Aquatic Chemistry Concepts
Second Edition

James F. Pankow

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




Contents

FOTEWOIM «vvveeeeeeeeeieeesieeeeseeeeeeeesaareeeesssnteresessessssersssbeeeseasssssaesasassaanesssstansseesnestsssaanstsesessinensesssansse xXi
Preface t0 the FIISt EItION cueeveiiriveeiiceieiireeoseisrrseesesrerresssistesssssssssasssesssraesssssssstessssssessssssssasesss xxiii
AULRIOT 1ttt ettt ettt e s s st r e e e ee bbb e s s s e bbb s e eeas s ssaase s ssteaeasassnasesesssranaessssatsteresassntesssssaranesonss XXV

PART I Introduction

Chapter 1 OVEIVIEW .c..ceiviereriiriienistinitcsiiteiert st ssssesasseessssserserasssarastestessessassssaasssssssessnsns 3
1.1  General Importance of Aquatic Chemistry .....cccoevverierisierernirenreviieircinsenienes 3
1.2 Important Types of Chemical Reactions in Natural Waters.........cc.ccceervveiiiennas 3
1.3 Concentration SCALES .....cccvecerrirrerienrcsierisieietitieriniesresssresesssesressessenassassassans 5

T R € 15 113 ¢ O OO GU P OTUR ORI 5
LR T0 N\ (03 - 4 1 O OO OO POV 5
1.3.3  MOIALILY cveeeeereteseerisicrireesecreteretstsrs s bbb esae et ers s s b saaenaes 5
1.3.4  FOrMALILY ..coeevecriireierereesenreseseiseineeseissesirsssnsnssteseseesessssesessesessssassssaseane 6
1.3.5  Mole Fraction ...cccccvvreivcriicriiniiiiiineiinitiiieeeneiisesseiesissessssesssennas 7
1.3.6  Weight Fractions: ppm, ppb, and ppt.......ccceeverenmirevesersiininnnsincnens 10
1.4 Activity and Activity COeffiCientS.....coevcvvvmnririenniieiniciinre e 15
1.4.1  Basic PrinCiples ....cccceivmnmrniimirnicniniiiciictnensieeesesesessssnens 15
1.4.2  y,(Molal Scale Activity Coefficient in Water) Depends on

What i Is, and on the Nature of the SOIUtion.......ccoeevevvenreerverererenenen. 18
1.5  Equilibrium vs. Kinetic Modeling........cooccviniimmiiieniniennininnieniensesesnens 20
1.5.1  GeNEral.uccecirererrcrereeretreererieieiier et 20
1.5.2  Kinetic APProaches......cc.ceceevisiiviiinsinimiiinnniinieeriniesissnsessnnisesassnsnnees 20
1.5.3 Thermodynamic Equilibrium Approach..........cccovevininveninnnincnnnnnn., 23
1.5.3.1  General....coocvrevsicniininiiniinncninineniseses s snesens 23

1.5.3.2 Systems at Constant 7 and P (the Emphasis Here) vs.
Systems at Constant 7and V .......ccccvvevcnveninnvinnininsineeen, 23
1.5.3.3 Equilibrium Constants — General.........ccocvvverrennvrcrncrrenenn 23
1.5.3.4 Concentration Scales and Equilibrium Constants............... 25
RETEIENCES ..evvveueerirererernerretiecsesosnisistesiststestssesisresassstesess s sbe e bssasansas s sbessebessasssnases 26

Chapter 2 Thermodynamic PrinCiples ... 27

2.1  Free Energy and Chemical Change.........ccviiiiiivinniinneniennsnnnsnennsnen 27
2.1.1  Systems at Constant Temperature (T) and Pressure (P)....c.ccccceevueneae. 27
2.1.2  Systems at Constant Temperature (7)) and Volume (V) .......cccevrunenene. 28
2.2 A Potential Energy Analog for Chemical Energy-Driven
Chemical Change .......cocvermieeiniincciininnineniiieninr oo sssssssenes 29
2.3  Chemical Potential and Its Relationship to Free Energy G........coovvvcviimncnnne 30
2.4  Properties and Applications of the Chemical Potential .........ccccovuvvverrerirernnne. 32
2.4.1  GeNETAl..ueeeerrirereririsieieeetirinetiioreni et e b 32
2.4.2 Changes in Free Energy ......coovevircvnimniinicinniiiccinenseesesennns 32
2.4.3 The Role and Nature of L4 . ...cccevveverereenereneneeesiieneesnenseiisneessonne 35
2.4.4 Standard Free Energies of Formation (AGY) for Neutral Species...... 37

vii



viii

PART 11

Chapter 3

Chapter 4

Chapter 5

Contents

245 Standard Free Energies of Formation (AGY) Values for Ionic

SPECIES. cevrvecrrcsernriereressensss st s 40
2.4.6 Concentration Scales and Standard States ........coeeersieiiiiiiisinnnnannes 41
2.47 The Standard State and the Activity Coefficient Reference
CONVEILION. c..eerveererersesrenseressasseseesessosserersesssnsassssessssesansstsnesssssnstssusssens 42
2471 General.ciecereeeerenieessesieeeristerisesesssssessesssessesssssis st 42
2.4.72 Why Choose a Hypothetical Standard State for uf on
the Molality Scale? ......cvivemimeniiminsrscnneeniiscsssineisnnen, 42
2.4.7.3 Meaning of the Hypothetical ;= 1.0, m;=1.0 Standard
SLALE weevvevverrerreerrersersersesssssesssessresessrsssesssssnsaresisassassnssssessasssss 42
2.5 Effects of T and P on Equilibrium CONStants .........ecececcecrsirsimvnsnsiseninesninineas 43
2.6 Combining Equilibrium Expressions (to Get New Ones) .......cocovuieuserinsnnnns 46
2.7 Infinite Dilution, Constant Concentration, and “Mixed” Equilibrium
CONSTANES 1.vveveeveervesrerreresserseressessesessesseseestosersssssressmstessarssnsesassasssssanesasssssssssssnes 47
2.7.1 Infinite Dilution CONStANtS.....ccverriirimirineirrisrisierenreriserasesssssessessienes 47
2.7.2  Constant Jonic Medium CONStants .......cceceeeeveevereniisnrenseessnssinscsiinnes 48
273  Mixed CONSLANLS ...cvevverrrererererereerereniiiisiessesnessssesssasssssesessessnsssssesaes 49
2.8 Activity Coefficient EQUAtIONS .....ocoevmienereininmicrsniinniniii e 50
2.8.1 Activity Coefficient Equations for Single Ions.......ceovuvvvcrerninicninns 50
2.82 Activity Coefficient Equations for Neutral SPecies .......ccocveurererrerenecs 53
RETEIEIICES ..evvvvererrirereirereeissestssessessesesessesssssessssessessesssnnorsosssstosssssssessansssasessesssssesassns 54
Acid/Base Chemistry
The Proton (H*) in Aquatic ChemiStIy ....ccciivmemiriniiiniveninseisinesseesssssesessseseessnnas 57
3.1  General Importance of H* in Natural Waters.......c.coocvvussiversiniseinnsnensisncnnnnnn 37
3.2 Should We Refer to the Proton in Water as H* or HyO*? ... 60
3.2.1  DEfINIHONS c.evverereeeensrersnsniesiisesisesesesisisessinisssseeesisesssesssseassasens 60
3.2.2 The Meaning for Both [H*] and [H,0*]: Protons in Water Exist
as a Set of Species H*, H;O0%, HsOyt, ... ooivveeviicreivninrereniennn 60
REFEIENICES .uvverrerirrerereereseresresrensesesesessessesesestsanstsssstsbsresnsresnssestsbssssaesssasssesarsssessessass 61

The Electroneutrality Equation, Mass Balance Equations, and the Proton

Balance EQUAtION ...c.vevververenseeieietniesiisesisisestssesisscsesssestssesessestssnsnssesnssesnsssssssssssns 63
30 R 0113 (o0 11 1o o 1 OO OO TOTO 63
4.2  The Electroneutrality Equation (ENE).......ccccocecvuirnnnncrninnnirsninncninnneinnns 63
4.3  Mass Balance Equations (MBES)....c.c.cccvevniienninnnnnnncninnnniienenennne 65
4.4  The Proton Balance Equation (PBE).......ccccoevieirirnienireenseninninncscsnninsenine 67
Quantitative Acid/Base Calculations for Any Solution of Acids and Bases.............. 73
5.1 INITOQUCHION c.uveuirerrererieereeeieereseseesestressessesestesessessesssssesessasssssesssssesessasseessasens 73
5.2 Solution of the Generic Acid HA, All ;=1 covoueeeinnerieecceeeneecereneeeenene 73
52,1 INtrOQUCHION ..veevrveucrereerereereessseesresesesressssesnreesssessssesessssesssernosesssserees 73

5.2.2  Solving for the Speciation for a Solution of HA — All y,=1,
Otherwise No Simplifying ASSUMPHONS ......ccereveereverrereerenesresesessenees 75

5.2.3 The [H*] Polynomial Version in the HA Solution Problem............... 79



Contents

Chapter 6

ix

5.2.4  Simplifying Using the Acidic Solution Approximation (ASA)
for a Solution of HA ....coeceeiieciiriniescttne et 80
52.4.1  ASA AlONC...cuoiviiicnrisiniirirsiirivsesirissnsriasssssisssinonsssssseesens 80

52.42 ASA+WAA: Acidic Solution Approximation

Plus Weak Acid Approximation (WAA) for a

Solution of HA....cccvvviivvinicnirencininessenesnienes 82
5243 ASA+SAA: Acidic Solution Approximation

Plus Strong Acid Approximation (SAA) for a

Solution of HA.....cvevevvvinrirciirniisietcesensssesesesnesenes 83
5.3  Solution of the Generic Base NaA, All 7;=1.....cccvvvmivvnninvnnninnninnns 85
5.3.1  INtrodUCHION cocovecrcetiierectreecncnreese ettt 85
5.3.2  Solving for the Speciation for a Solution of NaA — All y,=1,

Otherwise No Simplifying AsSumptions .......cccecvvvvecnvinienninsinnas 86

5.3.3 Simplifying Using the Basic Solution Approximation (BSA) for
a Solution 0f NaA ....ccocevivrirreniiieccnneteiein e 89
5.3.3.1  BSA AlONC..eciciiieierrirereierestrisnsessreesiesessessesssssssesessesnes 89

5.3.3.2 BSA+WBA: Basic Solution Approximation

Plus Weak Base Approximation (WBA) for a

Solution of NaA ..ot 91
5.3.3.3 BSA+SBA: Basic Solution Approximation

Plus Strong Base Approximation (SBA) for a

Solution Of NaA ...c..coivievrrirrreniresere et 92
5.4  Solutions of H,B, NaHB, and Na,B, All ;=1...ccccocvrevirrnivenrirrencrernerennnes 92
5.4.1 Introduction — a Values for the Species Related to
8 DIProtic ACIA ....cccevvreiirerirreeieiecieicstnreeetectssee st 92
5.42  Solution of H,B of Concentration C (F)......ccecvvvevirmvnnnrernserenenesuensnnnns 93
5.4.3  Solution of NaHB of Concentration C (F) ...cccceeeerevivererveeensveeressnenne 95
5.4.4  Solution of Na,B of Concentration C (F).....c.ceevervvereersurseererennesnenae 95
5.4.5 A Solution of H,B, or NaHB, or Na,B of Concentration C (F).......... 95
5.5  Solutions of Ammonia and Ammonium Salts.......c.cccceerevervrverreriniercenierenennns 96
5.5.1 The Monoprotic Acid Form (NHj) Is Ionic, the Conjugate Base
Form (NHj;) Carries NO Charge .......cocovvveviirveneivnicnminnsenininsisnsennes 96
5.5.2  Solution of NH,CI of Concentration C (F)...ccceveererervenrererserrcrsercranns 96
5.5.3  Solution of NH; of Concentration C (F) .......ocevvvrreerirensieniiscennenes 97
5.6  Setting Up the ENE to Solve for the Speciation of Any Acid/Base Problem........ 98
5.6.1 Foundational PrinCiples........cccvererrirerrermmvoreeresuesneseuseeresssssesesoseesscnns 98
5.6.2 A Setof a Values for Each Acid/Base Family ......c.cccceevvvvvvvrirverennnns 98
5.7  General Approach for Solving for the Speciation Including Activity
COITECHONS cuviurevrrereeerrrerereraseestesseseessesseseesssssessssassasssssesseessaseesessessessassessessen 99
5.7.1 Using °K Values When Making Activity COrrections.........eccvuereersens 99
5.7.2  Activity Corrections When the Final Ionic Strength 7 Is Known
A PTIO T cneeeceerieiticereetnesneresreseesseseesesstesesstssnssessassessesanssnesessesnssses 100
5.7.3  Activity Corrections When A Priori the Final Ionic Strength I Is
NOt KNOWILc.coiriirreiienerreennrersnneneesierssncsssessseesssnessensssesesnnsssressnressses 101
REFEIENCE....evevrrrrrerireesisirrsiesesseirstesrssetsssessssnssentsrasasseesssssertassnssessnesennssesesseassarsssns 103
Dependence of a Values on pH, and the Role of Net Strong Base ........cccececeeneneene 105
6.1  INLrOQUCLION c.uvveerueeererrrrerstentssesnrsessereneseseesaessesessnasesessesssssassessneresssssessesasns 105
6.2 Loga and Log[ ] vs. pH Plots for Monoprotic Acid Systems.........c.ceceeeennne 105

6.2.1 LOZ A VS. PHPIOS ..covreereeercreceereesecreeisvesteesneseeesansnssassnennens 105



Chapter 7

Chapter 8

6.2.2  PH K PKjrreerrrrririrereniniiissisinisie s sssssssssissss s s ssnans
6.2.3  PHISPK et
6.24  Log[]vs. PHPIOS ccvvviiiiririririiiniceccsiiitsasse s
6.3 Log[ ] vs. pH Plots and the Range of Chemistries of Solutions in a
Monoprotic ACIA SYSLEIM ...cueerievrsimiserseeistsrinsicsssmnie st ssseseacas
6.3.1  Solution of HA — “The HA Equivalence Point” ......c.cccovevevevernecicn
6.3.2  Solution of NaA — “The NaA Equivalence Point” .........cocoeeveurienn.
6.3.3  Solutions Other than Simply “Solution of HA” or “Solution of
INAA” <oetierirersressereereesressasesstesestossssesresssstsbesherbessersasaabassasressessesesses
6.3.4 Cy—C,: The Units of Net Strong Base Are Equivalents of
Charge Per LILET ....vvvevmieiererereririneninissssssseseesesesssessnensnsinsnsnes
RETETENCES «..veevvvevrivrrerirtesserreseseesessestosesnessssesssstssssasbessossersesneserserasstassasassnssessesessesses
Titrations of Acids and Bases......cccveverrerisecinieriinnininiinnieniesssssissssssesesssasienes
7.1 INITOQUCHION cutiuirteririeresteeeienneneseeneetertssesnesisssesisbsssosborssassasssasanssesssnsessonsassan
7.2  Titrations in a Monoprotic Acid SYSteML.......ccvvvreviveninnniniesirinsiernsesrerenens
7.2.1  General Considerations and Two Instructional Limiting Cases ......
7.22 fand g — The Math and the Meanings .........ccevvervevevernrinnnnseninnan,
7.2.3  Titrations with a Range of pK, Values, and Inflection
POINES (IPS) c.ecveriierireeerneseeesereeseeeserseesisstsessessessessassasneressessessones
7.3 Using the Ist Derivative to Find Titration Curve Equivalence Points (EPS)......
7.4  Gran Titration FUNCHONS .....cocvcvviniiiiinninininnirnirenicieeeeeiesessessssresienns
7.4.1  General Considerations .......c.cceeevesrersrnerisrenvesiesermisisesneesessensenns
7.42 The “Outer” Gran Functions in an HA System: Quantifying
Strong Acid and Weak Acid Levels with Ff% and Fffi‘? ..................
7.42.1 Background........ciinionnnnenno
TB22  FF e seenstssinessessesesisssssases s s senssessanne
TA23  Ff e sines
7.4.3 The Inner Gran Functions (0 <f< 1) in an HA System: F}i‘}
ANA FF0 ottt sss s ss
TAB3L Ffeeernecerisessise st ssssissssisssenas
L o < R
7.4.4  Determining Alkalinity (Alk) in the CO, System: Ffi%g- ................
RELEIENCES ...oeerecncerinicritete ettt s sas s se e e e eesesean
BUfer INENSILY f..ccvieererireirireeninsenresesrnnesessisessesenssnsiessnsssessssessesessesesessesssessesenss
8.1 INtrOQUCHION cuvveriiresctirenesinieesrssestsnsessses s et esssaseeneseresseessesnasesessesnssssnnss
8.2 P in Monoprotic ACId SYSIEIMS .e.c.crererererereeseesenerirressiessssessiesesrassesssesassssenns
8.3  Equation for # in a Monoprotic Acid SYStem.......ccevervvrerevrevvermersreeeereereenes
8.4  pasaFunction of K,, Aq, and pH...ccooereverrriivinirniinrreneseresseeeseseseeesssenes
841 General....ciiiiiiiiniiini et
8.4.2 Comparing the 2.303a,a;A; Curve to the Lines for 2.303[H*]
and 2.303[OH u..c.ovmiriiiniiiiiiinieeeenenseeseseessssesssssssssesssesessens
8.5  pin Systems Containing More than One Acid/Base Pair, or

Contents

8 POlyprotic ACId ...vviriiuveeeeneiceecre e s enseesssssessssssennes



Contents xi

8.6  Effects of Dilution on pH in Buffer SOIUtions.........coccevveveveeeeeurecvennerenencns 156
B.0.1  GENEIAL...coeiirrirreierectetrtcte et sa et se et a e besnaas 156
B.0.2  SPECIfICS cuerrrrerretireereeriei ettt s et es 156
Chapter 9 Chemistry of DiSSOIVEd CO, ..c.cvviiriieiieceneririreresisineitsisseseestsenesessssssasssssessssenes 159
9.1 INLTOQUCHION vttt et st es e s seae e benene 159
9.2 Terms Describing the Titration Position of a CO, System ........cccceeeveeueucucacne 161
9.2.1  GENEIAL..cuveeerreiiieiriecreeeerert ettt b e e e e st s e e e stans 161
9.2.2  Alk and H*-Acy: The f= 0 (H,COj3) Equivalence Point.................. 166
9.2.3 The Base-Side Analogs of H*-Acy and Alk: OH--Alk and Acy
and the f= 2 (Na,CO;) Equivalence Point ........cccoceuruirurvrurresurennnne 172
924 Alk=ANC, ACy = BNC ...ccocriiieeeerneercreneseeseresreesesessenene 173
9.3 Conservation 0f AIKALINILY ...cccceeeverrersieririesinserensesesinsesseseoresessnseseesssessoesanne 173
9.3.1  General ... 173
9.3.2  Conservation of Alk during Addition or Removal of CO,............... 173
9.3.3  Conservation of Alk during Changes in 70or P ......cccccevuerrervcreerenens 174
9.3.4  Conservation of Total Equivalents of Net Strong Base during
Mixing Of SOIULIONS ..evervrererererreereriesrenirinistsiesereseresssssseseessassereanne 174
9.3.5 Lack of Conservation of Alk during Precipitation or Dissolution
of Carbonate MInerals..........cecvrremererenreerrerceenenenesereneseereneeseeenes 175
9.4  Log Concentration Diagrams in Closed (Fixed C;) CO, Systems .......c....... 175
041 General ..ottt 175
9.4.2 Log Concentration vs. pH Diagrams for Systems with
FIXEd Cruvireiciiiririitc ettt s 175
9.4.3 Thef=0, 1, and 2 Equivalence Points (EPs) in a Log
Concentration vs. pH Diagram with Fixed Cr c.o.eevevvrvrerrnrercnncees 177
9.4.4  Buffer Intensity for Closed (Fixed C1) CO, Systems .......coeevvervennnn 178
9.5  Open CO, Systems with FIXed Pog, -+wwreseremserssessssessssssssnssssnssinessssssiasssanes 179
0.5.1  GENETAL..civiiiireiiiiieeniicteteree et e sree e tesset et st eae e s e sae s e sanesesenas 179
9.5.2 Log Concentration vs. pH Diagrams for Open Systems with
FIXEA P, et 182
9.5.3 Alkalinity Expressed as a Function of C; and pH, and as a
Function of peg, and pH ... 184
9.5.4 The Universal Acidification PIot (UAP)........cecevvreeveevreeverevrerveerennes 190
9.5.5 Buffer Intensity in Open CO, Systems with Fixed pco, .cooovvevenivenen 193
9.6  Open CO, Systems with pco, @ Variable ......c.ccocveevcivneniinincnnnececiaenes 195
0.7 IN-Sit Doy wveseessersssssermssssisssissis st s s 196
REFEIBIICES ...ttt ettt se s e sesae e sesbesesesenbene 198

PART 1l Metal/Ligand Chemistry

Chapter 10 Complexation of Metal Ions by Ligands ......cc.ccevevvevirevenrenicieninsensenrecneneneseenenns 203
10.1  INEEOQUCHON «.eeeviiieereicnentiereeete et essaeesee s asesesessssesesessenensssesanens 203
10.2 Formation Constants vs. Dissociation Constants (Stability Constants vs.
Instability CONSLANS)...cveererererrersrenreereerierserseersesresssneressasssessesssessasssersessenne 205
10.3  Hydrolysis of Metal Ions ......cvveeeviiinereniinnnenieseiseseseneressssecsenesesssannes 207

10.3.1 Metal Tons Act @S ACIAS ....covvvvreivrerineeeiiisieieieineeesrreeeeessreesereesseasnes 207



xii

Contents

10.3.2 Polynuclear Hydroxo Complexes at High Total Metal
CONCENTALIONS cv.vvvvevenrerereessresessisisiereresessssssasssisssnsnsstsssesssssrssssssnss

10.4 Complexes with Cl~in Brines and Seawater .......coovemrirmseiscisninsiinnnnnns
10.5  CRELALES v.vecevveerevisieeerereessssssesesesterssssaesesasss st sbasesssssssssesmssssssssunsssnsssasassases
RETETENCES +.veveereeeeserererersrassssesssssesssstscssrsastsssssessassssasssststsbessssasaeseatsssssssmasssasasasssans

PART IV Mineral Solubility

Chapter 11 Simple Salts and Metal Oxides/Hydroxides/OXyhydroxides..........coeuueervessersseninne,

Chapter 12

11,1 INLTOUCHION veveevrveereerrrereeesrsrersosiosisnssnorsssessassassstssasssssanssnssssssesnesnsonsssssnssseses
11.2 Defining Where a Solution Is Relative to Exact Saturation ..........ccoceeeuna.

11.2.1 Undersaturation, Saturation, and Supersaturation in
TErmS Of K g.ervviviseriiniririninininnssisssssistssesessnsssesesessssscsnsesesesisseses
11.2.2 The Solid POV: The Solid Is Present; How Much Will
Dissolve to Reach Equilibrium? vs. The Solution POV: The
Solution Has a Specific Chemistry; Will Precipitation Occur,
and If Yes, HOW MUCh? .....coiievievreiienreneiiiessieniisnennississesneenns

11.3 Simple Salts Involve Only “Spectator Ions”........ccoeeeeenenneseeiniscninins
11.4 Metal Hydroxides, Oxides, and Oxyhydroxides.........coveeererrnnsusnnescscsensnenee

11.4.1 The 1st (K,,) Part of the Story — If the Dissolution
WETE SIMPIE oot a et eseenes
11.4.2 The Rest of the Story — Complexation by OH™: Kj;, Ky, etc.
(or *Ky;, *K,, etc.) and the Not-Simple Solubility of Metal
Hydroxides, Oxides, and Oxyhyroxides..........cocoeeveernierivereennnnennns
11.4.3 Total Solubility of a Particular Metal Hydroxide, Oxide, or
Oxyhydroxide vs. PH...vovevervinricriiiiiniiicinciciintcesier e
11.4.4 Solubility Differences among the Different Fe(IIT) Metal
Hydroxides, Oxyhydroxides, and OXides.......ccovvevvrevriiruerenriennnanns
11.4.5 Metal Hydroxide, Oxide, or Oxyhydroxide Equilibrated with
Water and Some Value of (CF = CR) vevvrererreeruerereerereseseenssssssssseens
11.4.5.1 Initially Pure Water: (C5—C4) =0, C;=0.cecvvvrereeverenenes
11.4.5.2 Non-Zero Net Simple Strong Base (i.e., of the Types
NaOH and HCI): (C5—C3) #0 with C; # 0

REFEIEICES «.eevviiiriicirenireerteerteesteereseeesseessteeessesssstseessaeesssseessssessssssesssssessssrassassssssane

Solubility Behavior of Calcium Carbonate and Other Divalent Metal
Carbonates in Closed and Open SYSteImS.......covueverererireeiineenereeenesiessessssereseessssssenns

12.1
12.2
12.3

12.4

INITOQUCHION 1..vvvevrvevrrrrereseriresstsssesisssesrssessseseseesessssesssseessssessasessasersesssensans
ATKAlinity (ALl CaSES)..uvrreverrieririirensrriissererieseessensssesassessssesessesessessssesessenens
Case I: Closed System, C; = Ca; (Calcium Carbonate +
Water+Variable (Cg' — Co'))evevriveererienieriereeeiesieeenrescesesesreeeeseeseessensesesssene
12.3.1 Solubility as a Function of pH......coeeerveveniirerreieieceneeeeeeeeeseevene,
12.3.2 The Particular pH When (C5 —C)=0
1233 PH When (Ch —CR) # 0 et sestsrssssssessanns
Case II: Closed System, C = Ca;+y (Calcium Carbonate +
Water+Initial y Dissolved CO, Variable (C' — C,"))
12.4.1 The Particular pH When (CF —CR) # 0 wvvuveeeereeereereveeeeeeesseensonns
12.4.2 'The Effect of Added CO, (y) on Dissolution of Calcite When
(Cs—Cr)=0

...........................................

...................................

....................................................................................

221

239



Contents

Chapter 13

Chapter 14

Chapter 15

12.5 Case III: Open System, Constant pco, : Calcium Carbonate + Water +
VATIabIe (Cf = Ch) veerrvvrrrierreneneseseeresessessessesnssssesssesessensessesnenessessessessereenns
12.5.1 Solubility as a Function of pH......cccccvnviviininiiniiniceccccinen,
12.5.2 The Particular pH When (C5 ~Cr) =0 ccoerrerecccrireceecneceennne
12.5.3 pH as Affected by (C; —C,)# 0, as in Acid Rain......cccccoverecnnen.

References

................................................................................................................

Metal Phosphates

......................................................................................................

JRC I B €13 T3 - | RSO SUUS OO UUUROOUIURROTON
13.2  Hydroxyapatite ~ Cas(PO,);(OH)g)ereerrrermersnnrnnnnsseisiniisieisieecisisieieieees
13.3  Fluoroapatite — Cas(PO,)3F g everererreeriiecinieictecnicccc
13.4  Struvite = MgNH,PO,6H,O () «covvrviirerinrieinieneiiienicennsscse e
References

................................................................................................................

Which Solid Is Solubility Limiting? Examples with Fe(II) for FeCO; vs.
Fe(OH),, Using Log pco, vs. pH Predominance Diagrams .........coceverevecusvmeccenns

14.1  INErOQUCHION cueeeiventeerriirerieteerererreresrene et ere e e s esteneestess e e ssbssesassatsrasanerees
14.2  Equilibrium Coexistence of TWo Solids.....coeecciniiineenininnninnisniniininine,
14.3 Log Pco, vs. pH Predominance Diagrams with Regions for FeCO,,
Fe(OH),(, and Dissolved Fe(II) SPecies......covrumninviriierinmsiinnienssicireiseenenses
14.3.1 Fe(IDqys = 1070 Mot
14.3.1.1 FeCO,/Fe(OH),, Boundary Line.......covvevuveiinuninnnnencnns
14.3.1.2 Fe**/Fe(OH),, and Fe(OH),,/Fe(OH);

Boundary Lines ......ccccoccrivemenieriinensienoinnnnncesenenennen,
14.3.1.3 Fe?*/FeCO, and FeCOs,)/Fe(OH); Boundary Lines .....
14.3.1.4 “Old-School” Approximations for Drawing Boundary

Lines as Straight Lines .....ccococcvevveervrcvennecreniisnnsnnenns

14.3.2 Dependence of the Diagram on Fe(ID)p gy ceevemeremrennmrincrrinnncinenne.
1433 Log pco, vs. pH Predominance Diagram for Fe(Il); = 107 M........
14.3.4 Log pco, vs. pH Predominance Diagram for Fe(IT), = 107 M........
REFEICIICE. ..ottt sttt s tea e sas e a e bbb b b e bs

The Kelvin Effect: The Effect of Particle Size on Dissolution and
Evaporation EQUIlibria ......c.cccevmieiininniinicinictcci e

15.1  INrOAUCTION couveeeeerieiireeieiereeerirreesieeersernresereessestesessnessosaessaseesrsasesssnssssnnessssses
15.2 The Interfacial TENSION G....ccvvververrerecieirsevivremrsrrrereesssvesssressssessssssnesserssssssseesss
15.2.1 The Origin of Interfacial Tension......cceceevevurereeeriiruerersiiisrenresinssenne
15.2.2 The Effects of Surfactants on Interfacial Tension.........ccvvvrvveeveerneen
15.3 The Interfacial Tension and the Pressure Increase across a Curved
TNEEITACE ..ivverrerrireerererreeertrerrrrsseeeeeerressessnressssesnserssassseesnnssssesnnserseenaneassneassn
15.4 Effect of AP(r) on Chemical Potential and Equilibrium.........c..ccoeveueiruencne
15.4.1 GENEIAL...uveeeerieiirreeereeeiiereniteresnreessisreessssasesnsesssseasesnesessanessssnsssnns
15.4.2 Equilibrium across a Flat Interface.......cceceevvcenivinnvvrcevcnnnnnne.
15.4.3 Equilibrium across a Spherical Interface of Radius r.........ccccoeuune..
15.4.4 Cubic Particles of DIMENSION 27 .....c.cvvevveecvrveerseerersresseessesssesseseseens
RETETENCES ivvvririireeeiritriieicirrrrterriciseteressereeeesessnssasiossranasesessssenassesesarnnessssssnrasensossnnn

xiii



xiv Contents
Chapter 16 Solid/Solid and Liquid/Liquid Solution MiXtUIES .......cieuerreseussemssessimsisinsmmssisssinsnnns 309
16.1  INTOAUCHION vveeeeereriereerseereeasserasesssssenssitssessssesessasasasassssssstossanssssssensanssanes 309
16.2 Thermodynamic Equations Governing the Formation of Solid and
Liquid SOIULIONS....vucvuivsiverriesssisessssessensenseisincrssnsnr st enes 309
16.2.1 General EQUAtIONS .....ocvceueerereinmnnnnniseseesssesnisisiisnensssnsssassssssessacnss 309
16.2.2 Tdeal SOIULIONS ..evverreeerenerrenrereiresiesnereereranesssnssessesessnsessssassssssssssasesens 312
16.2.3 Non-Ideal SOIUtIONS ....cccvveeretrreetireerisiernstenisrianssssseeesssssresnsstsseesnens 313
16.2.4 Chemical A When Present in a Solution vs. When Pure.................. 315
16.3 Phase Separation in Non-Ideal SOIUtIONS .......coveviuriiuimninrinnmsinsnieecsisesencs 316
16.3.1 The Aémxg Curve and Phase Separation .........c.cocveevennnsserininvenennens 316
16.3.2 Tendency for Correlation between x and XE s 317
APPENIX 16.A ooveeerieiricmiieisestesientssens st 319
16.A.1 Minimization of the Free Energy G by Phase Separation ............... 319
16.A.2 The Linear Mixing Curve for AGpy, vs. x, in the Region Where
Phase Separation OCCUTS.....c.uvivereririrerensissimsnnsesssesssssssssensisienensninenss 321
16.A.3 When Phase Separation Occurs, the Same Two Values of x$
and xf Are Obtained Regardless of the Values of n, and ng .......... 321
REFEICIICES cuvvvireurivirveeerisrsesereeseesassesesessestsstssossesisseessssesssrnessesesssasassassansassossenessesses 323
PART V Redox Chemistry
Chapter 17 Redox Reactions, Ey, and PE.....evivreriniiriiinninisisnninissssnesessssssessscsssssiessissssns 327
17.1  INtTOAUCHON cuvevrererereerertrireriseeseresnessentesessesisstsstsressessessssssaterasssesessesssssesnessoses 327
17.2  Assigning OXidation States ......coveveeverrnnniveiinniiiirinsninnseesseesssnssne 327
17.3 Ejyand pe: Equivalent Ways of Handling Redox Calculations
(But Using pe Has Advantages).......ccceveerieririnininniininniiiniieicnnersissessssssssssens 335
17.3.1 Ey EQUAtiONS...cvirimiiniieinisinssiieisisisessessssensssssseses 335
17.3.2  pe EQUAtIONS c.vvviirisecermiiineiresrniesieisesesssisseesssssnsenmssssessenssansnenens 344
17.3.2.1 The Concept of Pe....ovrrrrernrirniisnnsiiininesenienin 344
17.3.2.2 pe and the Redox K as Developed from the Nernst
EqQUAtiON...cevieirieeneeinieiesisnnssssesnesesesresessesesaenssnens 346
17.3.2.3 pe Is as Meaningful as Ejy.......cocovreirircnneciccsinninsninnns 348
17.3.2.4 At Equilibrium, All Redox Half Reactions Specify
the Same pe (ANd Epp) ..cvcovveerereronmerenisensosesismesesseressesesnosens 349
17.3.2.5 Reference Electrodes, the E;; (pe) Combination
Electrode, and the pH Combination Electrode..........c.ce... 349
17.4  Redox Ladder ...ocieivvicininiiiiiinniciiiineenenisiiesennssssesssssssssssescssescons 353
17.4.1 Redox Ladder under Standard Conditions (Use pe°® or Eg)............. 353
17.4.2 Redox Ladder under Non-Standard Conditions..........ceueeereeverrernrnnns 353
17.5 RedoX @ VaUES...c.ccciriveiiiereenniiesnniisnsisseesessesesissesssesssssosssssressesesssssnsessons 355
17.5.1  GeNETal...cinevirecriiririesieesieinieiesiesssssseessessssonssesessesesessessssassesasasens 355
17.52 qg™""%— A Fraction-Remaining a for O, (For Comparison
with Actual Redox @ ValUes).......ccceoveereercrerenrereeeecrcesnesesereensenne 355
17.5.3  ayy) the Redox a for N(V) When All N Is Dissolved and
Considering Only N(V) (as NO3) and N(0) (as Ny)....eovvvvrerrreeennnns 356

17.5.4  agqy, the Redox o for Fe(III) When All Fe Is Dissolved................ 357



Contents XV

17.5.5 aguyyy, the Redox a for S(VI) When All S Is Dissolved and
Considering Only S(VI) (as HSOj and S0%7) and S(-II) (as
H,S and HS ) uevveveiiieeeeeciecreiireietesncsrsseneesssesssesissnsns 358
17.5.6 acgy,, the Redox a for C(IV) When All C Is Dissolved and
Considering Only C(IV) (the CO, species) and C(-IV) (as CH,).... 359

17.6 Oxidation and Reduction of Water.........cccerreeriinenieenieniinnecenieeciennnencssnnees 360
17.6.1 Reduction Of Water.......ccccverveeerernrenrrsenienseneeiencsinrescnssrenessseeseens 360
17.6.2  OxXidation Of Water ....ucccveerernereeneinnienneiseeeesteneseseentecnesessnens 361

17.6.3 Redox Stability Limits for Water: The Redox Analog of
Thermal BoOiling......covververiiireeciniimiiniiencneenese s 361
17.6.4 pe Range for Most Natural Waters at 1 atm......ccccoeuvcevvvrivninnicnnnnnen 363

17.6.5 The pe (Ey) of Pure Water with No Added Oxidants of
Reductants — The Redox Analog of pH = 2 log K|, for Pure
Water (Optional).....cceevevrererererriererenenneeieeeeieieesiesessessessees 363
RELBIEIICES ..ottt sttt ses et ettt et st r s sabeae b sasshessabennans 364

Chapter 18 Introduction to pe—pH Diagrams: The Cases of Aqueous Chlorine, Hydrogen,

AN OXYECMcveurrrrieereeerirnrenerstrassessestasieneesrsstsesssssessossestsssessessssessesressessessesasssessossens 365
18.1  INTOQUCHON .ottt sttt estssn et sas st sac b b anes 365
18.2 pe-pH Diagram for Aqueous ChIOTINe .......cccvveerermicrenrernsiisenenisriiecisiiaens 366
18.2.1 Preliminary pe-pH Diagram for Aqueous Chlorine ..........cccevvceneee 366
18.2.2 Actual pe—pH Diagram for Aqueous Chlorine for
Some SPECIfic Clyu.u ittt sseaens 366
18.2.3 Aqueous Cl,: Disproportionation and Disinfection ..........cceceernnce. 373
18.3 pe—pH Diagram for AQUeous OXYLeN......cccvrereerivrineniiriiininieiismeiniiseenen 374
18.3.1 Preliminary pe-pH Diagram for Aqueous OXygen ......c.covuvcrvvrenunne 374
18.3.2 Why H,0, Does Not Have a Predominance Region for
Aqueous Oxygen (Optional)......cccoveverniiinninninininnenineninen 375
18.3.3 Actual pe—pH Diagram for Aqueous OXYZeN......cecvverrivverernuesereenne 377
18.4 pe-pH Diagram for Aqueous Hydrogen.......cccouveivniniriirinncsneninensinennes 371
18.5 The Mutual Exclusion of O, and Hj ....ccccvvviriimniinincniineiinniinneiinine 378
REfEICNCES ..cviuvrireiriiieeiiirr ettt er ettt asn e bes 379
Chapter 19 pe—pH Diagrams for Lead (Pb) with Negligible Dissolved CO, ......ccccvierrenvncnes 381
19.1  INtTOAUCHION couvrveereririiteeenseeeee bttt sst st bbb s s e e ebe b 381
19.2  pe-pH DIAGRAM FOR Pby = 102 Moot 381
19.2.1 General — Pb Has Three Important Oxidation States IV, II,
AN O ettt bbb b 381
19.2.2 The Two Vertical Solution la-PbOl Solution Boundary Lines
and the Vertical Solution/Solution Boundary Line for Pb(Il).......... 383
19.2.3 The Curved PbO,/Solution Boundary Line.......ccocceeuvnirinirerriennen. 385
19.2.4 The Straight PbO,y/a-PbO, Boundary Line ........cccoevvvrriireisennnnn. 387
19.2.5 The Curved Solution/Pb, Boundary Line.......ccceceeveeririnreninnnnnnns 388
19.2.6 The Straight a-PbO/Pb) Boundary Line ..........cceceuvevurieriirienenns 388

19.2.7 Implications of the Low C; pe—pH Predominance
Diagrams for Tap Water by Oxidative (Corrosive) Dissolution
of Pb(0) in Lead Pipes, Lead-Cqntaining Solder, and
Lead-Containing Brass .......cccvevcrinereecsivnesnseniesesosesenessesessesnes 389



Contents

Xvi
19.3  pe-pH Diagram for Pbrg = 102 M ..o, 392
19.4  pe—pH Diagram for Pbyg = 107 M (21 PPb) ccoeureriirierinsirrnrinsissnrsieicn, 393
19.5 Use of “Simplifying” Assumptions to Draw pe-pH (E;-pH) Diagrams....... 395
REFEIENCES ...eevrevererereisretsreseisessssesesssaststsesssesesssesanstsseasssorssnsssssossssssessssssaonsnsnsens 395

Chapter 20 pe-pH Diagrams for Lead (Pb) in the Presence of CO, with Fixed C;, and

Fixed C; and Phosphate ... 397
20.1  INTOQUCLION wouvvevriiieresirtsrisineeseressisassssesesiessasenssessasssssuessssassssesssassssesessessenes 397
20.2  pe-pH Diagram for Pby, = 10° M and Crgee = 102 M .., 397
20.2.1  GENCTAL coeueveeviierririiiisieerestesensieseresesessesistaessesesss e saessssese e ssansesenes 397
20.2.2 Solution @™™ Values with Hydroxide and Carbonate-Related
COMPIEXES covvvverrrivrisrinrisiisisrsssssiorsiss st sssse st sese st st ssssasnens 399
20.2.3 Identification of the Pb(II) Solids That Limit Pb(II) Solubility.......400
20.2.4 The Two Vertical Solution/Pb(IT) Solid Boundary Lines and
the Vertical Solution/Solution Boundary Lines for Pb(Il)............... 404
20.2.5 C{IV) Converted to C(-IV) (i.e., CH,) under Very Reducing
CONIONS ..vevevvvercreeenierrrreieeeeissersssesereeeessesessessnessbesesessssresenes 405
20.2.6 The Curved PbO,/Solution Boundary Line.....c...cccoorurerrrcrrrrrurnnnn. 405
20.2.7 The Curved Solution/Pby Boundary Line..........cocoeeureeeerseeereunennnans 405
20.2.8 The Curved PbO,/Pby(CO;),(OH), and Pb,(CO,),(OH),/
Pb, Solid/Solid Boundary Lines .........cccouveerercererereenerensieenenerinnene 406
20.3  pe—pH Diagram for Pbyg, = 1077 M and Cree = 102 M oocenvernnrerrnne, 409
20.3.1  GenEral ....veerreireirecreieeisessse st se sttt eenasenaes 409
20.3.2 Solution ™™ Values with Hydroxide and Carbonate-Related
COMPIEXES ..vcvivriniviiiriceriesiiessressis s sasss bbbt rae e eesen 409
20.3.3 Identification of the Pb(II) Solids That Limit Pb(II) Solubility........ 409
20.3.4 The Vertical Solution/Solution Boundary Lines for Pb(I).............. 409
20.3.5 C(IV) Converted to C(-IV) (i.e., CH,) under Very Reducing
CONAILIONS ..voverrcvieiiecicieterereisie e tersesesssesess s ss e 409
20.3.6 The Curved PbO,/Solution Boundary Line............ceocvrvrrvrerrennnn. 410
20.3.7 The Curved PbO3;™/Pb(I); Boundary Line..........ccooeureeverrerrenrnnn. 410
20.3.8 The Curved Solution/Pb,, Boundary Line...........ccooouevveveenveerenns 410
20.4  pe-pH Diagram for Pby = 107 M with Cy ¢, = 10 M and
Prree = 105 M (~1 mg/L as OrthophoSphate)............c.eveeveeeeeeersresresreererorns 411
2041 GENEIAl...ccvuiieiieiecerereeisiierse st et s ses s e 411
20.4.2 Solution ™™ Values with Hydroxide, Carbonate-Related,
and Phosphate-Related COMPIEXES ..........vueveeeereererrresressseresssens 412
20.4.3 Identification of the Pb(II) Solids That Limit Pb(II) Solubility....... 413
20.4.4 The Two Vertical Solution/Pb(II) Solid Boundary Lines and the
Vertical Solution/Solution Boundary Lines for Pb(II)..................... 414
20.4.5 C(IV) Converted to C(=IV) .e., CH,) under Very Reducing
CONILONS w.vvvveveereiieienieniee e 415
20.4.6 The Curved PbO,/Solution Boundary Lin...........ceverrrvvrresnnnn, 415
20.4.7 The Curved PbO3 /Pb(Il); Boundary LiBe ......oveverveeeeeserenrernnn 415
20.4.8 The Curved Solution/Pb, Boundary Line...............c.ovvmvvreervveoon.n, 415
20.49 The Curved Solid/Solid PbO,/Pbs(PO,);0H, and
Pbs(PO,);0H /P, Boundary Lines ...........cccveeevverrevrereorsoon. 416
RELEIENICES .ovvvvirveriiiti ittt test s ees oo 417



Contents xvii
Chapter 21 pe and Natural SYSIEINS ....c..evvevriererireerrercrisesestssesesessssssesssssssssssssssssssesssasasesssenes 419
21.1 Redox-Controlling Elements in Natural Waters.........ocooveveevereesreeeverrerenennns 419
21.1.1 Major vs. Minor Redox EIements.........cceecererereevmnreccnrnrereeenneessenens 419
21.1.2 Full Redox Equilibrium Rarely Obtained in Natural Waters .......... 419
21.1.3  Pe® and PeO(W) cucuiirieieceeeeeinee ettt renne 421
21.2 pe—pH Diagram for NitrOZEI .....cecereererereerereieresisrerennesseseresssessessseressssesssenens 422
21.2.1 Redox Equilibria Governing Nitrogen Species.......ccoccoevererurirueenene 422
21.2.2 Identification of the pe—pH Predominance Regions for
AQUEOUS NItTOZEN.cveveereuirierirererireseesnsessesissesesieressesaoressesassssessasenss 422
21.3 pe-pH Diagrams for Iron with Fe; = 105 M, C; & O..eeeevvvevecrceereeereenens 427
21.3.1 General — Fe Has Three Important Oxidation States:
IIL IL and O ottt nssseeseeosesessessonenns 427
21.3.2 Fe(III)[/Fe(II); Boundary Line......ccccovevermreireneenreierinsesrennsreenaeens 430
21.3.3 Solution/(am)Fe(OH),,, Boundary Line........ccoeuevvevevvicviriinincrinnnens 431
21.3.4 Solution/Fe(OH), Boundary Line.......cccccecvervevererinvnervcrrecesinnnnens 432
21.3.5 Solution/Feg Boundary Line .........cceeiveireireiiineneninincieisessensnnenes 433
21.3.6 (am)Fe(OH);/Fe(OH), Boundary Line .......ccccvuimvcrevneicnvcriirninns 433
21.3.7 Fe(OH),y/Fe Boundary Line.......ccooeuvvemviecurinsncnncnniiincneencnians 434
21.3.8 Final pe—pH Diagram COMIMENLS .......cccveverereerereenererseeeressesessesaesens 434
21.4 pe-pH Diagrams for Iron with Fer = 105 M, Cr . = 103 M.....ooceeneee 436
21.4.1 General - Fe Oxidation States Are III, II, and 0; FeCOj
Needs to Be Considered .......c.coveirernieecrreneernnserenereneseresesessnsenes 436
21.4.2 Solubility Limitation by FeCOs, vs. Fe(OH)yg cvvmrvvnunirnnirenninnacn. 436
21.4.3 (am)Fe(OH),/FeCO; Boundary Line.......cocvvvevrvercrrueincirencnrnnnnens 438
21.4.4 FeCOs/Fe Boundary Line.......ccveiecvcinicincniiiccciicesieneens 438
21.4.5 Solution/FeCO; Boundary Ling.......covevveereniriiienenicnriiennens 439
21.4.6 Final pe—pH Diagram COMMENLS ........cceeerereercrrereressressossasssrssararens 439
21.5 pe-pH Diagram for Sulfur with S;= 103 M ....ccccevivrrieinecreeseresenrneenes 440
21.5.1 Redox Equilibria Governing Sulfur Species........cocovvervmreeveererveennns 440
21.5.2 Identification of the pe—pH Predominance Regions for
AQUEOUS SUfUL....ccoviiiireiiccetne et 441
21.5.3 Final pe—pH Diagram COMMENtS ........ccoeerererrermrvereorensevesssreeasessannes 447
21.6 pe—pH Diagram for Carbomfi...ueeruveverisinieseninieisennnrsensesseissesssssssssssssesenes 450
21.6.1 Redox Equilibria Governing Carbon Species.........couverereerrurererererens 450
21.6.2 Identification of the pe—pH Predominance Regions for
AQueous CarbOn ...t 450
21.6.3 Final pe—pH Diagram COMMENLS ......ccevererevererseerersersieraresserereresseses 452
21.6.4 Disproportionation of Aqueous Organic Carbon Compounds......... 453
RETEIENCES ..ottt ere sttt sts e sbesserassesastesnsenssbaranvas 457
Chapter 22 Redox Succession (Titration) in a Stratified Lake during a Period of Summer
SEAGNALION .c.verreriirriecteiiisesiiertirestiseseesesassereasassesesssssessasasessssesassessaressesessesassessanaes 459
22.1  INtrodUCHION w.cvieivieirtieririeiciinre bt see st s see st sae e se e e sss e ssasaenas 459
22.1.1 Lake DYNamICS .ccoeveeverreiurrerieirencresnnensecesessnssnesessessessessesssssasseres 459
22.1.2 The Effects of Lake Dynamics on pe......coccceevvcririesreceerenseereenenns 461
222 Model Considerations for a Hypothetical Lake........cccccvecvennnvcnnririrennninens 462
22.2.1 Initial ConditionS....cocecevirerreeririeneereereceeerneeeesnsesesssassesessssesesessesenes 462



xviii

Contents

22.2.3 Equivalents per Liter (eq/l) as Units for Redox Reactions............... 463
22.2.4 pe for Before any Reactions Occur (Period 0) .....ccovueveeimrirnieninnnnns 464
22.3 The Four Sequential Redox Equivalence Points and Additional Redox
LaANAIMATKS cvcveveirevieierereereneseesssesssesseseseesssssssassissessssessssssssssesesasessssssnssssesssnsons 464
22.3.1 The Sequential Equivalence Point (EP) Landmarks for O,,
Nitrate, Iron(III), and SUIfate.......cocoevermivieirmnisiesnnmnisiessnesenninens 464
22.3.2 Landmark Times Delineating the Different Periods.........ccoovureveee 466
22.3.2.1 GENEIAL..ueeerrerrririeeeeenieeeisnsisrersssiieesebetsessssresesasssesnenas 466
22.3.2.2 Period 0: Consumption of Initial OC.....ccceorrrvverinnnennncs 466
22.3.2.3 Period 1: Reduction of O, up to Activation of NO;.......... 466
22.3.2.4 Period 2: Reduction of NOj up to Disappearance of
(am)Fe(OH); At FE(II) EP .c.cerrvciciiiscniciiis 466
22.3.2.5 Period 3: Reduction of SO;™ up to
Appearance of FeS ..vvmminninnniciesesensccnenes 466
22.3.2.6 Reduction of SO~ and Disproportionation of
C¢H,,0¢ with FeS Present—Period 4......o.vveveeecrcinennnns 468
22.4 A Redox Titration Model for Water in the Hypolimnion.....c.coeevevevveiereruennas 468
22.4.1 The Redox Titration Equation (RTE).......cccocvievnminiinniniennneirinennnne 468
22.4.1.1 GENCIAL..ucverereicrererecsiiireniniisiiitsissssiter e ssesrs e sssssnns 468
22.4.1.2 The Terms in the RTE .......ccccovnnncniinnninininnnnineinnnn, 468
22.4.1.3 RTE: A Function of pe and pH......ccocovuevvivnineincnninn 469
22.4.2 'The Electroneutrality Equation (ENE) ......cccococervniirniiuninnineennas 472
2243 RESUILS ettt ettt eas st s sre s e sbe s nsnes 473
22.5 Kinetics and Labile vs. Non-Labile Organic Carbon........cccouvverrvvererriniennes 475
REFETENCES cuvveuerrrvereisiieeisisteitsesesise st es sttt sbe s b et e bsb s ebennsbeens 484

PART VI Effects of Electrical Charges on Solution Chemistry

Chapter 23

Chapter 24

The Debye~Hiickel Equation and Its Descendent Expressions for Activity

Coefficients of AQUEOUS JONS ......ccovverinvermiiiiseriennrestietnenereseseeresseresessessesssesens 487
23,1 INTOQUCHION wovvrrviiriiriiitiscntscite ettt s esastsna e ses e sesbssnenassases 487
23.2  The Debye—HIUCKEl LaW ......c.ccoviivciriviniirieccreninisincstrerenessesesesseseesesesenens 488
23.2.1 The Poisson Equation and the Local Charge Density.........cccovurerenne 488
2322 Wign(1) AN Wyoua(P)eeeeeriierieeciece st esesesesesese e sesbeneas 490
23.2.3 The Linearized Poisson—Boltzmann EQUation ...........cevreverervrveennns 491
23.2.4 Integrating the Linearized Poisson-Boltzmann Equation................ 493
23.2.5 Determining Wy q(r) -vveeveeeerenirecrrinresnisesinseresssssssssssssssssseressssesssenes 496
23.2.6 Use of y,,,4(r) Near the Core Ion to Derive the
Debye—HUCKEL LaW ...cccivvirirriereerrrieieeneeereeeesessssessesssressssssesseees 497
23.3 Derivation of the Extended Debye—Hickel Law..........ocevveeveievvevernvcreenenns 500
234 Summary Comments on the Four Activity Coefficient Equations................ 502
REFETENCES ..ottt bbb s s s ren st srais 503
Electrical Double Layers in AQUEOUS SYSEMS .......evvveevevenscreiseseesseneeeerereressesenens 505
24,1 INFOQUCHION «.ucviveieceiisitirenieisiseretsas et sensess st es et seseseeesse e s e s seenen 505
24.2  The Origins of Charge at Solid/Water INterfaces...........cevevvvererreerrerersrenenes 505

24.2.1 Surface Charge Resulting from the Effects of a Potential-
Determining Ion (DAI) veveeceeereererereeceicinistreeeneeesesesessessssssesssnsseesens 505



Contents

Chapter 25

xix
24.2.1.1 A Constituent Ion of the Solid Is the pdi........coceeceruennne. 505
24.2.1.2 H* and OH- as Potential-Determining Ions........cc.ccceevenee. 507
24.2.2 Particles with Fixed Surface Charge — Clays.......c..coceevrerccrvnrcrnennes 507
24.3 Similarities between Double-Layers and Ion/(Ion Cloud) Systems............... 509
24.4 The Electrochemical Potential ............cocvniveinniniicnnnninnneeien, 509
24.4.1 The Electrochemical Potential and Equilibrium in the
Presence of an Electrical Field........cococevvevvnniininnnerncnncnnncnnnnnn, 509
24.4.2 The Vertical Distribution of Gases in the Atmosphere and Its
Relation to the Distant-Dependent Concentration of Aqueous
Ions in @ Double Layer ........ccccvcveerereenneennneeneneessinenesereesressenie 511
24.5 Double-Layer Properties as a Function of the Activity of a Potential-
Determining ION ......coievuvreceriseerennererernennsesisessesssnreesesenessosssnnenssessssensssessns 512
24.5.1 w° as a Function of the Activity of
a Positive Potential-Determining Ion .......ccccvveeeerveeiecereeresresneesenenss 512
24.5.2 y° as a Function of the Activity of
a Negative Potential-Determining Ion.........cccecevvvvenernicresesrencseenes 515
24.5.3 Characteristics That Determine the Zero Point of Charge (zpc)
Activity of a Potential-Determining Ion .......cccceveeerennceninenencnnenn 516
24.6 Concentrations as a Function of Distance in the Aqueous Charge Layer..... 516
24.6.1 0, N0 6. .ovvvriririirieniiset st e 516
24.6.2 The Boltzmann Distribution in the Aqueous Charge Layer ............ 517
24.6.3 Reference Value for (00)....oceeerereirereerienienierceneenenieessnsssssseessessens 518
24.6.4 o, and o_for AB, in Equilibrium with Initially Pure Water .......... 518
24.7 The Differential Equation Governing the Aqueous Charge Layer ............... 519
24.8 Real Aqueous Solutions Contain Multiple Cations and Multiple Anions..... 521
249 Integrating the Differential Equation Governing the Aqueous Charge
Layer S0 as t0 Obtain W (X) .oveveveeeiriererrerresierresrereesseseeseesessesssesnsessessessassesses 522
24.9.1 zjy°|Is Small (i.e., Sufficiently Close t0 Zero)........ceovuverevererrernnenes 522
24.9.2 zjy°| Is Not Necessarily Small ........ccoeervereereneeeeererveesmsessssnsessensens 523
24.10 W(X) 08 ALLY O orerireririrererenerereresnass e seessssee et snssse s s sssaeessaessssesesesessasssens 527
24.11 0,800 Ojuvnieririrriiiitcreiiint st 527
24.12 The Physical Significance of K™ .......cccouieerererrenessesseesessessssesssessessessnssens 528
24.13 Effects of k™! on the Properties of the Aqueous Charge Layer...........ccceveee. 529
24.14 Strategies for Using the Various Double-Layer
Equations in Solving Problems ........cccceveereveeienenecienieneeneeceseereseeeseenns 530
REFEIEICES ....ovveuirerneirrerieerierirenrisetiestesesssnsresesesiessesessartesesassessssesessessososessesesassssens 531
Colloid Stability and Particle Double Layers........ccccccevvvverererrerencrerinroseresinnececeneas 533
25.1  INLTOAUCLION cueeueereerrererectrnrtriesesresstsresressssenessseeenseneessesesesrassessnenessassesesses 533
252 CoaBUIALION..c.coueeiieriritirtirirriieeist et et esresrenssesas e s r e ee s srenaes 533
25.2.1 GENETAL...ceeeirnirceererricreirerrcretrrtreser e sesse s sesseseeesesaesesnesessnsnsssnenes 533
25.2.2 van der Waals FOICeS......cvvuvriinieririninniiecinnstcenescneeessesnennan 534
25.2.3 Coagulation MeCRaniSImIS .....c.ecuveveererernirerserenenereseersesseseeseneseseeses 535
25.3 Electrostatic Repulsion vs. van der Waals Attraction .........eceeeveerererecvrveenen 536
25.3.1 DLVO TREOTY....ucutviierieurerrercereenenrneeeenenereseesentersescsnseenesesesassescossns 536
25.3.2 The Schulze—Hardy Rule......c.ccoovvmrmvirvencininsrinnnsnennnicneinnee 539
REfEIENCES ..c.vevitrvrvriririiitrrisisicirsesrissisinsriississresr st srsssesassaesacsresaesns 540



