
(oo+x) " (e f

The approximation comes from recognizing that the shift in equilibrium after reac-
tion (x) is small compared to the concentrations produced by the neutralization.

[H] =K - 1)

6 No entry is gven for the concentration of liquidater Its density of 1 g/mL corresponds to 55.5 M.
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For the case f = 1/4,
[H']=3K=5.4" 10°
Finally, the pH can be calculated from its de®nition:
pH= 1 og[H] = | og[5.4" 10°] =4.27

Here is some typicdflapleinput used to generate titration cesvike Hg. 19.1.

# Monoprotic weak acid/strong base titration

Ka:=Float(1.76,-5); # Weak acid ionization equilibrium constant
Va:=100; #  Initial mL weak acid

Ma:=1; # Weak acid molarity

Mb:=1; #  Strong base molarity

MH:= proc(Vb) # Hydrogen ion molarity (MH) as a function of mL base added (Vb)
option operator;

V:=Va+Vb; #  Total volume of solution
Ca:=(Va*Ma-Vb*Mb)/V; # Concentration of acid after reaction
Cb:=Mb*Vb/V, #  Concentration of conjugate base
solve(Ka=MH*(Cb+MH)/(Ca-MH),MH)  # Solve mass action equation for MH
end:
interface(plotdevice=postscript, plotoutput="T.ps"); # Specify an available plotting device

pH_vals:= [[Vb,evalf(-log10(MH(Vb)[1]))] $ Vb=0..99]: # Compute a 100 point titration curve
plot(pH_vals, "+mL base™=0..100, pH=0..14, title="Acid/Base Titration Curve’);

quit; # Finish executing maple
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The general aqueous calculation process can be shortened by performing the algebra
and making approximations (which need to be cbdckhen used)In agueous solution
there are avays multiple equilibria, as the sawt participates as well asyasolutes. Vé will
consider the case of an acid or base dissbim water We will ignore the roll of vater in the
equilibria as the formulas are unchanged when the purergatencentration is unityFor
notational simplicitywe will show chaiges in reactions,ub delete them in algebraic equa-
tions. Also we will let letters stand for concentratioitéie two basic equilibria are the disso-
ciation of water and the solute:

HOH=H" + OH Kw = (H)(OH) (19.20)
_ Lt 4G _ (H)®B)
HBY = H* + B! Ky= (HB) (19.21)

These are tov equations in four unknens, H, OH, HB and B.Two additional equations are
obtained from conseation of mass.B is dstributed between HB and B and equal to the
original total concentration of HB and B.

C,+C,=HB +B (19.22)

Conseration of H atoms recognizesater and the acid as sourdeSince H OH represents
the H in solution inxcess of that contriied by vater

C,=HB +H- OH (19.23)
Adding Egns. (19.22) and (19.23) sevfor B:

K
B=H+C,- —
" H
Using this equation and Eq. (19.21) to eliminate B and HB in Eq. (19.22) leads to
K,+H K
Ca + Cb = ( a )(H + Cb - FW) (1924)

a
This equation describes all the situations of a single specieatéy sirong acid, weak acid,

7 An alternave (but not independent) equation consesvotal chage to maintain solution neutrality

H- OH+gHB+(g- 1)B=0
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strong base, weak base andfér (weak acid/weak base conaig pair). However it is a
cubic equation with no simple analytic solution. Solutions can be obtained numencally
approximate analytic formulas can be obtained for @mgous cases. @will develop the
approximate formulas.

For the case ¢= 0 (acid solutions), Eq. (19.24) becomes
K,+H

Ca= (7%
a

)(H - %) (19.25)

K
When K, > H (strong acid), H> WW as well, and Eq. (19.25) becomes
Hsa » Cy (19.26)

as pected for total ionization of a strong acitvhen K, < H (weak acid), Eq. (19.25)
becomes

K
KoCa» H- -
aa)) H

which is a quadratic. Solving,
Hwa » OKCa* K, (29.27)

For the case C= 0 (base solutions), Eqg. (19.24) may be transformed to a base analog of
Eq. (19.25) using Eqg. (19.17) and Eq. (19.20):

G, = (Kblz—bOH)(OH - %) (19.28)

Thus the same approximate equations apply for bases as acids:
Hgsg » C, (19.29)
OHye » K GCy *+ K, (19.30)

For the case ¢* 0, G, * O the solution is addfer, consisting of a weak acid/weak base

w

. - . . K
conjugate pair in solution.In order for the bffer to be efective, C, > H, T and Eq.
(19.24) becomes
K, +

H
< G)

Ca"'Cb:(
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or

Hyufrer » % K, (19.24)
Co
Note the result is the same for weak acid plus salt (weak bafe)jsbas well as weak base
plus salt (weak acid)uffers. Alsonote the weak acid and weak base formulas apply to
hydrolysis of salts of weak acids and bases as well, which are thesisebak conjuate
bases and acids, respeety.

A summary of the formulas relent to aqueous acid base equilibria folf
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Acid/Base Equilibria Formulas

pH® - log[H'] =14 - pOH

pK°- log K

General caseC, + C, = (

a

Strong acid case (G- 0, large K):
Weak acid case (=0, small K):
Strong base case {€ 0, large K)):

Weak base case (€ 0, small K):

Buffer case (G C,* 0, small K):

+ g-1 q -
Kyt Co+

J(Cure + Cy - )

CH+

[H+]SA » C,

[H+]WA » C")(;Ce;"" Kw

[OH ]gg » G,

[OH Jws » OK%Ch * Ky

Ka

C
H* 8
[ ]buffer s Cb

Example 19.10Calculate the pH of a 0.10 M acetic acid solution which has been
titrated 1/4 the ay to neutralization, using approximation formulas.

The situation is partial neutralization of weak acid with strong base, so the solution is a

buffer. From the Catgory table we see that x represents the proton concentrajitime C
concentration of remaining acid and tGe concentration of conjate base.Using the
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modi®ed mass action table of the yaoris example and the uifer approximation for
mula,

+ (1.8 105)(3(0.10)/4) . 5
[H] » 0.10/4 =5.4" 10

and the pH = 4.27 just as before.

It is worth noting that during acid/base titrations pK, + log(G,/C,), which
means that when G- C,, that is, half vay to the equialence point (for unity stoichio-
metric ratio), pH = pK This provides a method for determining thalwe of pK;:
Titrate to the equalence point noting the pH, then read the pH haliswo equalence.

19.7. OxidationReduction Equilibria

The concept of acids and baseasvgreatly ¥panded by G. N. Lwis, who published
his ideas about the same time as Bronsted aneityo Lewis reasoned that since all chemi-
cal reactions wolve rearrangements of chemical bonds, and that chemical bonds are the
result of electronic structure in molecules, acid/base reactions should be understandable in
terms of the rearrangements of electrolmsa sense, Lwis shifted the focus from the proton
(which is usually hidden beneath ®lled subshell core electrons) to its opposite, the electron.
Lewis acids ae dectron acceptos and Lewis bases a dectron donos. The range of acids
with this notion is gtended to non-aqueous solutions and pure substances in the solid, liquid
and @seous states. Although thewlie perspectie is broader than that of the Bronsted per
spectve, the Bronsted concept is still popular for the common cases of aqueous solutions.

Example 19.11The classic strong acid, strong base reaction is betwgsnodhnloric
acid and sodiumyidroxide to produce sodium chloride andter ("acid plus base gés
salt plus vater’). However, gaseous Yydrogen chloride can react with solid sodium
oxide to produce the same products (Write out the reaction). IRisudifto describe the
reaction in Bronsted half-reaction termdore striking, sulfur trioxide is the agtride

of sulfuric acid (i.e.yields sulfuric acid when added taater), as is calcium oxide the
antydride of calcium fadroxide. Havever the essential reaction taking place in aque-
ous solution can occur withoutyawater being iwolved:

S04(g) + Cal(s)= CaSQ(s)
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In a sense, Lwis theory goes ly®nd acid/base reactions to include all rearrangements
of electrons, bt one class of reactions is particularly appropriate twid@cids and bases,
namely oxidations and reduction€xidation generalizes simple reaction with oxygen to
include aw reaction for which electrons are lost (and oxidation number therefore increases).
Reduction can be thought of as the opposite of oxidation, namely reactiolvimg the @in
of electrons (and reduction in oxidation numbéFhe generalization of the idea that oxygen
oxidizes substances through strong electyetivty (electron greed), is thatxidation is
caused byeaction with an oxidizinggent, and eduction by eaction with a educing gent.

Since matter (including electrons) must be corexim chemical reactionsxidation is
always accompanied byduction in bemical eactions, and oxidatioréduction eactions
involve the tansfer of elecbns Thus one can say a substance that is oxidized by an oxidiz-
ing agent itself acts as a reducing agent to the oxidizing agaetcoupling of oxidation and
reduction, sometimes calladdox together with the understanding of the transference of
electrons suggests decomposing redox reactions into pairs of oxidation or reduction half-
reactions, as with aqueous acid/base reactidrtsible of such half reactions is appropriately
called aLewis Table, dso called astandad reduction table It is abitrary whether redox half
reactions are written as reductions or oxidations: we will choose to write them all as reduc-
tions (corresponding oxidation half reactions arensed reductions)Pars of reduction or
oxidation half reactions may be combined to eliminate the transferred electrons by subtrac-
tion, just as thg were combined to eliminate the transferred protons in acid/base reactions.
One important dference between a s Table and a Bronstedable is that redox half reac-
tions can imolve the loss or gin of s@eral electrons, whereas aqueous acid/bagavia the
loss or gin of single protonsA second diference is that the measure of oxidation or reduc-
tion strength is made throughectiopotential or electomotive foce (EMF) measured in
volts, instead of through equilibrium constam{ctually, there is a relationship between EMF
and K, somehat similar to that between pK and K:

RT
E= — In(K 19.31
r]an() (19.31)

where E is thecell potentia) R is the molar @s constant (8.3145 J/mol-K in eggunits), T
is temperature in &vin, n, is the number of mols of electrons transferred (number of
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equivalenty, and F is the chge of one mol of electrons, called thar&day, with value
9. 648456x 10* J/mol- V. The superscript 0 on E denotes the standard state 6€2%d
concentrations of solutions and pressuresaseg of unity In the Levis Table belav, oxida-
tion stren%th increases and reduction strength decreases with increasing pesitction
potential, E,

8 Michael Faraday (1791-1867), diseerer of seeral chemicals including benzene, electrical induction,
electric polarization of light, wentor of the electric motor and generat®araday did not hee facility with
mathematics, Wit his insights andxperiments were deloped into the uni®ed theory of electricity and mag-
netism by his colleague Clerk Maxwelkaradays popular Christmas Lectures, publishedlag Chemical His-
tory of a Candleare still recommended reading for their accyratarity and beauty He experimented with
conduction of electricity throughag plasmas in tubes that were the precursors to radio, cathode raydnd tele
sion tubes, and mass spectrometédshough Faraday interpreted his solution electrolysipariments in terms
of a fundamental particle of clygr and identi®ed chemical@ifity with electrical force, he as not attracted to
Dalton's aomic theory Considered by manto be ane of the greatx@erimental geniuses of all time, he ap-
pears to hee suffered from mercury poisoning (from electrical conductigpegiments), which left him in a de-
bilitated mental state for much of his liféle declined elections to the presidgntthe Ryal Society of Lon-
don and knighthood,ub did accept a retirement apartment at Hampton Court from Quetemi/
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Table 19.5 The Lewis able

Reduction E° (Volts)
Fo(g) + 2€ = 2F (aq) +2.866
Co*(g) + € =Co?*(aq) +1.842
H,0,(aq) + 2H*(ag) + 2 = 2H,0 +1.763
PbOy(s) + 4H'(aq) + SOF (ag) + 2 = PbSQ +1.691
Ceé(g) + € = Ce¥(ag) +1.61
MnOj(ag) + 8H'(ag) + 56 = Mn?*(aq) + 4H,0 +1.51
Au®*(aq) + 3¢ = Au(aq) +1.498
Cly(g) + 26 =2CI (aq) +1.358
MnO,(s) + 4H"(aq) + 26 = Mn?*(aq) + 2H,0 +1.229
O,(g) + 4H'(aq) + 4¢ = 2H,0 +1.229
Br,(1) + 2 = 2Br (aq) +1.066
NO3(aq) + 4H"(aqg) + 3¢ = NO(g) + 2H,0 +0.964
Agf(aq) + € = Ag(s) +0.800
Fe*(aq) + € = Fe?*(aq) +0.771
0,(g) + 2H"(aqg) + 2 = H,0,(aq) +0.68
MnOj(ag) + 2H,0 + 3¢ = MnO,(s) + 40H (ag)  +0.595
I,(s) + 2 =2I" (aq) +0.536
O5(g) + 2H,0O + 4€ = 40H (ag) +0.401
Cw?¥(aqg) + 2 =Cu(s) +0.342
AgCl(s) + € =Ag(s) + Cl" (aq) +0.222
Cuw?*(aq) + € = Cu'(aq) +0.153
AgBr(s) + € =Ag(s) + Br (ag) +0.095
2H'(aq) + 26 = Hy(0) 0.000
PK*(aq) + 26 = Pb(s) 0.126
Srf*(aq) + 2€ = Sn(s) 0.137
Agl(s) + € =Ag(s) +1 (ag) 0.151
Co?*(g) + 2¢ = Co(aq) 0.277
NAD"(aq) + H(aq) + 26 = NADH 0.320
PbSQ(s) + 26 = Pb(s) + SOf (aq) 0.359
Fe(ag) + 26 =70@) 0.447

2H,0 + 26 = H,(g) + 20H (ag) 0.828
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Mn?*(aq) + 26 = Mn(s) 1.128
Al¥*(aq) + 3¢ = Al(s) 1.662
Mg?*(aq) + 26 = Mg(s) 2.357
Na'(ag) + € =Na(s) 2.714
Cca&*(aq) + 26 =Caf) 2.868
Sr*(aq) + 26 = Sr(s) 2.888
Ba&*(aqg) + 2¢ = Ba(s) 2.906
K*(aq) + € =K(s) 2.936
Li*(ag) + € = Li(s) 3.040

Note the correlations of EMF for elements with the Periodend Algorithm of Sec-
tion 6.5. The halogens, alkali metals and alkaline earths are ordered roughly the same as in
the periodic table with the most electron greedy elements at the top ofvife Table and
the most generous at the bottom.

In the case of oxidation/reduction reactions, electricalggneay be captured by péi-
cally separating the half reactions irftalf cellsand connecting them with electrical and
chemical conductors (solutions containing mobile ion@e EMF is called theell poten-
tial, measured in @its, and is computed as thefdience between thalf-cell potentials in
the Lavis Table. Thiss seen by applying Eq. (19.31) toamalf reactions:

n EceII =N Ered - ne(,Xon (19- 32)

Eeell €red

where the subscripts refer to the half cells in which reduction and oxidateplaak. The
vaues to use in Eq. (19.32) are for standard conditions are listedwiis Oables. Inthe
usual case of transfer of electrong, = n,_, =n, and n can be ignoredNote hav divi-
sion of the equilibrium constants resulting fromfetiéncing half reactions in the Bronsted
Table becomes subtraction of half cell potentials in theitdable. This is a consequence of
the logarithmic relationship between E and Khe n@ative sgn on E, comes from reers-
ing the half reaction in a reduction table, correspondinguating K. The Bronsted dble
Algorithm has a corresponding Wwes Table Algorithm:

Lewis Table Algorithm
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Purpose: @ identify oxidation/reduction half reactions from &egi total reaction.
Procedure:
1. Scarthe Lewis Table for the reactants and products of tivergreaction.

2. Fromthe possible matches, selecotentries which hae onjugate pairs in
the given reaction.

3. Subtracbne entry half reaction from the other in suchayhat the resultt
ing reactants and products agree with those of trem géaction.

4. If a nret EMF is requested, subtract the EMF for the subtracted half reaction

from that of the added half reaction.

Example 19.12ldentify the Lavis half reactions and calculate the EMF for the reaction

2

1.
2.
3.

4.

Li(s) + F»(g) = 2LiF.
Thereactants are found at the top and bottom of thed @ble.
Thereare no other reactionsvolving euorine and lithium.

(reversed) to agree with thewgn reaction.
Accordingto Eq. (19.32), n= 2 and the standard cell EMF is

2B, = 2, - 2B+ = 2(+2.87)- 2(-3.05)V = 2(5.92)V
E%, =5.92V

This reaction, which wolves the most electrogdive and positve dements, has under
standably one of the Igest possible cell potentialddow are EMF cells used to produce

larger

wltages? Indiidual cells are connected in a series of cells, cdliteries for which

the \wltages are addite according to the has of electricity
Example 19.13

a

The Lewis Table shws that zinc should diss@vin acids to produce difdrogen:
Zn+ 2H' = Zn** + H,, 2E. = 2(0. 000)- 2(- 0.828)V, or E. = +0.828V and
DG = - n.FE is ngaive causing the products to dominateeoreactants at equilib-
rium.

If Zn dissohes in acids, wirdoesnt it dissolwe in water which alvays has a little
cid in it? According to the Nernst Equation, the potentialld be less in neutral

water, where the concentration of *His 10’, than in 1 M acid by

The euorine reaction needs to be added and the lithium reduction subtracted
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0.05916
- > log Cp:HZ =- 0.209V at room temperature for the samg, PThe cell poten-
H+

tial is still positve (0.828 - 0.209 = 0.619 V), indicating the reaction should proceed.
However, thermodynamics is not the total stofjhe rate of reaction is dependent on
concentrations and, if proportional tgdrogen ion concentration,ould proceed 10
times slover than in 1 M acid.Thus what wuld react in 10 s in 1 M acidomld require

10’ s to react in neutral ater or about 3years.

Example 19.14Entries in the Leis Table can be used txm@ain corrosion protection.
Metals abwe doxygen do not react with dioxygen because the resulting cell potential
would be ngaive (corresponding to an equilibrium constant less than unity), while
those belar dioxygen can react with dioxygen to form oxiddus, gold plating is one
corrosion protection stratagem ,‘1(,!,:6,2 =-0.27V). Some metals, lile slver,
chromium, aluminum and tin are protected from further oxidation through formation of
thin but impenetrable oxidized coats by reacting with atmosphasesy Tin" cans
used to store foods are actually tin-coated iron; when the tin coating is breached, the tin
reacts with the iron with posit cll potential (B ., =+0.30V), and rusting is
accelerated. Zin@n the other hand, is be&ldron, so if iron were oxidized it ould, in

turn, preferentially oxidize the zinc {E,,, = +0.32V). Coatingiron with zinc is
calledgalvanizingthe iron, and metals ab® iron, such as zinc and magnesium are used
to form “sacri®cial' couples with iron.

Identifying the free engy as the wailable work in an electrochemical cell,
DG = - n.FE, leads from Eq. (19.14) to the relationship between cell potential and equilib-
rium constant, Eq. (19.31)The more general Eq. (19.15) leads to a more general relation-
ship for cell potential under arbitrary concentrations, calledN#rastequation:

_ o, RT
E=E°- E|n(Q) (19.33)

A corvenient form for calculations at 26 is
0.05912
- log(Q)
e
Note at equilibrium Q = K; thus E goes to zero and the cell becodessl"

Example 19.15Concentation cellsderive from a curious result of the Nernst equation
applied to electrochemical cellsviag the same half reaction in each half celit at

E=E°
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different concentrationdn this case, E” =E%,- E2 =0, and

C:dllute
E—-—l(Q)—-—l( )30
F Cconcentrated
At 25 °C each ten-fold diference in concentration between half cells generates
+0.0591/p V, where R is the number of electrons in the half-reaction.

Summary

Chemical equilibrium is static on a macroscopic scalg,dynamic on a molecular
scale. The fundamentaMeof equilibrium is an equation which relates the concentrations of
reactants and products to a parametdked the equilibrium constant.

Two special catgories of chemical reactions, acid/base and electrochenxchhrge
protons and electrons, respeely. The exchange property ales quantitatre akulation of
numerous possible reactions in terms of a radigtismall number of half reactions.



Exercises 305

CHEMICAL EQ UILIBRIA EXERCISES

1.

2.
3.
4.

If K for the HCN= HNC rearrangement is 4, what is the concentration of HNC at
equilibrium after one molar HCN is introduced into an empty ask?

Comparehe acid strengths of 43 and HS.
Whatis the maximum eltage a drogen fuel cell could produce?
Isan aqueousydrogen peroxide solution stable?

CHEMICAL EQ UILIBRIA EXERCISE HINTS

1.

Thisis a particularly simple mass action equilibrium problem for the reaction of
the form A=B.

H,S end HS are both kdro acids.

A oxygen/lydrogen fuel cell has the same reaction as the gstigm of giseous
hydrogen.

Considethe reaction: 250, = 2H,0 + O,.



