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Redox Chemistry: Lead I
(Stumm & Morgan, Chapt.8 )

David Reckhow CEE 680 #50

Case study: Lead

* Regulations

¢ 0.015 mg/L action level in drinking water
* Sources

 Natural: lead minerals

e Industrial: paints

e Plumbing: service connections, solder, brass alloy
faucets

e Health Effects

e Kidney, nervous system damage

David Reckhow CEE 680 #50 2
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A short history of Lead

* Emperor Nero & others

e apredilection to lead-tainted
diets and suffered from gout
and other symptoms of chronic
lead poisoning
» Not only did the Romans drink

legendary amounts of wine, but
they flavored their wines with a
syrup made from simmered grape
juice that was brewed in lead pots.
The syrup was also used as a
sweetener in many recipes favored
by Roman gourmands.

» "One teaspoon of such syrup
would have been more than
enough to cause chronic lead
poisoning," Dr. Nriagu said.

Peter Ustinov as Nero

NY Times: March 17, 1983

David Reckhow 3
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Our continuing love affair with lead

* Used for some of the earliest pressurized water pipes
e Malleable, plentiful
e Plumbing and plumbers use Pb

¢ Used with modern urban water systems
e Lead service lines - esp. 1920s-1940s

¢ Lead solder: until 1986

Persich, 2016 [JAWWA 108:10]

e Brass fittings with lead

David Reckhow Roman lead water pipe, 81-96 CE. Source: Science Museum, London, 2014; Wellcome Images,
CC BY 4.0.
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The"
Poisoning

Of An, .
American City
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Then, Flint

Flint

* 31 January 2016;
Boston Globe

David Reckhow CEE 680 #50

A6 The Nation Bos N N DAY 3
Flint worries are focused on children
iDoctor believes

flead may have
tharmed 8,000
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Percentage

Blood Pb

e Children <5 yrs

* Levels in 2015; after
change to Flint River

Hanna-Attisha et al., 2016
AJPH 106:2:283-290

{ Elevated Blood Levels

a9

Qutside Flint Al Flint*

High WLL Flint*

Lower WLL Flint

Ward 1 WLL=10%

[ 3 Ward2WLL=25%

Ward 3WLL=18%

Ward 6 WLL=28%

Ward 5 WLL=32%
Ward 7 WLL=28%

£ Ward 8 WLL=20% v
o

Ward 4 WLL=6%

0 02505

B = T

1 Miles

Predicted BLL Based on Ordinary Kriging (ug/dL)

I 07-0.75 (more optimal) [ 1.76-2
I o761 [ 201225

[ ro-12s [ 22625 "Ware
[ 12615 [ 251-275 an
[ Jsiars I 276-3.36 (more hazardous)

» BLL=blood lead level; WLL =water lead level.

ones screened from results.

int City Wards

ple exceeded 15 ppb

¢ Timeline

Flint Michigan Crisis

e April 2014: the city stopped getting its water from
Detroit as a cost-saving measure and began instead
drawing water from the Flint River.

» High blood lead levels noted in children
* Water led levels were above standard
e Oct 16, 2015: Flint switches back to Detroit Water

* Sources
e EPA website:

* VPI website:
* 12/22/2015

David Reckhow
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Desire to
Save $$

Denial by public
officials & Blame
the innocent

Exposure

The Flint case

® A cascade of actions and effects

Stop buying water from Detroit

Widespread
corrosion in
water pipes

Use local Flint River

Decision to add Destruction of

more chlorine

More hazardous
chlorinated
compounds

chlorine residual

Growth of
microorganism
(e.g., Legionella)

Legacy of lead
plumbing

Release of Pb
into water

Other Metals too

Sediment in water
-some settled in
water heaters

° pH
s

e Cl2 s
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£
2
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Water Quality
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1 Flint Rash

I Investigation
I Report, August,
I 2016
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/ = From Huffington Post, Py
was switched back
O t h e r to Lake Huron.
v
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/ﬁpress & public reaction

* (ites elevated DBPs in water heaters
* Ruffalo advises against bathing

o e

{ %
Dy
FLINT WATER CRISIS

ACTOR MARK RUFFALO: LEAD ISN'T THE ONLY PROBLEM

12:4
AT CORRESPONDS WITH THEIR GENDER IDENTITY > CITY COUNCIL VOTED LEGAL VIEW

May 31,2016

4/29/2020



CEE 680 Lecture #50 4/29/2020

R

Public engagement

e Edwards slide

* Environmental justics
issues

David Reckhow IDWT

Protection by a CaCO; film?

¢ Calcium carbonate will precipitate when the solubility
product is exceeded

e This occurs at elevated pHs where the equilibrium shifts
toward more carbonate

e Of course there has to be a certain amount of calcium
(hardness present as well)

¢ This film has been shown to protect pipes from
corrosion

e for this reason, high pHs and high alkalinities can help
with corrosion control

* How high should the pH be?

David Reckhow CEE 680 #50 14
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Me-Carbonate Equilibria

¢ From Pankow

MCO,,, = M** +CO3~ K, = [M**][CO}"] 2.1
‘L OH- _ _[MOHT 122
M?* + OH™ = MOH* K = 06T (122)
MOH' + OH- = MOH), Ky = —oROMz] (12.3) |pH for initially-pure water (i.c.,
* % IMOWIOHT (€ = C3) = 0) in equilibrium @
_ - _ _ [M@©H);] 4 [25°C/1 atm with a divalent metal
MOH); +OH™ = MO K = (M©omgIOH] 29 | arbonate.

exactly using approximately
Metal Ion logK, logK,;, log Ky, log K, Eq. (12.17) using Eq. (12.26)

Mg —746  2.58 - - 10.19 10.29
Ca® -830 13 - - 9.96 10.01
Ba* —830 064 - - 9.96 10.01
St -9.03 082 - - 9.73 9.77
Mn* -930 34 3.4 1.0 9.63 9.68
Zn** -1000 5.0 6.0 25 9.24 9.44
Fe?* —1068 4.5 29 2.6 8.93 922
Pb?* —13.13 63 46 3.0 8.20 8.40
o Cd¥ -13.74 39 3.8 26 7.88 8.20

Me-carbonates \ \\

100 mg/L Hardness

\

N

-log CONQ (Molar)
/

Ca2* (Calcite)
* Closed System with

= 6 N— o 6
CT = 3X10 3 M Fe<* ‘z--—-l
Siderite)  Sr¢*
" (Strontianite)
\ s
4 6 8 10 12 pH \ 8
T U -
— Lﬁ\_‘ \\E“K| |F"<2 o’;! \\Zﬁ‘z
5 2fHyé HCO3 veol
. g ::co: P \523_‘?.:\—1 o \\ .
N N NN T So o~
Zz 4 TS ; N\,
Morgan, 1996, 8 | 4 \ kw\:b\ ca | N I _{
Figure 7.8, pg. £ AN ‘1
v 4
374 ' A XU DN | % 0 2
8 T S o pH
David Reckhow i oH N T "
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Langelier Index (LI)

* A measure of the degree of saturation of calcium carbonate
in water

e When a water is exactly in equilibrium with CaCO3 such that
neither dissolution nor precipitation is occurring,
« Ll=o

e When CaCO3 precipitation is occurring, the water is oversaturated
and by definition:
» LI>o

* So the extent of oversaturation (ie., the LI) is defined as the number

of log units of the actual, measured, water pH (pH,_,) above the
theoretical value that gives perfect equilibrium (pH,,,)

LI = pHact e pHsat

David Reckhow CEE 680 #50 17

e

LI continuted

* The saturation pH can be calculated using the
solubility product constant (Kso) and knowing the
water’s carbonate content from knowledge of the

alkalinity

David Reckhow CEE 680 #50 18
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No assumptions on mass balance

¢ Returning to the basic solubility, but not requiring
that calcium and total carbonates be equal

e e e
KSO - [Ca,+2]a2CT

@y = e — Andsoat ap ==y
[1(11(]2 - [Kz] +1  pH=63-103 %
K
= 2] -2
Kso = [Ca+ ] [H*] Cr

[H] — [ca ] II{{—ZCT

David Reckhow CEE 680 #50 So
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LI (cont)

¢ Continuing K.
1] [ca?] K—Z e
N

log [H*] = log|Ca™?] + logK, — logKs, +logCr

pHsar = —log[Ca*?] + pK, — pKso —logCr
* And now combining with the LI definition
LI = pHgee — PHsar

Ll — pH log[Ca"'2] — pK, + pK,, +logCr

David Reckhow CEE 680 #50 20
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LI (cont)

* And since in the pH range below 10.3, the alkalinity is
mostly due to bicarbonate, we can equate the C; to the

alkalinity
LI = pHg + log[Ca*?] — pK, + pK, + log[Alk]

* And general practice has been to increase pH so that
the Ll is 0.2 to 1.0

* While CaCO3 films have been found to inhibit iron
corrosion, there is little evidence that a high LI can
reduce the level of soluble Pb

David Reckhow CEE 680 #50 21

Flint Water Quality — why?

Parameter Before After units
4/2014 4/2014
pH 7-38

7.61
Hardness 101 183 mg-CaCO3/L
Alkalinity 78 77 mg-CaCO3/L
Chloride 1.4 92 mg/L
Sulfate 25.2 4 mg/L
CSMR 0.45 1.6 mg/mg
Inhibitor 0.35 None mg-P/L
Larson Ratio 0.5 2.3

WQ data From MOR and 2014 WQR
CSMR = chloride to sulfate mass ratio
Larson Ratio = ([CI] + 2[SO,2])/[HCO57]

David Reckhow IDWT 22
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2 T T T T T T
AL=15 pg/L=10"1 M

-3
Pb(I1) solubility\ "~
(1) Ly
Pb1(CO4),(OH) (s}
* 3 mg/L DIC /
* No phosphate foon
2 S0 T .
But how does Pb(II) = )
get into drinking water Sl e A e o
in the first place? \(bZOH’
N \‘ N
= \ o 7 - / \“~
From: Internal Corrosion and \ PBIOH);” e / 9
Depositional Control, by Schock & o=\ o /;!:co . JromeT |
: 2 . L . 3l2
Lytle, Chapt. 20 |rt1hWater Quality \\ s
and Treatment (6  ed.), 2011 L% / Poior3 /
-10 | ! [ | !
CEE 680 #50 ' 5 & 7 8 oh [] 10 n 12
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Control w/o Phosphate or high Redox

* Canonlywork 100
for low
carbonate 10
waters

1mgC/L

5mg C/L

10 mg C/L
20 mg C/L
35mg C/L
50 mg C/L
75 mg C/L
100 mg C/L

mg Pb/L

— e - -
~———— o e

* Not as good as 0.1
phosphate or

g From: Mike Schock
high Redox 001 b e 20

6 7 8 9 10 11

David Reckhow
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lint Finished Water Quality — why?

Parameter Before After units
4/2014 4/2014
pH

7.38 7.61 -

CSMR = chloride to sulfate mass ratio
Larson Ratio = ([CI] + 2[SO,2])/[HCO57]

David Reckhow IDWT 25

Alkalinity was about the same; pH actually went up a bit

Hardness 101 183 mg-CaCO3/L
Alkalinity 78 77 mg-CaCO3/L -
Chloride 11.4 92 mg/L
Sulfate 25.2 4 mg/L
CSMR 0.45 1.6 mg/mg
Inhibitor 0.35 None mg-P/L
Larson Ratio 0.5 2.3
WQ data From MOR and 2014 WQR WQ data from Edwards

website

Consider galvanic corrosion

® Micro environments
near surface can

Lead —_——— Copper
have very low pHs Anode Cathode
* Basic ligands like Oxidized 1 Ammeter/ | _
hydroxide and v A S\ Voltmeter,’ Reduction
. Sacrificed SN “Protected”
phosphate will be
much less important — . = =

e Weak base anions
can become enriched

1) H* increases

2) pH increases
Nguyen et al., 2010; decreases 2) Higher
WRF Report 3) HigherCI- OH- Ca?*,Mg?*
and SO,* and Na*

: Figure 1.1 Reactions at lead anode and copper cathode surfaces
David Reckhow

4/29/2020
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Sulfate and Chloride

¢ In bulk water neither sulfate nor chloride can compete
well with hydroxide for lead
* Near surface with active galvanic corrosion, pH drops
and hydroxide is very low
e Sulfate forms insoluble PbSO4 precipitate

K |00 |50 15410

e Chloride forms soluble PbCl* complex

y, et /

[Pb+2][CI-] = 59.5

Nguyen et al., 2010;

David Reckhow WRF Report 27

CEE 680 #51

, l“ﬂ’m‘“‘"-o-.\ R
Lead service lines (LSL) in US

Population

o 550,000
W 10,000-50.000
<10.000

1,000,000

Cornwall et al.,
2016
JAWWA, April

T s e
I TR I I T 1T P I 1121 4440

USEPA Reglon and Stale.

David Reckhow

4/29/2020
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Galvanized pipe
* Widely used to replace lead pipe for service
connections A
» What is it? )
e Steel coated with zinc to reduce corrosion

e Zinc used for this coating is generally contaminated with
lead

» 0.5% up to 1.4% Pb by weight

David Reckhow CEE 680 #50 29

Pb from galvanized pipe

I Soluble Zn, Pb

a) Galvanized pipe WL paiulate
Release
releases Zn and I | | l /
Pb Zinc Layer -

b) Pbsorption and

= b
deposmon 11 1ron

i

Iron Scale

Soluble and

Scales issolved Pa:u'culale Pb -
. . Intermediate(s)
¢) With Cu pipe, i ,
deposition Lead Pipe
corrosion ¢
accelerates m
Dissolved Cu

release mte.medjate(s)'\

Zinc Layer

David Reckhow CEE 68(

4/29/2020
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26+ Fe?* 2H'+ 2¢™> Hy Fe?' + 2

Iron Scale

Cathode

FIGURE 17.1 Adjoining anodes and cathodes during the corrosion of iron in
acidic solution. (Source: Water Chemistry, V. L. Snoeyink and D. Jenkins. Copy-
right © 1980, John Wiley & Sons, Inc. Reprinted by permission of John Wiley &

Sons, Inc.)
Water a-FeOOH (Goethite)
MnO, (Manganese Dioxide)
CaCOyj (Calcite)
“Shell-Like”

Caver CaS0,4+2H,0 (Gypsum) o-FeOOH (Goethite)
yer —— Feg0, (Magnetite)
Oxidized
a-FeOOH (Goethite)
y-FeOOH (Lepidocrocite)

Epitactic Layer Reduced
FeCOj, (Siderite)
FeS (Pyrrhotite)
Original Pipe Fe,(POy), « 8H,0 (Vivianite)
Surface Fo00, (Siderite)
- eCO, (Siderite
[ohoractie FeO, (Mixed Oxide)
C (Graphite)
SiO, (Silica)

Fe,P (Schreibersite)
Cast-Iron Pipe

Fe (Iron)

2 Figure 2-6 Schematic of scale on a cast-iron distribution pipe
David Reckhow CEE 680 #50 31

e 6mg/LDIC "E==

AL=15pg/L
=10"8 mg/L

Pbg(PO,);0H

From: Internal
Corrosion of Water
Distribution System
(2" ed) by Snoeyink,
Wagner et al., 1996

Orthophosphate (PO,), mg/L

NortE: Concentration units are log (mg Pb/L). The solid phase boundary lines are approximate.
Figure 4-19 Contour diagram for the impact of varying concentrations of orthophosphate and
Dokt hydrogen ion, with DIC = 6 mg C/L, temperature = 25°C, and | = 0.005 mol/L

16
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P/b(

From: Internal Corrosion of

Water Distribution System, (2"

1996

David Reckh

ed) by Snoeyink, Wagner et al.,

log mg Pb/L.

DIC=24mgCiL

I1); pH/PO, contour plot

1.000

0.316

0.100

0.032

0.010

AL =15 pg/L
=10"8 mg/L

mg Pb/L

figure 4-21 Three-dimensional surface plot of lead concentration versus orthophosphate dose for

2.4 mg C/L DIC (DIC = 2 x 107%M, 1 = 0.01 mol/L, temperature = 25°C)

ington, DC
Pb Increase Correlates with Chloramines

Monitoring Pericod | Monitoring Period Lead (ppb)
Start End 90™ percentile
January 1, 1952 June 30, 1952 18
July 1, 1982] December 31, 1992 15
January 1, 1993] June 30, 1993 11
July 1, 1983] December 31, 1933 7
January 1, 1984 June 30, 1994 14
July 1, 1984 December 31, 1994 12
January 1, 1997 June 30, 1997 =]
July 1, 1987] December 31, 1957 8
July 1, 1928] December 31, 1998 7
January 1, 15999 June 30, 1998] 5
July 1, 1989 June 30, 2000 12
July 1, 2000 June 30, 2001 8
July 1, 2001 June 30, 2002 75
January 1, 2003] June 30, 2003 40
July 1, 2003] December 31, 2003 653

Grumbles & Welsh, WASA, House Testimony 3/5/04

David Reckhow
CEEGRO #5]

pH Raised with CaO

NH3 added

to give Cj oramines

34

4/29/2020
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Washington, DC ’
Lead Service Lines

- ¥
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Chloramines: a solution to the DBP problem?

¢ Inorganic chloramines are formed by the reaction of free

chlorine with ammonia.
NH; + HOC| ----- > NH,CI + H,0 (1)

* Monochloramine is formed very quickly (in minutes)

¢ Although it is not as powerful an oixidant or disinfectant as
free chlorine, it does continue to provide some pathogen
protectionl

e [t does not continue to produce THMs and most HAAs like
free chlorine does

* Therefore, many cities like DC have decided to convert
their distribution system disinfectant to chloramines

Number of Samples in Each Increment
1001161 45 10 37 17 212 238 <-ovwer100—>
h o = 80 Drinking Media Coverage and Public
ashin gto n & water Health Itenvention (1/31/2004)
3 ® |
D C E Chloramine
S 40 11/2000
g |
¢ Free chlorineand N H I
lime addition 0 m . | N N
: 4
(hlgh pH) G @Q\o @@v q’Q@r & q?& Q’Q@ qP@ o
* Nov 2000, switch 7.0 a1
to chloramines 6.0 | 8.4
5.0
E 4.0 —@— This Work (< 1.3 years)
% 3.0 ~0--CDC data 1-16 months
Edwards et al., 2009; 2
Environ. Sci. Technol., 43 (5), 2.0
pp 1618-1623 101
0.0

David Reckhow

4/29/2020
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EMF-pH Diagram for Pb - H,O - CO,System
Schock et al., 2007 Shsesess o.o|1=50; zﬁ:mc = 1089EE Chlorine to chloramines
1.50 Drop in ORP from
L treatment change of
= DS oxidant demand
1.00_— ATEHOX[_I-*-H“—"«__‘_
: 25D (o 021 gy PbOZ
050 o4 0
g Pb R
(7] r
% 0.00 = __ | DropinpH at surface Pb(CO )2',
5 i from treatment ch 3’2
5] C rom treatment change,
> i
= » rxns, nitrification, etc.
ﬁ T W= Fai
-0.50
-1.00
-1.50 : -
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
David Reckhow CEE 680 #51 39

at went
wrong?

* Washington, DC

e Change from chlorine
to chloramines

e Solubilization of lead (+IV)
e Flint, MI
e Change from low Chloride water to high

NoBonY
FEEL CAM'T

HuRT THEmM®
den . 4 b
3004 168 LokriviTow porT 3 Lok Y

e No more phosphate inhibitor
o (Greater corrosion rates

David Reckhow IDWT 40
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How to avoid Lead problems

* Optimized corrosion control treatment
¢ Control of pH and alkalinity
¢ Addition of orthophosphate based corrosion inhibitors
 Keep oxidized environment
* Minimize changes in distributed water chemistry
* Removal lead from system
e Lead service lines
e Lead in plumbing fixtures

David Reckhow IDWT 41

aily Hampshire Gazette: 22 Jan 2016

=

42
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APPEARS
™ HAVE

AFFECTED
LobMITIVE
FUNETIER,

NY Times: 27 March 2016

Lead in Water
Still Torments

Many Schools

This orticle {x by Michael
Wines, Pairick McGeshan and
Jokin Schwarts.

JERSEY CITY — Anxbous par-
ents may wonder how a major
school system lke Newark's
eoubd overlonk lead in the drink-
ing waiter of 30 schools and 17,000
students. The answer: It was
cesy. They hed to look only o fow
miles away, at the century-old
classrooms of the schocls Bere,
acruss he Hackensack River.

The Jersey Clty Public Schools

district discovered Jead contaml- S

nation in sight schoale® drinking

ins in 2008, aed in more
SENOGIS [n 00K, 2010 and 2012, But
not untl 2013 did officials finally
chart a comprehensive sttack on
lead, which by then had streck all
but six schools.

This winter’s erisis in Fling,
Mich., has cast new sttention on
leawd In water supplies. But prob-
lemms with lead in school waler
supplies have dragped on for

I, = wated by ancient
ONinbing, pro-

R - -
SAKCE MACYTIE FLT JOUIENALMLIVECUM, VIA AZPUCALLD PiES

A student in Flint, Mich., had her blood tested in January.

Lead is a neural toxin

e Especially serious in
children

EPA: Pb & Cu Rule

~ Published in 1991

Y

ionged by official neglect and
right budgers, and enabled by &
gaping loophole in federnl rulcs
thar lergely exempts schools
‘rom responsibilily for the purity
of their water.

Chikdren are at greatest risk
‘roam lead exposure, and school Is
where they spend much of their
aarly Hves, But cash-starved

schanl administrators may sce a
cholce between spendlng money
an teachers or on plumbing as no
cholce al all,

"They feel it almnss hesmer
not to sample, because you're
better off not knowing,” Marc Ed-
wards, a Virginla Tech University
civil engineering professar who

Continued on Page 15

e If lead concentrations
exceed an action level of
15 ppb in more than 10%
of customer taps
sampled (i.e., go%ile),
the system must
undertake a number of
additional actions to
control corrosion.

44

4/29/2020

22



CEE 680 Lecture #50 4/29/2020

e Great Lead Water
Pipe Disaster

P u b I | C O u t ra ge e Werner Troesken
* 2006 MIT Press

* 2003 in DC & elsewhere

David Reckhow CEE 680 #51

Why did the DC crisis happen?

* Unintended consequences of decisions made to
protect public health

* Need to provide clean water to cities
e Disinfect with chlorine
e Lead is a great piping material
* Some secondary problems that need fixing -
carcinogens
e Solution: Convert chlorine to chloramines?
* Oops

First, a short history of municipal drinking water

David Reckhow 46
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How to avoid Lead problems

* Optimized corrosion control treatment

e Elevated pH and control of alkalinity

¢ Addition of orthophosphate based corrosion inhibitors
¢ Other guidance

 Keep oxidized environment

 Keep chloride to sulfate ratio low

* Minimize changes in distributed water chemistry
* Removal lead from system

¢ Lead service lines

* Lead in plumbing fixtures

David Reckhow IDWT 47

Sodium Hydroxide Added

Pb mitigation |n Boston

0.14

: oo 9
e Karalekas i W e
o 7

~ Z’in‘c(‘)l"lh(‘Jphus’pHalé B
Added

study

S I
Lyt

R I 1 1 1 1
1976 1977 1978 1979 1980 1981 1982

Average Lead Content, mg/L
o
=3
&
I%ol LI S B N N ¢

o

9

o ®
LI L |

Sampling Date
Source: Karalekas et al. (1983).
‘igure 4-2 Mean levels of lead in samples taken from Boston, Massachusetts, and Somerville, Mas-
sachusetts, 1976-1981
From: Internal Corrosion and Depositional Control, by Schock
Chapt. 17 in Water Quality and Treatment (5™ ed), 1999

CEE 680 #50 48

David Reckhow

4/29/2020
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Pb Mitigation

¢ Impacts on other
corrosion byproducts

From: Karalekas et al., 1983
[J.LAWWA 75:2:92]

David Reckhow

CEE 680 #50

Start NaOH

Stop zinc

Start zinc
or

0.45
4 040
S

£ 035
§ 030

E o025

£

3 020
g

8 015
g 010

8 005

o I ! 1 L IR
1976 1977 1878 1979 1980 1981 1982

Year

Figure 3. Mean levels of copper in samples
taken from Boston and Somerville, Mass.,
1976-1981

Start NaOH

°

w

3

1
Start zinc
Stop zinc

o
8
T

iran Concentration—mg’L
o o o
SN om
& 3 3
T T

010 —

0.05 |~

0 i 1 I 1 1 1
1976 1977 1978 1979 1980 1981 1982

Year

Figure 4. Mean levels of iron in samples taken
from Boston and Somerville, Mass., 1976-1981 9

Pb: Equations

= [Pb*z](l =

Pb, =*KSO[H+]2[1 +

David Reckhow CEE 680 #50

* Redox PbO,, +4H" +2¢™ = 2H,0+Pb™  logK =49.2
o SOIUblllty Pb™ +2e” = Pb logK = —4.26
From: Aquatic Chemistry PbO(s) +2H" = Pb?t + H,0 log * Ky =127 =
Concepts, by Pankow, 1991 Pb>* + H,0 = PbOH* + H* P
PbOH* + H,0 = Pb(OH)] + H* log *K, = ~9.4
* Mass Balance  pyomy + 1,0 = poom; + 1t log *K, = ~110,

Pb, =[Pb"]+[PbOH "]+ [Pb(OH )31+ [Pb(OH);]

*Kl *KI*KZ . *KI*KZ*K3J
2] [H] |
i LK B *KZ*K3J
H] [H] [H ]
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Pb (+11): Solubility

* Red- PbO(s) T

(M)

log Concentration

From: Aquatic Chemistry _8
Concepts, by Pankow, 1991

David Reckhow CEE 680 #5u

Pb: Predominance Equations |

Pb,="K [H'T

* Again, in general [ - K3j
1+ + 25 +72 . +13
: ] [ [
* Which can reduce to (depending on predominance):
e For Pb*2 .
Pb,~'K _[H 1 (1)=10"*"[H"T

e For Pb(OH),°

k3

Pb.~'K_[H" ]2([1_1;3J=*Ks0 e ey
e For Pb(OH),°

Ph.~ K [H' ]2( T ]:*Kw KK, 10728

David Reckhow CEE 680 #50 52
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Oxidation Chemistry of Pb

® Oxidation States
e o, +II, +IV
¢ Solubility

¢ 0 oxidation state: insoluble
« Pb(s)

 +II oxidation state: relatively soluble
« PbO(s) (red & yellow), Pb(OH),(s)

e +IV oxidation state: essentially insoluble
« PbO,(s)

David Reckhow CEE 680 #50
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Pb: Predominance Equations Il

From: Aquatic Chemistry
Concepts, by Pankow, 1991

David Reckhow CEE 680 #50

2pe =492+ 13;,{2@72(5)} J10g{Pr?**}|- 2 1/09{41;'0} —4pH  QLI2)
—|log{Pb**}}+ W} =127 -2pH+ IOM} (21.16)
2pe = 36.5 — 2pH+1gg,{2ﬁ:<s)} ~ log{P0,,} — 1%{,14;6} @117
2pe = —4.26 4 log{Pb**}|- 1%{2%7} (21.14)
+| log{Pb?*}|+ 1%} =12.7—2pH +lo o) (21.16)
2pe + 199[‘52%} = 8.44 — 2pH + log o) — 1o o) (21.19)

PbO,
Pb2+
PbO,,,
Pb2+
PbO,,
PbO

)

Pb2+
Pb(s)
PbO(s)
Pb2+
PbO,

)
Pb(s)
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30— ——r—— T ————— 1.776
e Pby=102M 251 1.480
20 1.184
15 0.888
101 0.592
pe 1 En (V)
5 0.296
] N -l2
0] 0.000
] ~Pb(OH)3
-5 —0.296
From: Aquatic Chemistry _ 1o§ _0.592
Concepts, by Pankow, 1991 3
-15 -0.888
(pg 468) 012 3 45 6 7 8 6 1011 12 13 14
pH
David Reckhow CEE 680 #50 55

30 ——————————— 11— 1.776
° PbT =104 M 25 —:<</u +1.480
io PbO.
20 T3 20 2 11184
1M0
15
101
pe 1
5
0{\"’2\0
:ﬁ&@f‘\
_557ﬂﬂ
-10+
From: Aquatic Chemistg—w;) 2 3
Concepts, by Pankow, 1991 oH
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Pb Predominance

30 . ‘ ‘ - 1.776
° 1 ]
Combined 25 1 11460
10,
20 J 1.184
1120
15 4 0.888
10 9 0.592
pe 1 En (V)
5 0.296
04 0.000
_5 ~0.296
-10 4 -0.592
-15 F—r— T T T T T —0.888
0 1 2 3 5 7 8 9 10 11 12 13 14
5 3 pH
From: Aquatic Chemistry
Concepts, by Pankow, 1991
David Reckhow CEE 680 #50 57
No simplifying e
2 assumptions 1.480
Ozt PeOat 4is4
2. ° 2+ \I\&j‘@zqét En (V)
59 P + o 0296
Pb Predominance la (]
30 — . S, J’* A
:<<<<< 10 Pbie ‘\\\j} 0592
e Pbr=10°M E ) "
1.184
0.888
. 0.592
e 1 Pp2* En (V)
59 0.296
0{\:30 0.000
1% - 503~
-5 258300, 2 ~0.296
~10] 4-0.592
From: Aquatic Chemistrys] —— : S——( YT
Concepts, by Pankow, 19919 < 3 45 v 9 10 11 12 13 14
pH
pavitREadS7) et oo o "
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