CHAPTER 3

3.3 INTRODUCTION

thermedynamicys: the soedy of
trzosiormations of energy

Thermodynamic Basis of
Eqguilibrium

31.1.1 Chapter overview

Thermodynuniics (irorn the Greek therme heat — dymamis power) is the smady
of transformatiens of encrgy. Themmodynemics is a far-reaching and
baautifiily salf-consistent field of study. Thermodynamics seeks 10 explain
phenomena as diverse as high jumping (where kinetic energy is converied
inte potential energy) and diemonuciesr weapona, This (sl 15 concemned
with rezctions between chemical species. Thus, the foliowing discussion of
thermeodynamecs will focus on chemiczl reactions. This is a slice of
thermodynaraics sometmes calicd chomical thermodivnamics.

The intent of this chamter 15 10 show that the coneept of eguilibrium has
themmodynamic underpinnings. To accorplish this tzsk, we must start with
some basic thermedynamic principles and definitigns. The thermodynamic
functions Gibbs free energy and chemical poterniiai will be introduced, along
with their dependence oa spacies concentrations.  Equilibrium will be
defined fromn these thermodynamic funcrions. Thus, vou shall find that the
equiithrinm state of a chemical svster s raflected in the concentrations of
the species comprised in the system. The concept of an equilibrium cons:ant
will be developed, Further thermodynamie concepts will be infroduced in
Chapter 71.

3.1.2 Scope

Asstated mn section 3.1.1, the zoal of this chapter is 1o develop expression
oz the equilibrium state o7z system based oo thermodymamic concepts and
the concentrations of chemical spesies. There are many ways to derive
equilidrium expressions from themmodynamic laws., Which thermodynamic
concepts should be emploved?

Inthis chapier. the discussion will be guaded by three prineiples. Fizst,
thermodvmamic properties will be Geveloped that 2re convenient. nsome
cases, this may mean combimmg simple properiies Do roumnss to reach
the chapter goal in an expedient fashion.  Secomd, thermodynamic
properies wiil be sougin that are reusable. This means that we will take
advantage of tabulated thermodynamic properties. Third, thermoedynamic
propertias wiil e developad which descrbe the system of imterest. Thus,
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the foces will be on the properties of the system, not properties of the
matier surrounding the system.

3.1.3 Motivation
Before drving into definitions and cafculations, it is informative to step
back and decide if 2 discussion of thermodynamics is zeally necessary. If
vour goal {(from Chapter 1) is to be able to determine the concentrations of
indrvidual chemical species at equilibrium, then thermodynamics is ab-
solutcly required

Thermoedynamics will allow vou to determine quickly whether certain
¢hemical reactions will proceed as written. More significanitv, thermody-
namics wili ermpower you to caiculate species concenrrations under
specified conditfons. You will find that thermodymamic properties of
ciremical reactions wiil let you determine, for exarnsle:

® The extent 1o which ammonza partitions between the atmosphers
and a lake

#®  The effect of 2eid rain on national momuments

® The dose of soda ash required 1o neutralize an acid spill

® Theeffect of pH on the disinfection sitength of chlorine

*  The speciation of phosphorous in a drinking water reservoir

In short, themmodynamics is the key to many applications of aguatic
chermistry,

3.2 THERMODYNAMIC PROPERTIES

oy Key idea: Thermo-
" dyramic syswems are

delmed by themmo-
Cyntamic properties (msoe exlled
state varighier)

3.2.]1 Iniroduction

The state of a systern can be defined by a number of thermodynamic
properties. Thermodynamic propertics sometimes are calied state varighles
because their values depend on the state of the sysiom and not on the
manper in whick the state was achieved. Thermocynamic properties ate
divided 1mto two types: extensive and intensive properties. Property tynes
are chscrssed in Sections 3.2.2and 3.2.3. Some thermodymammic properties
are comserved: that 15, they are additive even after transformations of &
SYSICI o when two systems are combined. Comservation of thermiody-
BAMIC properties i discussed in Section 3.2.4. Finally, since the state of
a system is defined by thermodynamic proparties, it 15 useful to ask: how
many taermodynamic properties does it take to define a svstem? This
guestion 1 answered m Seeton 3.2.5,
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3.2.2 Extensive propertfies

As stated 1 Section 3.2.1, thermodynamic properties can be axtensive
properties Or intensive properties. Exdensive properties are dependent on
the amount of material in the Svstem. For example, mass 15 a0 exiensive
property because 1 1s cependent on the amount of the substancs present.
Examples of extensive properties are listed wifis their common units in
Table 3.1.

The extensive thermodyoamic properties share 2 unique ieature: the
sum of the values of an extensive property for each portion of the sysiem
equals the value of the extensive preperty for the system as & whole. For
exampic, if vou empty a glzss of water one drop at a time, the sum of the
volumes {or masses) of cach dg;:)p will be equal to the volume {or mass}) of
the otiginal water i the glass.

Tablc 3.1: Extensive and Intensive Properties
{comimon units In parentheses)

Tyvpe Extensive Property Intensive Property
Mass or mole  mass (g or ko) concentratien (gL and
demsity (ke
murnber of toles conceniration (malL)
Yolume volume (L} speciiic volume (L/kg) and
moiar vedume (L mel)
Therrnal Aeat capacity (17K speciiic heat (Fe-"K)
enerey (kT maolar eneroy (kl'mol)
enthalpy (&I moiar endhaloyy {elfmel)
entropy (x4 moar enrepy (kl'moi-"K)
free enerzy L) moiar free enerey (kd/mol)
Other pressure (atm)

ternperanrs K

3.2.3 Intensive properties

Intensive properties are independeni of the amount o7 materizl. In other
words, intensive properties are the same for eack packer of matenal in the
system. Temperature is an exampla of an intensive property. Cencentration
2150 13 @n iNlenstve property since CONCEnRTANan is a mass (of mumber of
moles) mer unit volume {or mass). Examples of intensive properties are
listed with their commen units in Table 3.1,

e - B ' . . . . .
This definition of exiemsive propecnes 15 valid for syetems having consiant
thermodyaamic properiies at every point i space.
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Q. Key idea: Intensive
2 ternodynamic
properiies asc mot
zadidve within & gvstem

Example 3.1: Balancing
Thermodynamic Propertics

What 15 the sodium lon concen-
radon in 2 soluten fommed
when one rop (0,05 ml) of
seawater ([N = 108 gLim
253°C s added 1o 1 L of Sver
wathr ([Ne7] = 6 meLyat 23507

Solrtion:

Concentretion is hot an cxten-
sive property and tharefore ix
no eddigve. Mass is additve
and mazs =m = FC, where 7=
volunte and © = conceniration.

moo=m, T
= /mCﬁ TVl

5

{The subscript g, sw, and rw
refer here o sodution, seawater,
ang mver witer, tessectvely.

m, =t"-'~=-<1{)'5 Lyl ::1355 L)+
L6107 o)
654 0t

Aso O =miV,
Since the densitv of the fing
station is expected 1o be very

cloge o the density of the dver
WataF, YOU can eporcaimare: ¥

=F - _—-‘L sx1p ¥ L=
L0000 L. Thas:
¢, =miV,
= (6.5£x1077 2)i( 100005
L)
= 8.5 me/L

Some intemsive properties are formed from extensive properties by
nommelizing for the amount of matesjal. In such cases, the ntensive
property 1s called 2 specific or molar property. For example, the specific
voiume s calculated as the volume divided by the mass, and the mmolar
energy 1§ the energy per mole. {Reiated intensive functions, the partial
molzr properties, will be discussed in Section 3.6.3.)

Recall that intensive properties are tae same for each packet of materia)
w the sysiem. Thus, unhxe extensive properties, intensive propertics are
not additive within a systen. For exampie, the temperatare of the water in
a alass 15 not equal to the sum of the temperatures of each drop of water in
the glass.

3.2.4 Conservation of some thermodynamic properties

Some thermodyzamic propertes are conserved: that is, they are additive
even after ransformations of 2 system or when two systems are combined.
The general concept of the conservation laws will be explored in Section
3.4.%. In this section, the thermodynamic properies that are candidates for
conservation will be identifi=d.

Thoughifnl Pausge
Wlhuch thermodynarme properties are candidates for conservation:
¢XWDSIVE OT INtensive properties?

You know that iniensive properties are not conserved. Intensive prepemies
arg 20t additive even inside a system, so It does not make sense that thesy
showlc be additive when systems ar¢ transformed or combined. Only the
BXtensive properties are candidates for conservarion.

Here you must tread carefully. Although only extensive properties are
candidates for comservation, it does not follow that every cxtensive
prapeny 15 comserved, Hundreds of vears of observation has led to the con-
clusion {se¢ Section 3.4.1) that the extensive preperties mass and energy
{aloag with momertum) are conserved, Thus, YOU AR DAAOCE [Nass,
ecergy, and momentum as svstems are trapsformed or combined.

It 15 very important io persorm balances onlv on mass, energy, or
memeniu and #o7 on Intensive propertics, One important mplicaton in
envirenracemal engineesing and science i3 that we must nerform balances
on the mass {or mass fux) of chemicals, not on chemical concentratons,
This preple is illustrated in Example 3.1

3.2.5 How many thermodynamic properties are enouch?
Thermodynamic propertizs are uged to define the state of a system. You

=

need to kaow when to stop adding properties to your description of
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.
Gilths Phaye Ruls: 2 sysiem
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nenss requires & - B+ 2
Sermodynamic properies
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systems. I other words, we would like o imow how many thermedynawmic
propertics are required to define a system.

The nomber of thermodynamic properties required 1o define the siate of
a svster depends on the complexity of the svitem. More specifically. the
number of thermodynamic propertics reguirad depends on the number of
phases and mumbcer of compoments of the system. The concept of the
componant is used throughout this text. A compenent is a chemical species
(or fragment of a chomical species) that can be varied independently in 2
svsiem. A system with 2 paases and O components requires € - £ + 2
TGermodynamic propesies. This 15 called the Gibbs Phase Rule (aficr L
Willard Gibbs, 183%9-1903; see the Historical Note at the end ol the chapler).
The simplest possible agueous system 15 2 <nown volume of water. This is
a one-phase, one-component system (P = C= 1). Taerefore, two thermody-
namic propenies (- P+2=1- 1+ 2 =2) are required to define the
SYSiEN. [DAgUOOUS Sysierns, 1 15 COMVEnent 1o s [2mparaturs and Pressurc
as the two thermodynamic properties. Thus, a system of 1 L of pare water
& completely and eniquely dafined by specifymyg e temperature and
TCESFUTE.

Now, thermodynamics would be pretty useless i it told you bow 1o
desenbe systems of ouly pure water. [n facs, the Giobs Phase Bule is very
powerfnd. It will assis: vou in describing the equilibrium state of systems.
In particular, it wiil assist iz dewermining the species concentwations at
equilibrum. For cxample, suppose vou want to determine the cquiibourm
concentrations of every species in 2 svsiem comvaining P phases and C
components. The Gibbs Phase Rade tells vou that vou need wo spea’ O -
P+ 2 taermodynamic properties from Tabie 3.1, In most cases, those
properties will be temperaturs, pressure, and C - Fspecies concentrations (or
combinatons of spociss coDesnirations),

3.3 WHY DO WE NEED THERMODYNAMICS TO CALCULATE SPECIES

CONCENTRATIONS?

we), Ecyidea: Themmo-
&ynamics czn tell
v wach chemical
zeaetions ame possibie (under 3
oiven s&t of coadinors) and
wiether sproics concontrations
ars nat nrme-tependent

We seek 10 determine the concentziions of cach chermcal species involved
in a set of chemical reactions. To accomplish s, two Teatures of chemical
reacions must be determined.  First, wou must have a way of deciding
whether a chemical reaction will proceed as written. If you can detemmime
thar a reaction wiil #ot occur under a given set of conditons (2.2., tempera-
ture, pressure, and species concenirations), then ¢leamiy 1113 of Title mterest
0 VO

Second, wo would like 1o determine if the chemica, species concentra-
Hons zre changing with time. In particular, the goal for most of this text is
confised o calcrlating species concentrations waen they do not czange with
dme. The rime-dependent nature of species concentations will be consd-
crod i Chapter 22,

How do vou know whether 2 reaction proceeds as written or whether
species concentrations are not time-dependent? We shail devise thermody-
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SPOTHARCORS Teaction: 2
Icaction GCcUrTing as wiitten
wWion: enerey added

equiibrinem: 3 sate whera ths
dhemmodynarme propertes of
T1c systom do not change with
tune (for & avstern 1hat does not
TRV A T 1088 oF Tain of heat
oz mass wath 1#s surroundings)

namic properties specifically for determining whether reactons occur and
whether species concentrations change with ime. Before developing these
thermodynamic properties, it 15 necessary to eXamine the concepts of
whether reactions ocowr and the tme-mdependence of species concentra-
tlons io more detati. To do so, we must mmroduce several related concems,

g

namely spontaneity, equitibrium, and reversibility,

3.3.1 Spontaneity
A reaction that securs as wiitten without energy added 15 called a sponta-
neeus reaction. Spontaneous reactions akso are called possidle reacions.
In other words, Teactions that are ot spopigneous as written are said to be
not possible under the given ser of thermodynamic eonditions. 1dentifying
spomtamaons reactions Wik allow the diviston of all reactions inio bwo
Dypes: possible L., sponmancous) reactions and mmpossible reactions.

[+ 15 impartant 1o rernember that reacttons are possiole (3pontanesus)
o inpossible under a specific ser of thermodynamic condidons. In other
words, you must specify the temperature, pressuare, and chemical species
concentrations when vou determine whether or not a reaction is spontane-
gus. A reaction couic ooour spontaneons, y at, sav, one temperatire, but not
occur spontaneously at another lemperature. AS an example, the evepora-
tion of watar to form Wwaler vapor 1S Spontaneous at emperatires greater
taan (00°C (at ] atm of prassure) but not spontanzons at temperamres less
than 100°C (at L atm of prassure),

in addtion, reactions may occur spontansously & ome set of species
concentratians, but not spontaneously at another set of species concentra-
tiens. For example, the dssolution of sodium chionde to form sodiven and
chlomde 1oms 15 spomtancous at 25°C and 1 atm if sodum cidonde s the
omly source of Na'and CF. Howevers, in a4 satumated bome solution, the
diszodunon of sodium chloride 18 not spontaneous.

3.3.2 Equilibrivm

Systems in which the species concentrations do not change with time are
said to be at eguilibrisesm {fromn the Lat geged cqual — libra wergat), The
formal thermodynamic definition of equilibrium is that the thermodynamic
properties of the Svstem ar eguilibrion do rot change with ime and the
svsiem does not have & net loss or gain of heat or mass with its surround-

LT
Iﬂé‘,ﬁ'.

Thoughtful Pause
Is the formal definitior of equilibnum more or less testoetive than
the meguirerent that species concemtrations be independent of trne?

Note that the formal definiton of equidibrinm 15 very resizictive. It says
that ne thermodynaraic properties {not just the rroperty of species con-
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cemration) change wath tme at equibibrium. A svstem at equilibrium also
does not bave a net loss or gain of heat or mass with its sarroundings. In
addition, the chemical composition of the system is independent of time.
Why? Atequilibrinm, all thermodynamic properties {imcluding the species
concenirations} are independent of time. Identifying the equilibrium state
will allow the division of 23 spontaneous reactions into two Types:
reactions at equilibrium and reactions not at equilibrium.

The definiitens of spontapcity and equilibrium aliow vou to divide ali
chemical rezctions into groups. One classification scheme 18 shown in
Figure 3.1. Note that all reactions at equilibrinm are spontansous, but not
all spontanecus reactions are at equilibrium,

All Chemical Reacyans

Sprntansous Reactigns Wenspantansaus Reatlions
fpossibie rerctions) : liMpoesiala reactions)

at equiloriuen | et & equisibrom

Figure 3.1: Classification of Chemical Reactions
{SpoOtANe0us rezetions are possibie and AOMEHORIANSOLS TEACHORS
are tmpossible wodar & speciics set of themmodvnanic conditons)

3.3.3 Reversibility

The concept of equilibrium is closely aligned with the idea of reversibility,
A reaction 1s said io de reversible if the reverse reaction (L.e., conversion
of products imo Teactants) ¢ap occur spontaneonsly with an mfimitesimal
merease in the product conceniration. Consider the reaction: H + O -
HCL. The reaction is reversible if the reverse reaction (HCl - H - C17)
also ocours spontaneously when the HCG concentration 15 increased slightly.
In general. a process 15 said w be reversible if it returns 1o 1t matial siate
when the mass, heat, and energy flows are reversed,

What is the relationship between equilibrium ané reversibitin?
Reversible systems are sald to be near ecuilivrium, whereas ireversible
systems are far from the equilibrium state. For @ chemical reaction to be
af eguilibptum, the reaciion must be reversible.

3.3.4 Summary
The comnectien botwesn spontaneity, equalibeiu, and revensibility casts a
aew light on equilibrium. For a reaction o be af equilibrium, the reaction
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st be boih spontancous and reversible. Inother words, both the reaction
and its reverse reaction must be spontaneous. For example, it is known that
hvdrochioric acid equilibrates quicidy wih - and €7, Thus, both the
reactions HC! -~ H +Cl and H™ +Cl” = HCimust be spontaneous. Tais
Teads to the expression of equiibrium as reactions that proceed in both
directions, denoted HC! = H + Cl', or more commoniy m aguatic
chemistry: HCl = 0+ €.

At equilibriurn, the concentrations of all chemical species do not
change with time. This fact sometmes conjures up the image that no
reactions ace occursing & equilibrium, However, you now kmow that all
chemical teactions and their reverse reactions procesd spontaneously at
equilibrivm. Overall, the species concentranions are not changing with
time. However, reactants are converted to products and products to
reactants comtinuously at equilibrium in such a way that the reactant and
product concentrations do not change over dme. In the hyvdrochloric acid
example, HCI is being formed continwously from reaction of B and C1 .
In addition, BCL Is contimaously dissociating to forrn H and €17, The
systern i3 Not satic at equitipehum, but no net change m SPeCies concentra-
tion otours.

An apalogy may make this clearer. At many coilege campuses and
snonping malls, parking space is at a premium.”  Duopg the day, the
number of empty parking spaces remains neatly conswant (T some very
small number), and the number oF filled parking spaces Temains nearly
constant zs well. In spite of this observation, the actual cars parked in the
packing spaces change throughout the day. Parking is reversible. The
processes of parking and vacating 2 parking space (analogous 1o 2 reaction
and its reverse reaction) are sportaneous. The pumber of empry and Al
spaces (analogous to species concentrations) does not change much over
tirne, even though new empty parking spaces are becoming available and
being filled continuousTy. As with chemical systems at equilibrium. the
system is not static, but ne net change in the number of empty parking
SPACES OCCLrS.

© This leads o e cvrical definition of a university as a place whers iacwity,
smadents, and staff sather rogether o complam about parking.
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3.9 CHEMICAL EQUILIBRIUM AND THE EQUILIBRIUM CONSTANT

v Key idea: The

» couilibrivm consran:
15 the product of the
Feactans activities divided by the
rroduct of the procurt
actvities, 20 mised to the
power of Deir reaction
soichiometic coefficient

By Kev idea; In difue
( " salation, the eqnili-

briwre consian: iy

approximately equa)
W e product of the reactant
toncentrations divided by e
Product of the product con-
S2amrations, each raised to the
pavwer of their rezotion stoichio-
meTie coefaciont

3.9.1 Equilibrizm constants

From Sectdon 3.7.4, vou know that AG,=0atecuiiibrium. This meaps thar
there must be some set of species activides thar ailows A7, tobezero. At
equiliorium, these activitics are called the equilibriim qctivities (denated
with a subscrint €q), so that &0, 3.17 becomes:

[che oy )

0=AG]! +RTn ' eq. 3.23
ren . ‘{‘ﬂi}f iRyT |
bttt et J.g.-l:'/J'

Since AGY . is 2 constant for 2 given reacion, it foliows that the torm i
pareniiesss i ¢q. 3.23 must be consmmt a cquilibrium. The term in
parentheses is called the equilibrium constant and 18 denoted K or X, For
the reaction 24 + bB = ¢C + &, the cquilibriurs constant - '

c)
Al

R

L

o~

4

K=

q
4

e 0 LB o

D;
B}

o
moR

§

This text is focused on chemical reactions ar squitihrium. Therefore, the
subseript eg will be understood and generally a0t written. The awtivity of
species A, {A}, wil be assumed 10 be the equilibrium activity umicss
otirerwise indicated.

So far, activity has ot been defined very pracisely, Activity is an
1dealized concentration. Asa thermodynamyic property, activity depends on
L temperature, pressere, and number of maies of material in the Evstern.
The dependence of activity on the EMmperanTe, pressure, and mumber of
moles of material in the systera will be examined in Chapter 21, For now,
AIEUME ¥OU are working with dilute solutons {i.e., the mumber of moles of
material in the systemn is small) 2t standard and Constant temperature and
messure. The dilute soluton assumption is vaiid for many freshwaters.
Under these conditions, e concenmraton of g chemical species is nearly
equal to 1% activity. Thus, the activity of species A, FAY. can be replacad
[Cl. D]
ATNBY
Again, the concentrations are 2ssymed here 1o be eQuiibrium concentrations
unless otherwise noted, In words, the equilibrium comnstant in dilite soluton
I3 the product of the reactent concentrations divided by the product af the

product concentrations, each raised to the power of their reaction
stpichiometric coefficient.

with the concentration of species A, [Al. You can wrie X =
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Exampie 3.6: Calculation of
AGE from K

Calowiae ALY for the reaction
OO —~ O (ag) — Hjag) i
K=1000 " Ma28°C

Selution:

AG = -RTnK={(8314x107
ol P29 K 1.0= 10}
=+709 kT

You can vendy this vaive nsing
AT =T v AL ! where the
ARG 7, walues Sor HLOM,

OB fas), and B'{ag) ae
-2372,0, and -157.3 klimol,
TEEpeCTIvVey,

3.10 SUMMARY

3.9.2 Properties of the equilibrium constant
All equilibrinm constants show some mportast properiies. First, equilibrium
constants are thermodvnamic fusctions. As such, they may depend on the
‘emperatiare, nressure, and concentratons of other species in the systom.
These relationshing will be quantified in Chaper 21,

Second. equitibrium consants can be caleulated from ACT . From eg,
3.18 2nd ke defirition of the aquilibrium constant:

ai

rrc

K=e¢ #F

Thus, vou can caleulate K if vou kmow AGT . As an example, the valug of
A5 = —&7 kl/mel was calculated for the reaction COuig) + E.OL) -
H.CO.faq) In Exampie 3.5. For this reaction at 25°C (= 298°K):

K = exp{-(8.7 kiimol}{8.31410 * X/mol-"K{298°K)]

=4 35107

You alse can caleulate AGY, if you xnow K (see Example 3.6).

Third, it 15 necessary to think carefully about the umrs of equilibrium
constants. [n realiny, equilibriam comstants have no snits. Each termis a
conceniration {or acivity) divided by the concenteation {or aciivity) of the
standard state (see Section 3.8.2). Thus, ail X values are unitiess, and vou
should have no qualms about taking the natural logarithm of £ in caiculatng
AG . Howcever, as discussed in Section 4.3, 1t 1S COMIMON t0 ASSOCIALE IS
with equilibzium constants 10 indicate the concenTation umits oF the species
tnvolved in the egquilibeiom.

Thus chapter provided a brief review of the thermodynamic basis of chemucal
equilibriws., Eouilibrivm is defined a6 the state in which the thermodynarmic
furctions of the system (such 28 temperatiure, pressure, and species concen-
wations) do not change with ime. Three links were made in this chapter to
allow for calculation of species concemrations at equilibrium.  First, the
concept of equiliboium was relased to the change in one parucular thermody-
namic function, Gibbs free enerey. Gibbs iTee energy combines intemal
eneTLy, pressure-volume work, and entropy (& measure of disorder 1n the
gvstem).  The change o the Gibbs free energy of 3 reaction is zero m
egmilibrinm. '

Second, Gibbs free energy was related 1o caemical potential. Dnffer-
ences i chemical potentisi dove chernical reactions, just as difierences m
powential energy {Le. elevation) dive some mechanical processes.

Thard, the chemical poteniial {and thus the change in Gibbs free energy
for a reaction) was related to species activities. Activity 13 an idealized
conceptration, winch takes into account the effects of temperature,
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preéssure, and oty species concentrations on ihe behavior of & qivern
SDECISR,

A.s0 In TS chaprer, e concent of fhe ecuilibrinm copstmnt was
ineduoed. The equilibium constant is 2 thezmodynamic Smebios, relniad
0 doli the standard Giobs frec eneroyv of a reagtion ond i species
aotivities. The equiltbrium constant in dilue solwrions is the product ofihe
eRCiEnt concenizations diviced by the product of the product concenim-
nons, each rafsed {0 the nower of thelr vezction stoichiometric coe Seient,

Ll



-HAPTER 11

LI INTRODUCTION

CKey ides: Acid-

- base chemastry {and
=H} arc imporian!
became O s ransfesrad 12
IRany reactions that imiiuencs
the water quality of aguane
S¥Sems

Acids and Bases

As stated in seetion 1.3, pH is a master variable in aquatic systems, Why
the emphasis on pH? We choose pH 2s a master vanable of interest
hecause H™ has such a sirong infizence on ageatic chemistay and todcity
endpoints and because pH is easily measured. In this chapter, vou shail
begin to explore the equilibria in which protons, H7, are transferred
berween chemical species. These eouilibriz constifute equilibrium acud-
base chemisty.

The chapter begins by examinsng the Jormal definitions of the words
acid and base. The definitions of acid and base have changed over tme.
This history wiil be foilowed to armive at definitions that are beth consistert
and useful. Acids and bases will be defined by equilibna, a5 well as words.
The thermodynaric ¢oncepts of acid and base swength will be quantified
by the ecuilibrium eovstants o the delining equrinbma.

Nexr, the discussion of acids and basas will be exrended to pelyprotic
species - those acids and bases that denate or accept mores thar one proton.
Thae solution technicues Som Part [T will be applied to polyprotic acid and
base systems. In particular, the shorteut graphical methed for moneprotic
zeids developed in Chapter 8 will be broadened and applied to systems
containing polyproiic acids.

Finally, compact equations cained alphe values will be developed.
Alpha values show concisely the effeets of pH on the percentage contnbn-
ttons of acidic and basic forms o the total mass.

11.2 DEFINITIONS GF ACIDS AND BASES

11.2.1 The early history of acids and bases

You will notce that the utle of secton 11.2 mefors to more than one
Jefinitior: of acids and bases. The concept ofacids and bases has evolved
over the Tast 200 vears orso°, In several cases, an old defmition of acid or
base had to be replaced when exceptions were found.

g ' . - - . -
The nrogrossion of acid-base concepts presented heve was influcneed by material
at the ChemTeam web site {dbbs.wvusd.kl2.caas/ChemTeamindex.ham).

203
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Kev idea: Lavaisier
thougl, meorrectly,
that all acids con-
taned oxvgen

Arvhening acid: 3 sabstance that
produces o in agueous soletion

Arrhenins base: & subsiance
that produces O in aguecus
solution

In the earty davs of modern cheomsiny {mid-aighteenth century), acids
warathouzit to be acids mecanse thay contained some common substance,
The substanee made liguids contaiming acids taste sour, hence the name
acid {from the Latin coere sour). Antoms Lavrent Lavoisier (1743-1784)
congluded thai the common substance was oxyegen. His commitment to this
idez is shown in the name he selected Tor oxyzen - principe oxygineg,
mezning acidifying principle.

Thoughiful Pause
Can vou think of a substance that is categorized as an acid today but
that does not 1t Laveisier’s definition o an acid?

Lavoisier was wrong, of course. Many acids do not contain oxygen,
incleding commaon acids {&.g., KC}, less common acids {HCN and HSCN),
and soma compounds that mav not loor Iike acids at first glanee {e.z..
NH.T). One of the troubiesome compounds of the day that did not &t
Laveomsier's defimiion was ciiomme. Chlonne was ongmally named
oxynrane aend (after mudatic acid, HCL named rom the Latin meuria
brine), with the prefix ox- because all acids were supposed to contain
oxygen. Humphry Davy (1778-1829) showed that molecular chlenine did
not contain oxygen.  He suggested, based on acids such as HC and H.5,
thatperhaps hydrogen was the common substance among acids. Teexplain
wiy some bvdrogen-containing substances were not acids, Justus von
Liebiz {i803-1873} proposed that an acid was a hydrogen-containing
substance in which the hydrogen conid e repiaced by a metal, Thwes, HCL
is 2n acid, accerding to this definition. because the hyvdrogen can be
replaced by, say, sedium o form NaCl. On the other hand, methane (CH)
is not an acid becanse CH.Na does not exist m natare.

All was well for 50 years, Them, m his PhuDD. dissextaton of 1884,
Svants Auenst Arrhenjug (1839-1927) shoeloed Ins dissertation commities
with the ilea that molecuics ¢ould broak apart in a solvent {such az water
o formm clxarged species cailed ions. Arrnemius received the Nobel Prze in
Chemstoy v 1903 for this work, later called the ionic theory. Arrhenius
extended his iome theory to acids and bases. The Arrhenius definitions of
2e1ds and bases are as follows:

Arrhenins acids are substances that produce H in ague-
ous solution, and Arrhenius bases are subsiances that
mrodace OE m agqueous solution

4

" To see why molecwar chiorne was considerad an acid, recall that chlorine
nnderpoes te Dllowing squilibriom in watern: CL + L0 — BOOI+ 7 + (1.
HOCL i hypochlotous zoid,



Eransted-Lowry aoid: 2 sub-
stance that donates H (10 water)

Brogpsted-Lowry base: a sub-
stance tat AccEpTs A rowon
{from waies)

. Rey idea: The

" Brensted-Lowry
defnittons Linkad
acids and bases by relaing them
hot o proton ransier

y Kev idea: Acd-
+ base cquilibmia are
DGR -TANSAEr SquLi-

11, ACTDS AND BASTS 205

11.2.2 Bromsted-Lowry definitions _
Arrhenims had soken a giang reap forward in linicag H' to acids. He also
orovided a definitton foT 2 bage that was consistent with the observations
that bascs neutalize acids. However, the Arthenius defipitions dic 0ot
cescnbe the hehavior of some common Dases, SUCh as Amenia and
sodiam carhonats. The next step in the evolution of acids and bases was
provided independently and nearly simulianeously by the Danish chemist
Yohannes Nicojaus Brensted { 1379-1947) and the English chemist Themas
Martin Lowry ([874-1936). Brensted postulsted that acids donated a
oroton {H) to the solvent and hases accepted 2 proton from the solvent.
Lowry used the following formalization:
HA+EO = A" -HO

Together, e Brensted-Lowry cefinitions are as follows:

Bransted-Lowry acids are substances that donate H w0
water (3o produce 2,07, and Bronsted-Lewry hases are
sastancss that accepr a proton from water (1o leave OH)

Thest concepts of acids and bases as, respectively, protor donors and
proton goeeptors are very powerful. The definitions link acids and bases
very tightly. They are consistent with Arzhenius’s wiea that bases are
semshow connected with OH.

Thoughtful Pause
Yow are the Sronsted-Lowry deSnitions consistent with Arghenius’
ideas about bases”

With the Bronsted-LowTy definitions, you can see that the OH comes fom
water, Dot necessarlly rom the base itself.

We shall pausc in our romp through history here, aithough the
dafiniton of acids and bases will undergo ene more major change in
Chapter [4. For the majority of this text, the Bronsted-Lowry definitions
will be used: acids are proton Conors and bases are profon accipuors. In
other words, acid-base chemistry (in the Bronsted-Lowry sensej means
profon transfer chemisery. S

" - - - . .

" The focus here is on waser becarse s {8 4 18X1 On AQUATIC COCTUETTY. Herarever,
enie of the sirengths of the Bronsted-Lowry definitions is that they can be appiicd
tg prowm-donating ind groton-accepting salverts other than water (2.0, ethanol).
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monopraic acid: an acid that
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APROBLEN-SOLYING APPROACH TO AQUATIC CIIEMISTRY

11.2.3 Acid dissociatien reactions and base association reactions
Foilowing the approach of Brensted and Lowty, vou alse can define acids
and bases by chemtical equilibria. {This material was presented oriefly in
Section 8.2.2 but will be developed in more detad] eve.} Foracids, YOU Can
WTita:

HA-H0 = H A" —B.O eg. 11.1
A monoprotic acid is 2ci€ that donates one proton: n =1 in eq. 1 1.i. Ifm
> 1, the acad is calied a pelyprotic acid. For exampie, diprotic acids and
teprotic acids can donate two and three protons, respectively.

cor an uncharged, monoprotic acid:

HA+HO = A"+ HO eq. 112

Equations 11.1 and 11.2 are called acid dissociation reactions, Any
substanes for which you can write zn equiiibrium in the form of eg. 111 or
11.2 is called an acid (formally, a Brwosted-Lowsy acid). The ecullibrium
comstant for the cquilibria in egs. 1.1 and 11.2 is given & special name. The
ecquilibrium constants ave called acid dissociation constants and ure giventhe
speeial symbol X, Remember: K, is just an equitibrium constant. [t 1s the
equiibnium constant for equitibra of e form ofeq. 111 or 11,2,

You can develop & similar system for bases. For bases, vou can weite:

3 +E,0 = HB+ O eg. 11.3

Equation 11.3 is called a base association reaction. Anv substoncs Yor
which you ¢an write an cquilibrine in the form of £q. 11.3 13 called a base
(again, formaily, a Bransted-Lowry base). The equilibrium constant Sor the
ewlibrium in eq. 11.3 is given 2 special name. The equilibrhun constants
are ¢ailed base associarion constants and zre abbreviated K, Again K, is
Just an equilibrium constant. 11 is the cquilibrium constant for equilibria of
the form of eq. 11.3.

11.2.4 Ampholytes

Some species can both donate a proten to water and aceent a proten Som
water. Such compounds are both acids and bases. Thev are @iven special
names and are cailed amphoteric species (from the Greek ampho both) or
ampholytes (short for amphoreric clecirofvies).

Thoughtful Pause
Can you name the most coxrnon ampholvic in aqueous svstermns?




wanz(®y, Key idea: Wazer is
: amphoteric (acis as
both an ueid and a

base)

Example 11,1 Ydentification
of Acids, Bases, 2nd Am-
pholytes

Ldeorihy e following as an
acid base. or amphoivte, using
the Bremsted-Lowry defiairions:
OF, KON, N, W, and
ECO

Solution:

You can write the following
acmilibria, analogous 1o egs.
Silame I3

OE +HO = 4O+ 0
HCN - H.O = ON + B0

NH, B0 = NH, - O
NH,' +H.O =

NH, + HO
HCO, + HO =

E,CO, + OB
HCO, + HO =

COF + KO

Thas, vou would classify the
specics 2 follows: OIL s a
base, HCN s an acid, NH_isa
base, WH,™ is an acid, and
HCO, is amphoteric

(L ACIDS AND BASES M7

The most common ampholyte in aguatic systems 15 water 155¢lf. As eq.
11.4 shows, water can both donate 2 proton to water (and henes 15 an aeid)
and accept a proton from water {and thus 15 a base):

B0 -H.0 = O +H,0" eq. 114

COther compnon ampholyvtes include species with intennediate degrees of
protomation {(1.¢., species that are neither completely srotonated nor com-
pletely ceprotonated). For example, phosphone acad (H PO, 1 a trprotic
acid. it dissociates in water to form three other species: H.PO, , HPO,*.
and PO (phosphate).

Thoughtful Pause
Aze H,PO,, H,PO,", HPO,* and PO, acids, bases, or ampholytes?

Phosphonic acid is called an acid {can only donate protons to warter) and
rhosphate a base (can only accept protons from waterh H.PO, and
HPO,* are ampholytes. For example, H.PQ. can donate a proton to water
to form HPO.®™ or accept a proton from water to formn H.PO,. For more
practice in identifving acids, bases, and ampholyies, see Example 11.1.

The example of pnosphoric acid shows ampholvtes formed fom
partizily protonated specles that are part of a polvprotic acid famly.
Sometimes, ampholytes can be formed when more than one acidic rmoups
are found on the same molecule. For example, cthapedioic acié (com-
monly, oxalic actd: HOOC-COOH) and 1.2-benzencdicarbonylic a¢id
{commaonly, o-phithalic acid) each have two acidic functional sroups. The
partially protonated species (e.2., the monoanionic species HOOC-C0O0™
are ampholyvtes. A good cxample of complex systems exhibiting amnnho-
Iytie dehavior are the macromolzscules that contribute color to natural
wators, catled humic and fulvic acids.

Anotker type of amphoelvte has both acidic and basic functional roups
on the same backbone. Examples include the amino acids {sec Problem
11,100 and some types oi polvmers.

11.3 ACID AND BASE STRENGTH

11.3.} Iatroduction

How should vou compare the relatve strengths of acids and basesT Acids
AOomats PrOTOmS 40 Water, 50 1L makes sense w devielop an acic strength seale
that measores the tendency of a compound % donals 4 protos 1o Walsr,
There are 2everal ways 10 Construct such a seale. The most common
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acid sirength: thermodynamic
tendeney of #n acid to dotate 2
Praton i wiater

base sirength: Semmodynamic
tendency ov 2 base to accepr a
DTOLOT] STOM WaLET

Koy idear Acid and
© e strength are
thermodynenmic

DToRerties

Example 11.7: Acid and Base
Strength

Fanic the following acids by
iheir acid strength: H.S (hyéro-
gen sulfide; p& =7 '} NG,
(nitic acid; &, = I{J . and

.0 (hydrogen peroide; pil, =
11.%}. Rank the foilowing bases
by their base srength: NH,
fammonia; £, = 14747, ON°
(cyanide; p&, = £.8), and CQ,*
{earbonare; oA, = 3.7).

Solution:

T compars, express the acid
srength for il acids for beses)
in temms of cither & (K, for
hasesy ot pk, values (p&, Jor
Sases) Tlhe chgice is arbitrary,
bt pi, ang pK, values are more
convemeant. Thps:

approach is to compare the thermodynamic tendency of an acié to donate
protons 1o water,

Thoughtful Pause
What is an appropriate quantitative measure of the thermodynamic
tendency of an 2¢i€ to donate protons o water?

A Teasonanic quentitative measure is X, (or pA). Thus, acid strength s
defined as the thermodvnamic tendenev of o acid to donate a orotar i
water. Acid stzength is quantified by K, or pKL. Similarly, vou cen define
base strength 25 the thesmodynarnic tendency of a base 10 accept 2 sroton
feom water and quantify base swrength by K, or pk,,

11.3.2 Properties of acid and base strepgth

The concepts of acid and base strength have a number of importans pron-
erties. First, since aci€ and base strength are quantified by an equzlibrivm
constant, acid and base swength are thermodvnarmic proparties. This means
that acid and base strength {as with all thermodynamic DrOpCrties) may
change as z function of temperaturs, pressure, znd the concentrations of
other species.

Second, acid 2nd base strength are defined for ORE-PEOTON Drassfer
eguilibria {eqs. 11.2 and 11.3). For cxample, in considering he acid
strength of carbonic acid (H,CO,), use the equilibrium constant for the
transier of one proton (Le., £ for FL,CO, - H.0 = HCO,” + H.O ). not the
equiiibrium constaxt for the transfer of two protoas (i.e.. not & for H.CO,
+ 2,0 = COF° < 2H.ON).

Thard, one acid is said to be stromger than another acid if it dissociates
more complately 1o donate a proton to water, Thes, from ces. 12.1 and
11.2, a stronger acid has a Jarger K. This means that a stronger acic has
a smaller pK,. Thus, HOC] {hypochlorous acid), with 4 pi of 754,152
swenger acid than ammonimm (pk, = 9.3, both values at 25°C). Very
strong acids haw: very small (and even negative} pK, vaives: the pi, of
HCl1s about -3, Similarly, sironger bascs have larger &, values {and thus
smaller pk, vzﬂues}. Other exampies of renking acids and bases v their
strengths are given in Exzmple 11.2.

13.3.3 Acid strength of B
What is the acid stzength of H'? To determine its acid strength, write 2n
equilibrivm similar to eq. 11.] with H™ as a reactant;

H +H0 = HO" k=7 oq. 11.5

Whatis £ for 277 Formally, the standard Gibbs free encrov of teaction for
s equiibrium 13 defined to be zero, and thus K, =1. Why was the



The acid sweagn order is given
By HNO, {a strong acid) ==
H,5 > H,0,. The base srengih
order iz given by €O, = NH,
= N7

Key idea: Since the
couilibeiem HO5 =
BE*+H.Ohas K=1,
taen the equilivria HA + H,G =
Ha +EO and HA — EA +
H™ heve die same ecuilibriomn
COTFtaTTE

confugate base: the base
“omned when an acid dissociates

conjugate acid: the zeld formed
whaz a base accepts 4 proton
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standard Gibbs free energy of reaction defined to be zere? Recal from
Section 1.4.3 that T is really an abbreviation for H™(H.O),. Thus, it makes
senee that the free epergy required to convart H to 5,07 wiil be zero.

There are several impertant tamificarions of the fact that K, = 1 torthe
equitibrium in ¢q. 11.5. First, it means that £ is a strong acid with pk&, =
{. (You can show that the pK, of H,O" alse is zero: see Prodlem 11.2.)
Second, it means that you can save some J0X when you wrte the £,
expressions in egs. 11.1 and 11.2. For exaropie, adding eq. 11.2 and the
reverse of eq. 11.5 (see Chapter & for a review of the rules of addmg and
reversing equilibria) resuits in:

HA-H,Q = HA + 5.0 K =K,

+ B0 = H - H.O E.=11=1

Ha = A +H K=KK. =K,

This little exercise shows that the eguilibrium EA+H.O = A+ H.0' and
the equilibrivm HA = A+ H' have the seme equilibrizon constant. Taus,
vou can stop writing acid disseciation reactions inthe form of egs. 1.1 and
11.2 and write them as eqs. (1.6 and 11.7:

HA*=H A" +H g, (1.6
Ha=A rH eq. 1.7

The equiiiboa in egs. 11.1 and 11.6 have the same equilibrium constant, as
do the equitibria in eqs. 11.2and 11.7. This text will use egumhbma in the
form ofegs. 11.6 and 1.7 in most instances and vse the equilibnium forms
ineas. 11.1and 11.2 oniy when the transfer of protons to waternseds to be
emphasized.

11.3.4 Conjugate bases and acids

When an acid donates a proton to water, it produces H.0™ and another
species. The other species is called the confugate base of the acid. Thus,
fram Exampie 11,1, vou can sec that CN is the conjugate base ol HUN and
ammonia is the conjugate dase of ammonium jon. Similarly, when a base
accepts a proton from water, it produces O and the conjugate acid of the
startimg base. '

Thoughtful Pause
How are the acid strength of an acid and the base strength of its -
conjugate base related?

You can write the acid dissociation equilibrium and &, equilibnium for the
comugate base of an uncharged, monoprotic acid as foilows:
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. Kevidea: The pf,
W ofan acid and the

2, of s conpurae
base sumn w0k, (= 14 a0 2550

Key idea: The conja-
7. pae base of 1 strong
acid is g wealk base

Example 11.3: Conjugate Ae-
ids and Bases

Thae £, far phosphoric acig
(F;70,) i3 107", Whart can you
say about e acid strengty oF
phosphoric acid? What can you
sy 2bout the base and acid
sirengins of BP0,

Solarion:

The af, of phosphoric 2cid (=
2.1} s Jairly smail, so phespio-
ric ackd is 2 relatively strong
acid. The comugate base of
H.POy 15 BP0, (since H,PO,
= .20, +H") Thos, PG,
is 3 relatively wealk base, with
PR, =14 -21=1.9 Wihhe
informarien provided, vou can
mrake po comment abont the
acid srength of PO, I
acid sivength is quantficd by the
equilibrium constant of PG,
= HPOD " K"

Ha = A=K K

AT+ H,0 = HA+OH K, for conjugate base
Adding:

H.QO = H = OH" K=K,=KKX,
To swmmanze in words: the product of the £, of an zcid and the K, of its
conjugaie base is K. An equivalent statement is this; the sum of the pk,
of an acid and the pK, of its conjugate base is pK,, . At 25°C, where pK,
=14

pK, - p&, (of the conjugate basel = 14 eq. 11.8
Equanion 11.8 is very useful. It gives vou a lot of informarion from the
knowledge of just ene equilibrium constant, If vou know the pk, of an
acid. then you can calcwlare easily the pX, of its confrgate base (from pK,
=14 - pK,). Equation 11.5 implies a truisim in aquatic chemistry - namely,
the conjugaie base of a strong evid is @ weak base {and, conversely, the
congugate base of & weak acid is a strong base). For example, HC] 15 a
strong zcid. [ts pi is abomt - 3.

Thoughtful Pause
What ean you say about the base steengih of chloride (C17y?

Chleride must be 2 very woak base since it is the conjugate base of 2 very
sirong acid. in fact, pk), for chioride i3 14 minus the pK, for HCl = 14 -
(=33 = 17. The mpiication is that chioride will not accept a proton
appreciably srom water to form HCL  As vour common experiences tell
vou, dumping table salt (NaCly into a glass of water does not lead o the
formation of appreciable quantities of hydrochioric acid. The relationship
betwaen conjugate acids and bases is explored further in Example 11.3.

11.3.5 Limits to acid and base strength

Are there limits to the strengths of 2cids and bases? For all practical
PUIPOSES, you can put imis on the strengths of acids and bases in agueous
systems. Fluids with pH < or pH > 4 generally are considercd 1o be
nonaqueous (that is, the soivent is no longer water). Very strong acids {i.e..
acids wath p& < 0} are essentially compiletely deprotonated {i.e., donate at
least one proton compietely to water) ar 211 pH values in water. Thus, vou
showid not expect to see appreciabie concentrations of the mest protonated
forms of strong acids such as HC or H,SQ, in water. Only the coningate
bases of these acids (CI™ and HBO,", aiong with its conjuzate base, SO, )
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are expected fo be found in water ot reasonable concentrations. In the same
vein, you shouid not expect to see appreciable concemirations of strong
nases such a5 NH. ot §° in water. Only thelr conjugate acics wiil be
present {e.g., NH, and its conjugate acié NH,", and HS™ along with H.8)

11.3.6 A brief review of equilibrium calcnlations with menoprotic
acids and bases

You have been exposed 1o equitibrium calewlations with monoprotic acids
and bases in Chapsers 7 tarough 9. In this scetion, the ey points I the
equilibrium calculations will be reviewed. Recall that to pertorm al gebraic
equilibrium calewlations with monoprotic acids, you should write ths species
list, equilibria (one acid dissociation equitiorium for each acid plus the self-
lonization of water), mass balance equation(s) (one mass balance agquation
for each acid family), and the charge balance or proton ¢ondition. As a
shortcut for the graphical method, draw the lines for the H and OH
congentzations, idensify the system point (the point where pC = pltotal acid)
=pd, and pH = pK). and draw lines for the acid and conjugate base. The
time for the acid (HA) concentration is about aqual to A, 2t pI <= pK.. and
the line for the coniugate base {A”) coneentration is abont equal to Arat pH
>>p&, The [HA] and [A7] lines cross atpH = o, and nC = pd,+ 0.3 (ie,
0.3 log uzits below the system point), The equilibrmum position ofthe system
3 the single point on the pC-pH diagram where the charge balance or proton
candition is satisficd. The proton condition is mere wielid 1n sysiems having
a large concentrarion of a species with consiant concentration, such as WACT
the salt of a acid {e.g., NaA} is added 1o water.

A typical pC-nH diagram fot a menoprotic acid 15 shown in Figure
11.1. The charge balance (and proton coadition) for the addition of HA to
wateris: [B°] =7A 3+ [OH ]. This is satisfied near point A Figere 121,
where [H7} = [A'] and [OH 1 is small enough to be ignored. The proton
condition for the addition of Nah to water is: [H'] + [HA] = [OH']. This
is satisfied near point B in Figure 11.1, where [HA] = [OH ] and (E s
smal} enough to be ignored.

Soveral Tesults from the algebraic and graphical solutions are important
<0 remember. First, the HA and A™ concentrations depend on 4;, pH, and
pk,. Specifically, from egs. 8.3 and 8.4 '

TA] = AJCHK, < (H ]y and

THA]=AHAE, - [E71)
T Acids stongsr than abour e strength of 100% sulfuric acid ase called
superacids, An cxample of a superacid s fluoresulfonic acic, HSO.F. Fluoro-
e fomic acid it abour 20 times smonger than 100% suifure acid an, of course,
completely deprotomated In water. The atid strength of superacids cannot be
measured by Dieir pk, values. In fact, ize concept of 2 pA, is mezningless, since
2ll superacids are comiplerely deprotonated m watcr. Instead, thetr acid srengrhs
are quaniified by acidiny funclions. Aciaty funetions are based ot equilibaa where
the superacids ate allowed to protonate bases other than watcr.
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Thes, the concenmaiien of HA is greater than [A7] at pH < pK,. Con-
versaly, the concentation of A7 15 greater than [HA] atpH = pK . Second,
at pH = pK,. the HA and A™ concentrations are equal. You mnay wish to
verify these conclusions for the monoprotic acld m Figure 11,1

oo
[
Ty
n

L}
1

-
L)
I=

Figure 11.1: pC-pH Diagram for a Monceprotie Acid with pil, =6
and p4,.=3
rdotted ines indicare the approcdmats equilibrium pH for an HA selutton (eft
line, point Ad and a Xad sowmon (right une, point BY)

11.4 POLYPROTIC ACIDS

. Kev idea: Simce X
' is defired for a one-
proton wansfer, the
disseciation of polyprotic acids
wsnaily 15 WIGEN 48 3 stepwise
FToCess

11.4.1 Definitions
As stated in Section 11.2.3, a povprotie asd can donate more than one
aroton to waier, Commron examples of diprote acids (which can donate
wo nrotens o water) In the aquatic enviromment include 2,00, E.5, and
H,50, The donation of protons to water {Tom polyproue acrds vseally s
written as a stepwise process.’ For a general diprotic acid, HoA:

HA = HA+H K,

b

HA = AY=H K

.2

" Tt is net reguired 0 WwTite ponyprodc acid dissociation as a siepwise process.
Tisuzily, the cquilibria arc writter as one-poton transfers because K is defined fos
ome-proton transfers. You could write any consistent set of aqulibria o express
the relationships among Hy4, A7, and A for example, F,A = AY - 2H and
HA™ = A%+ H”



Exampls 11.4: Salt of a D~
protic Acid

Following the sxamplz in the
text with the H.CO* system,
ang the equidbrium concentra-
tons for x 1xI077 M sadium
Fearbonate soluticn.

Soluton;
HXNaBECO, (- Ng” + HCO,
was added to water insteagd of
carbomic acid, e foilowme
changes wonld be made to the
in e ews
(1) Add Na' as aspecies
(2] Clhanre startng materi-

als to NaHCO, - Na' —

HCO,” and H.O

(37 Add a new mass bal-
amce eqvation: Na,—
1077 M = N2

{41 Include Na" a5 3 cation
in the charge belance

iZ) Cahange Jhe proton con-
citfom o [H7] +
(H.CO*] = :Cosz-: -
[OH

LVLOADIDS AND BASES 213

Becaupse of the stepwise nature of proton trapsfer, X . 13 always greater
than K, , and thus p&, , <p& ..

r'or diprotic acids, the amphotens form {HA in the ecuilibma above) is
mven the name of the moest bagie form wath the prefix bi-, Examples inciede
the carbonate family H.CO, {carbomic acid), BCO, ™ (bicarbonase), and T,
{carbonare)., as well as the sulide famaly B8 thydrogen sulfide), HS dnsul-
fide). and §° (suifide).

11.4.2 Selving equilibriam systems with polvprotic acids
You can wse the aigedraic, grapinca., and compuier methods discussed m
Part 11 to solve equilibrium sysems coatuiming polyprotie zoids. The
example of a 107 M H,CO, solution (closed system) will be selved by each
method inthis section. We must pause for a momen: and introduce one new
symbel. Recall from Sectdon 1.4.3 shat HY, (H.OWH", (H.0.H , and so on aze
almigst mdistinguishable. Thies, Tae svmbod (7] 18 used to represent the sum
TH) = (O HT + [HLOLHS + other strmlar species. Similarly, the species
H.CC.(aq) and CO«aq) are nearly indistinguishakle. and i is commeon 1o
represens the sum of their concenrations by one symbol: [H.CO,*] =
TELCO (an)] — OO (agy] . The svster is as Spllows (f activity and concen-
iTasion are interchanceahle):
Unlmgwas: [H.03, T67], (027, [5,C0.*, [BCO, ), and [COTT
Starting marterials: HyO and H,COL*

Equilibrza:
H.O = H +0H Kpy=10"
H,CO.* = BECO —-H K ,=10%
HCO, = CON+&5 ﬂa_z =1
Ecuanons:
Equilibria;

K= [E)OH [H.O)
K =THCO, HH W H.CO.*]
(.2 = [COFIETVECO; ™
I\t[ass bala:xcc:
Cp= 12107 M = TH,CO*] - JHCO, ] + [CO;]
Charee baiance:
[H]=[ECO; ]+ 2(CO.7 = [OH ]
{or wou can wse the protom conditon, alse: [H = [HOO]
+2[COTT+[0E D '
Crher:
Aervity of T,0 =
All species concenirations =

f Bamember that any two of the mass balance, charge balance, and proton
condition can be combined to generate the third equation. } This system can
be solved by the algebraic, grapitical, and computer methods. Examples of
each solution techmique will be presented.

e
b

aml

N
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Algebraic soluticn:

The systern aas the same agquii-
thria a5 in fhe text, so eqs. 11,5
11.11 aze still valid. Sinee MiNa™
15 present, i 15 easier wo use the
proten condizion than the charse
balance. Pluszing eqs, 11.%
13,11 1nto the charge balznce
vields a verdation of eg 11.12:

KT+ C’;{H“f’d =
C:.' Ka. _1 K;V reT—

n

()

where A =TT+ K;_l[H_] +
KK,

Solving,
[H'=5.28=10" M
{pH 8.28)
[CHT=159-10" M
[H.CO.*[ = 1032107 M
[HCO, [ = 0.80x107° M
[CO.T]=930x10" M

Approrimerion meihod:

You axpect the pl fo de closer
o nectrial pl than in the case of
LCOC* addition. Thus, A 1s
zhout egual to £, | 7H'] and vou
might .guonng [OH'] rela-
tive ta [0, in she proton

condicion, Thus, (*) becomes:
7 - GIHTVE, = G, 1
Or: TR = CAKL b= ok

Simee OAK,, »= 11 TH =
(O, o (c; S, T =R, R
=10 *=7=10 * or pH &.3.

Checdng the assumptons, you
can show that at pH 5.26, 4 =
2601070 =K, TH =2.5%10 ¥,
Also: [OH'] = 107 M and
(0O A CK, R =10
The essumption that [OH7] can
b ipmoTed relative o [0, s
of questionable validicy,

Iathe boute force algebraic method, express cach specles concentration
in serms of the concentretion of one species {usually THjh  From the
equilibrza and mass balances {after a little aigebra, which vou should
confirm):

[OF] = £/[H]

(H.CO¥) = CIEH(HY = K, (H + K, K,) eq 119

[HCO, 1= K, [HI(H T+ K H1+ K K eq 110

[COTT = Gl K E T+ KL [HD - KK eq. 1111
Substiuting imto the chargs balance {or proton conditon) vields:

o m CpR, TH* 20K, K, . Koo Y

Y KR KK (BT e 1.2

Solving (see Appendix A for hints on selving tms equation):

TH" =2.22%107% M (pH 4.65)
’DH"'=~r51><I(}'“'M
(H.C0, ]=9?3x10""x:
(HCO;} =22 21%167° M
MCO ) = 4.99% 107 M

Using the methed of approximartion, wou might guess that the soluuen
is mildly acidic since a relatively weak acid (pK, of HLCOL* 15 6,33 18 being
added te water. Thus, the nghthand side of the charge balance should be
dominated by the weaker bases.

Thoeghtful Pause

Wity is the charge balance domicated by the weaker bases?

The weaker bases geperally are higher in concenfration becauss the
stromger bases will be more protonated at an acidic pH. Therefore, from
the charge balance: (H™} = [HCO, T or, using ag. 11.9:

[H] = G, [HMHY + K, (] + K, K2}
The denrominator of the expression fer THCO; ]{eg. 11.10) is about equa:

to [H'T under acidic conditions.’ Taus: [H7 = CK,,FH ] or (7T =
Cof orpHl = (pG + 2={3 +06.3)2 =465,

" Why is the cemomrinator in 2q, 1.9 abour equal to [H]° under acidic conditions?
The term [H"1 is larger Suan &, [H7 = 107 H7 i the pH s less than 6.3, Also,

MH'7 is lazger than £, X, . = 107 if'the pH is less thap 16.6:2 = 3.3, Thus. (H™T

15 the laroest rerm in the denonzinator if the oH is jess than 8.5,



CGraphical methed:

Fioure 11.2 15 sull walid. We
soel the point where the prowos
condition 1s savsSed, 1.e., where

M)+ GLCO,* = (€O
+10H ]

Near newmal pH, vou expec:
THand (OHT o e amall so
the peaton condition becomeas
OO =[O0 From
Figure 212, the [ILCC %] and
0O, T lines cross ot abows pE
5.2-8.3.
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You may wish to check that the asswnptions are v2lid. The assump-
tons were:

In the charge balance: [HCO, == 2[C0O,  Tand [HCO, == [OH)
In the denomipater: {H)* == & \7H7) = & K,

This example points cut the value of chemical imtistion in selectng the
approximation. The wise assumption of mildhy acidic conditions here
converted a fourth-order polynomial equation i [H' to the arithmetie of
pH = {3 - 63077 =483, Working probiems [ike this 1z one of the best ways
to stremgthen vour chemical infurtion and save you work in the long nun.

To wse the graphical method, merely plot the expressions in egs. 11.9- -

11.11 and find where the charge balance {or proton condition) is satisfled.
A pC-pH diagram for the carbonic acid svstem 1: shown in Figure 112
The equilibrium pH is again approximatad from the charge balance at the
pit wherg TRT] = [HOQ, 7 (about where the ines for TH] and [2C0,7]
CToss). 1S occurs af about pH 4.6-4.7 {oited ine n Figure 11.2). The
approximations in the charge balance (THCO, ] »= 2000 T and [2CON
== [OH ]} can be chesked easly m the pC-pH diagram. A shoricui to the
grapoica methad with polyprote acids will be discussed in Section 11.4.3.

11.4.3 A shorteut to the graphical method for pelyprotic acids
You can dovelon g shormenr method for graphical solutions to polvprotic
acid swstems siemalar to tae shorteut mmethod developed for menoprotic acids
n Seenon 3.4, For a diprotic acid, consider three pH ranges: »H < p&, |,
oK, <pH <pk, ., end pH > p& . . In the lowest pH range, the denomina-
wrinegs. 11.9-11.11 is about equal to [ . Thus:

BLOM = CIHTHHTY - K (H] - KK = G

[HCO, ] = CoR, THVEHT + £ 5 + K, K, ) = G, JEHT

Therefore, where pH < pX, . . vou expect:

1. The [H,CO:*] line should kave a slope of zerc and be sbout
equal to O

?CD:}] = CTKE.]KE.?II.{{H_]E-i_ .a'.l[ +] +K.q_1Ka_2} = CTK:_:Ka.: -'J[H_:"E .



216 A PEROBLENM-S0UVENG APPROACH TO ARIATIC CEEMISTEY

2. The [HCO: ] me skould be downward sioping wo the lafiwith

_______ 2 slope egual to - 1 (parallel to the TOH] line, where [OH ] =
KHAHT-

3. The IC0,"] line showié be dowsnward sloping to the ledt with

a stope cqual 1o -2, Also oote that 7C0,77] is mech smaller
than either [H,CO.*} or (HCO, [ sinee (K] == K {pH=<pk .
= 1{+.3) ir this pH rangea.

Be sure to work with the above sguanons until these conclusions make
semEe b o

Figuwre 11.2: pC-pH Diagram for the Addition of
187 M H.CO.* to Water
{dotted line represents the cquilibrium pl - where the charge haianee and proton
conditiom are satisfled)

In the muddle pH range, the denommator m egs. 12.3-11.01 13 sbow
aqual 1o K ,[H™%. Thus:

(B:CO¥] = CIHTHRT + K. .(B] - K,.K.») = CAH VA,
[HCO, ) = Coll, [HW(HT + £, [H + K, Koo = €

[Coal_} = CTKE.:KE.II{[HEE TE, H +Ka.]Ka.2} = C}'an.l"';[H_]



Kevidea: pCpll

- giagrams for diprouc
acids Dave basd sy s

tem points {comesponding to the

two &, valees), with the slope

of the pC lines changing at the

Svslemn points
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Thezefore, where pAl, < pH < ph&); yvou expect:

1. The [H.CO;*] line skould be dowaward sloping to the oighs
with a siope equal to +1 {parailel to the [H™; line).

2. The [HCO,"] line should have a slope of zero and be ahowt .

equal o O

The TCCO.%7) line should be downward sioping to *he left with
a slope equaite -1,

ik

Finally, in the highest pH range (pH < p& .} the denominator in eqs.
11.%-11.11 is about equal to the product of the X, values (=X_ & .} Thus:

[H.CO* =CIE T H T - K, [+ &, K, = CIETHE K
[ICO; = CEHTAH T = K, [H + K, K ) = CIETE,;
[COF T = Cok, K, (T T+ K [T+ K, K0 = Cr
Therefore, where pH > pK, ; vou expect:
1. Thae TH,CO-*] line should be downward sioping to the right
with slope =—2. Alsonote trat [H.CO.*: is much smailer than
cither [HCO,™) or fCO.) sioee [HT] << £, (pH > p&,. =

10.3) m this pH range.

2. Tae [HCO,] line should be dovwnward sloping o the right with
a slope aquai to +1 (paralie? to the [H7] linal.

Tae FCO,* ] line skould have a slope of zero and be about egual
to L

Lad

The graphical shorcut method @mkes advantage ofthe two svstem poinis
for a diprotic acid. The first sysiem point occurs at pH = p&, | and pC =
pCr The second system pomnt ocours at pH = pK,; and pC =pCn _

The behavior of the speeics in the diprode acid system with respect to pE
cen be summarized. The pleoncentration) of the most protonated form of the
diprotic acid (H.CO.* in the example) is about equal to C,at pH values less
than pK, . (ie., to the left of the first sysiem point}, increases in a 1:1 ratle
with increasing pH at pH values hetween the two p&, values (L2, betveen
Cac gyswem points), and increases moa 2:1 rato with increcasmyg pH at pH
valogs greater than pk, vaies {i.e., 10 the night of the second system point).

Similarly, the p(concentration) of the next most protonated form of the
diprotic acid {HC(O, ™ m the example) decreases in 2 111 ratio with pH at
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. Key idea: To apply
- e graphical short-

cut to polyprotc
acids, locate svitem points {at
o = peipand sl =pk ), draw
species lines (makine sure that
species lines miersect below the
gvsiern poins), and find *he
equilibnium pH where tae pra-
lon condition 15 satisiad

S

mercasing pH vaiues less than p&, | (1e., to the left of the first system
pant), is about equal to O at o valves Between the two p&Al values (Te
between the system points), and wereases ina 1:1 ratio with increasing pH
at pH values greater than p&  (L.e.. to the fight ofthe second system ot

Finaly, the p{concentation) ofthe least protonated form ofthe diprotic
acid {CO.* in the example) decreases in 2 2: 1 ratio with oH at increasing
PH values less than pK,. (e, 0 the left of the frst system point),
decraases in 2 [:] ratio with mereasing pH at pH values between the two
ok, values (1.e., between the system points), and iz about equal to CatpH
values greater than pAl ; {1.e., to the right of the second system pomt). As
with moneprotic acids, it is quite asy 10 sketch the pC-pH dizgram for a
polyprotic acid.

The extension of the shorteut method of Section 8.4 to n-protic acids
asarmly strghtiorward. Consider an m-orotic acid, H A, which dissociates
n wateT to Torm a2 other species: LA™, H A", .., A", Bach species is
ofthe form H A, The sum of the concentrations of the » species containing
the fragmenr -A 13 4. To sketch the pCopH diagram {see also Appendix
C, Section C.4.3), use the followmg approach:

Step L: Locate svstem points

Prepare a pC-pE diagrarn with limes representing the HTand
OB concentrations. Locate the # svstem points. These occur
where pH=pK, . and pC=p4,. pH=0& . and pC=psin ...
and pH =pK_ and pC=pd,

Step 2: Draw specics lincs

Draw the iines for the p{eoncentration) of cach species at least
1.5 pH units away from each svstern point. The p{ooncentra-
tion} iing of species HA has the {ollowing slopes: { - » at pH
valucs iess than the first system point, I - n + between the
and {j + 1¥* system point, ang —{ at pH values greater than the
fimal (#™} svstem point. (Recall that a negative slope means
that the o deeTeases with increasing ph and thus the line is
upward sloping to the dght) Make sure that the iines, if
exrended, would o through the sysiem points.

Step 3: Make species lines intersect below the system points

Curve the nnes so that they imersect about 0.5 log units below
the swvstem poants,

Step 4: Find the equilibria pH



(3} Key idear The pro-

ton condition is valu-
ahlz i workirg with
e salts of polyorotic acids
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To find tie equilibnia pH (and equilibrivm concenirations of

all plotted species). find the pH where the charee balence or
proton conditien is satisied. Check any assumptions made in
the charge balance and iterats if necessarv.

With this shorteut, a pC-pH dingram for anv 2¢id can be sketched cuickly
and the equlibrium pH estimated with itie fuss.

11.4.4 The power of the proton condition

Tac real value of the proten condition shows itself with polyprotic acids.
Cnce you have solved the syster formed by addimg H A to water, vou can
easily caleulate the equilibriem: conditions for adding various sa'ts to water
(generalized as Na H A | where m +p=#). For example. after putting in
the work en the H,CO,* system, vou cen finé the equilibrium pH for
systemns where NaHCOQ. (sodium bicarbonate) and Na CO, {sodium
carbenete} are added io water. The three systems (adding H.CO,*,
NaHCO,, or Na.CO, to water) have the same set of equilibriz and differ
only inheir mass balance on the sodium ion and thus differ in their proton
condition.

Example 1.4 demonsirated the ease in extending the H,COL* svstem
to NaHCO, solutzons. You aise can apply the previous work to Na,CO,
soluttons. Begmn by writing the proten condition for a Na,CO. solution
{starting materials are Na, 0O, - 2Na" + CO.* and B,0%

[F7] + [HCO, ] —2[5,80,%] = [OH7]
{Note the factor of 2 in front of the carbonic aeid concentration, Decause

H,CO.* has fwe more protens than its source i the starting matenials,
namely CO57.) You might expect the pH to be high.

Theoughtiul Pause
Why should the pH be high for a spdium ¢arbemate solution?

The righthand side of the proton condition comtaing omiy [OH™]. Thus,
(OH") must be much Jarger thant [H7].  AthighpH, (5] and [H.CO.*] are
expected to be small and the proton condiion becomas: THCO,™] = [OH™ L.
From Figure 11.2, ihis occurs at about pH 10.5-10.6 {gxact solutien: pH

10.56).

" The same conclusion can be reached from the charge balance: [ + [Ne™] =
[HCO, ] =2[CO%) + (O] Since TN2"? = 2#107 M is large, the spocies

concetrations on the righthand side aiso must be laree and JOH T is expeciad w
be mmeh Larger than [H™



