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Figure 4.1 Phase diagram of the system Ag—Cu at 1 bar [1].
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Phase Diagrams
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Figure 1. The anomalous eutectic microstructure of Ni—Sn alloy for laser remelting
solidification and deep undercooled melts solidification, and they have opposite direction
of temperature gradient G and its moving direction: (a) the solidification at the bottom of
melt pool under the laser scanning speed 1.0 mm s~ '; (b) solidification from undercooled
melts with the undercooling 70 K.
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Slow Cool Morphology

Consider the morphology in a slow cool
from T1 (liquid) to T3 (solid). Just below T1
domains of Cu/Ag at about 98% Cu form in
the liquid matrix. The fraction Cu/Ag solid
increases as temperature drops, probably
growing on the seeds formed at T1. By T2
the matrix is solid with domains of liquid.
The composition of the matrix is richer in Ag
at the outside, close to 95% Cu. At the
eutectic domains of Cu/Ag with 15% Cu
become immersed in a matrix of about 95%
Cu/Ag. The entire system is solid so
diffusion essentially stops and the structure
is locked.

Rapid Quench Morphology
For a rapid quench to T3, domains of 10%
Cu form in a matrix of 97% Cu.
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A. Simultaneous spinodal decomposition and crystallization
The blend is quenched into the unstable region of the miscibility gap and to
a temperature below the crystallization/melt coexistence curve.

B. Simultaneous binodal decomposition and crystallization
This type is similar to spinodal decomposition, but a composition is quenched
into the metastable region of the miscibility gap.

C. Crystallization induced decomposition
The blend is quenched outside the miscibility gap to a temperature below the
crystallization/melt  coexistence curve. The concentration of the
noncrystallizable component increases with crystallization until the miscibility
gap is reached inducing demixing. Zr

D. Decomposition-induced crystallization
The blend is quenched into the miscibility gap to a temperature that lies above the
crystallization/melt coexistence curve for the actual composition but lies below the
crystallization curve for the binodal composition. When the blend is quenched, Figure 3.10 The molar Gibbs energy of mixing of a regular solution A-B for different
demixing occurs resulting in two coexisting phases of which one is able to crystallize. valaesof OIRT
The demixing can result in spinodally as well as in binodally decomposed material.
Only few experimental studies have been performed on polymer blends
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Solid Solutions

Common Tangent Construction
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Figured4.2 Gibbs energy curves for the liquid and solid solution in the binary system Si—Ge
at 1500 K. (a) A common tangent construction showing the compositions of the two phases
in equilibrium. (b) Tangents at compositions that do not give two phases in equilibrium.
Thermodynamic data are taken from reference [2].
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Si-Ge phase diagram
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Pressure Expression: Mix two ideal gasses, A and B

P=Dpat DB pa 1s the partial pressure py = Xp

For single component molar G = p

Hois at pga =1 bar

At pressure p, for a pure component isothermal ideal gas
Ha = Hoa + RTIn(p/pga) = Ko + RT In(p)

-SUV
H A

pGT

dG=SdT+Vdp
Isothermal and Ideal Gas
dG = RTdp/p

For a mixture of A and B with a total pressure py = poa = 1 bar and py = Xa Piot

For component A in an ideal binary mixture

Ha(Xp) = Hoa + RT In (Xa Pyor/Poa) = Mo+ RT IN (x,)

E 3
MU A = MU A + RT Ina A Isothermal and Real Gas

MA* = poalfp=1



Calculate the Phase Diagram
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Figure 4.4 Phase diagram for the system Si—Ge at 1 bar. The solid lines represent experi-
mental observations [2] while the dotted and dashed lines represent calculations assuming
that the solid and liquid solutions are ideal with AC,, # 0 and AC,, =0, respectively.

Solve for x555 x4 since x, + x5 =1

N ApHC A HS
.x‘: exp| DTl L1 + x; exp| STl l 1 =1
R T Tl'usA R T Tfus.B

For Ideal you can solve the phase
diagram knowing the melting points
and heats of fusion.
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Figure 4.5 Phase diagram of FeO-MnO at | bar. The solid lines represent experimental
observations [3]. The activity of iron is kept constant and equal to 1 by equilibration with
liquid Fe. Dashed lines represent calculations assuming that the solid and liquid solutions

are ideal.
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Eutectic Phase Diagram with Three Crystallographic Phases,
Two Cubic and One Hexagonal
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Regular Solution Modeling for Phase Diagrams
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SS 88288 R 288 <
a X . yl\ RT a SS §S.-SS RT

A B B 7B

GE/RT =x,Iny,+ x5 Inyg Generic expression using activity coefficient
GE/RT = Q x, x5 Hildebrand Regular Solution expression

Two unknowns & Two equations:
We found that a solution of RT In y, = Q xg2 and RT In yg = Q x,2 worked

. l“l > " SS : AIU(.\ 1)
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Two unknowns, xg55, x;' & Two equations
Solve numerically
Generate Phase diagram since Ap is a function of T

s—l
A:u;)(YH ) :Al'usH? _TAfusS;] :Al‘usH,(')[l_

Positive Q is necessary for phase separation
AG,, = RT(x5 In(xa) + X5 In(Xg)) + Q XaXg

/4
Tys,i

Knowing 2 omegas
and the temperatures

and heats of fusion
vou can predict the
phase diagram
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Figure 4.9 (a) Immiscibility gap of the binary solid solution V,O3-Cr,0O3 as described by
the regular solution model. (b) Gibbs energy of mixing curve of the solid solution at the

temperatures marked in the phase diagram. Thermodynamic data are taken from reference
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liq + B(ss) | A(ss) + B(ss) 1600

A(Ss) + B(ss)
A(ss) B(ss)

Flig + A(ss)

/- 300
A(ss) + B(ss)



o(s—1)

In(l - xp9) + ﬂ(.\'g" > —In(l - x) - £[\2)_7(\B R AN;—] Pure A and B melt at 800 and 1000 K with the entropy of fusion of both
compounds set to 10 J K- mol-! typical for metals. The interaction
Inxpd + L (=% =Ina® - 2(l ) Aug D coefficients of the two solutions have been varied systematically in order
T 2 5 : . RT to generate nine different phase diagrams.
Congruent melting
Qlia = .10 kJ .
ss=-10 kl lig
- Solid & Liquid 1 - 1
stablized

lig

liq + ss

liq + s§

—10 lig+ss Q=0 . Qlia = +10 kJ
lig + ss ss=-10 kJ ss= .10 kJ ]
Solid stabilized | Solid stabilized
i . l i 1 ’ liquid destabilized

(h) ~ [ (i) |
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If it 1s assumed that

as =ass =
A ‘ B
: « Xs—1) . Qi . ApeH, [ 1 1
i \-“q " Qllq ( \.“q )2 (= x%) — Qs (S )2 - A,u:\ In .\_Rtl + _(‘\,:;(] 2 _ fus™ A 1
“B RT “B “B RT B RT R r Tlus.A
; « o s—1) ; Qlia . ApsH (1 1
In 9 4 31 (= xN9)2 _pp s _ 25 ssy2 __Apg™ ™ Inxpd +=—(xh4)? =— =B —
nxg Xp ) nxg Xg - RT RT R T Tiun

Then you need only one QO
(The solid state doesn’t mix)

Regular solution model has only a few parameters

This means that experimentally you need only determine a few points of equilibrium
composition to predict the entire phase diagram.
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F=C-P+2forbinary F =4—-P

Invariant Phase Equilibria - :
composition diagram holds one DOF constant

There are three degrees of freedom for a binary system. If three phases meet the
conditions are invariant. This means that the phase composition acts like a pure
component. An azeotrope or congruent melting point splits the phase diagram into two
phase diagrams. There are several types of “invariant reactions”.

Ph.asj:';Iagram ofa:;:i::::zgo.lrope. Ver}i.cal 5 AzeOtrope V => L ComPOSItlon ﬁxed9 xl = yl
axis is temperature, horizontal axis is composition. Congruent melting pOlnt L = S COIIlpOSlthIl ﬁxed, xls — xll
Ho Hex to Cubic Phase transition of Y,0; Comp. fixed -
osol Peritectic Reaction (¢c) B(ss)+ liquid — A(ss)
Peritectoid = 3 solid phases - lig 11200
< 1000t Eutectic Reaction . ‘
. o . lig + A(ss)
) s Eutectoid = liquid & 2 solid phases \/._——7
950 | R . L : - J
{ Monotectic Reaction L; =>S + L, i lig + B(ss) /B ss) 200 N
solid solution | ‘ 0 . s Q ~
sogl L Syntectic Reaction L; + L, => S Ass) ~
00 02 04 06 08 1.0
Nacl
1400 N ' A(ss)+B(ss) |\ 1000
3200 T - - -
7 1300
3000 liquid
¢-Y,04(ss) 1200 P N
(0 N e\ 4 ' ' ‘ 300
v T lig + ~ :
S MgO(ss) + liq g &~ 1100 F ?
B | R N & ey _ :
MgO(ss) 1000 | L\
2400 } - 1 () ?
ool T;”azygo';i;;y;Mga(;;;”ht@ﬁ wl . , T
00 02 04 06 038 1.0 )0%4 0 0.2 0.4 0.6 0.8 1.0
XY0, 5 XCu 25



Stoichiometric Intermediate Phase, CaZrQO;

0 T T ' '
c-ZrO,(ss)
(a) 2
. -10F C-CilO(SS)//
| /
_5 /
g /
by /
i /
nd /
= /
O 0f 2
\ /
\ /
\ /
\ /
\ /
\ /
\ /
\ /
\|7
30k CaZrO;
0.0 0.2 0.4 0.6 0.8
XCca0

Figure4.12 (a) Gibbs energy representation of the phases in the system ZrO,—CaO at 1900
K. 4,0 = 'U(Z)ro =0. TSZ is not included for clarity. (b) Calculated phase diagram of the

(b)

T/K

1 I

I 1

3200 i
CSZ +liq lig
lig+ Intermediate
2400 CSZ + Caon) | Phase
CSZ | ¢-CaZtO; | ¢.CazrO,+ CaO(ss)
} Only stable at
CSZ +
2000_F 0-CaZrO; 4_ one exact
CaO(ss) composition

] 600 0-CaZrO 3+ CaO(ss) i
TSZ + 0-CaZrO3
1200 F i
+MSZ MSZ + 0-CaZrO3
00 02 04 06 08
’\‘Cu()

system ZrO—CaO. Thermodynamic data are taken from reference [9].

where it has a
very low free
energy
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Intermediate Phases

] T15514

The intermediate phases in the
system Si—Ti display also a variety

(N
S
S
S
I
0

ﬁ-Ti . of other features. While TiSi2 and
\A / u‘v TisSi3 are congruently melting
A F [ phases (melt and crystal have same
- composition), Ti5S14 and TiSi melt
~ 1000 K - incongruently. Finally, Ti3Si
decomposes to f-Ti and TisSi3 at T
o . = 1170 K, in a peritectoid reaction
o-Ti—> Tl3Sl T1S1 T1512 (3 solid phases) while (-Ti
A h A/ / decomposes eutectoidally (L and
2S) on cooling forming «-Ti + Ti3Si
0 | | | | at =862 K.
0.0 0.2 0.4 0.6 0.8 1.0
XSi

Figure 4.13 Phase diagram of the system Si—Ti [10]. Y



550 y
800 F lig. -
500 lig + Sb
. Sb(ss)
M 45() liq. + Bi '
~ /, n 1
400 _Sn(ss) / | / ‘ = SnSb
) Bi(ss)
Sn + B 400 Sn + SnSb SnSb +Sb |1
350 F -
0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
X, . Xgp  Antimony

Bi

Figure 4.14 Phase diagrams of the systems (a) Sn—Bi1 [13] and (b) Sn—Sb [14]. Reprinted
from [12]. Copyright (1999), with permission from Elsevier.



Monotectic Phase Diagram

Li=>L+a
10 20 ::‘ 40 50 6070 8090 Bi-2Zn
c g Data from SGTE affoy databases (revised 2004)
ToRa s T i [ e Gacesage
r 1000
1000, 4y, 9:1 s: =
36 T 2 e
il : I uve 1600 uauio
500 |- : 1 soo0 |
» : I rooal UIQUID + LIQUID#Z
e : 1 1200 -3
= o =
600 X .
1 LIQUID « Znhep-Zn)
= [ e
.
-

Nano-structure Bi

Self-lubricating bearings
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Freezing Point Depression

Pure solid in equilibrium with a binary solution following Henry’s Law

Freezing-point depression )
5 o dWg solid = VMg solid AP — S™g solig AT + RT d(Inag sgiq) SUV
HB solution = B solution fp H A
+ RT,p(d Inyg) )
Isobaric, pure component B so Inag g g =0 pGT
ya A(solute)
yp B(solvent) duB,Solid = SmB,Solid dep 4G = Vdp Q4T
Binary solution following Henry’s Law
B(pure, solid solvent dG:-SdT+Vdp
ity s = —Spapa AT dU-B,Sqution == SmB,Solultion dep + RTfp d(lnyB,Sqution)P,T Isothermal and Ideal Gas
B solid B solid fr F ” ) 1 . I (1 ) dG _ Rpo/p
orsmallx:e”*=1-X+.. orin(l1-x)=-X
So, for small y ions INY ion ™~ -y i G = RT In(p/py) =RT In(a)
Figure 8. Schematic description of freezing-point depression. ’ B,SO|UtI0n B,SO|UtI0n A,Solutlon dG = RT d(ln(a))
So, if duB,SoIid = duB,Sqution For solution

smB,Solid dep = SmB,Solution dep + RTfp dyA,Sqution dG =RT d(ln(X/XO)) =RT d(ln(x))

dyA,Sqution = (SmB,SoIid - SmB,Sqution)/(R-I-fp) dep ~ _ASmB/(RTfp) dep = 'AHmB/(RTF) (dep)/Tfp
Ya solution = “AHMg/(RTg) In(Tg,/Te) For small x: In(x) = x—1

YA,Solution = ‘AHmB/(RTF) (Tfp/TF -1) = -AHmB/(RTZF) AT

Teo=Te- yA,SqutionRTzF/ AHMg 30



AT = 'RTZFyA,Sqution/ AH™g

AT =T - Tfus.A =

YgRT g A [ | il
A fus SR F-K

Fis the fraction of the sample melted at AT departure from 7 g 5

0 liq
7B
K=—

0 liq

h A0 .SS
s 7
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Ternary Phase Diagram, x,, Xg, Xc

Go clockwise

0 at start 1 at corner

Phase point is where parallel
lines meet

Plot is isothermal, isobaric,
isochoric

Xpa T xgtxc=1

This can be read if the plot has
a grid

Plotting Sample 1 (3): The intersect Plotting all the samples
.. coincides with the 30% sand line, as
it is mathematically dependent on

the first two

Plotting Sample 1 (2): Find the 20% silt line

With no grid you can get the composition
From the normals

Phase A 100% Height LX

PointL /g ]: Height NX

=~ Height MX

PointX ¥

Phase B PointM Phase C

You can also use intersection lines to get
the composition

Phase A

%A=MX/MA
%B=NX/NB
%C=LX/LC
%A+%B+%C=100%

32

Phase B PointM Phase C



(a)
1000

800

600

400

200

Figure 4.16 (a) Triangular prism phase diagram for a ternary system A—B—C with the equi-
lateral triangular base giving composition. Temperature is given along the vertical axis
[17]. (b) Projection of the liquidus surface onto the ternary composition triangle. The bold
line is the intersection between the primary crystallization fields of C and the solid solution
o. The dashed line represents the extension of the solid solution ¢. Reprinted with permis-
sion of The American Ceramic Society, www.ceramics.org. Copyright [1984]. All rights
reserved.

(@) A (b)

Figure4.17 Isothermal sections of the ternary phase diagram A-B—C shown in Figure 4.16
at (a) 650 °C and (b) 450 °C [17]. Here L denotes liq. Reprinted with permission of The
American Ceramic Society, www.ceramics.org. Copyright [1984]. All rights reserved.



Predominance Diagram (Which species is dominant)

pH = -log [H]
pCr = -log [Cr]

chromate
HCrO,
CrO;” +H" = HCr0;; K, = _HCO,] 0
[CrO? | [H']

- 92 [Cr2ogi]
2HCrO, — Cr207 +H2O; Kp = —— (2

dichromate [Hcr04 ]2

[CrzOg_]
2H" +2Cr0} = Cr,0} + H,0; By = ————— B = K?Kp  (3)
[H']2[CrO} |2
Green line

Chromate and hydrogen chromate have equal concentrations. Setting [CrOﬁ'] equal to [HCrOg] in
eq. 1, [HY] = Kl1 or pH = log Kj. This relationship is independent of pCr, so it requires a vertical line
to be drawn on the predominance diagram.

Red line
Hydrogen chromate and dichromate have equal concentrations. Setting [HCrO,4] equal to [Crzog‘] in
Eq. 2, [HCrOZ] = 4; from Eq. 1, then, [CrO} ] = m

Blue line
Chromate and dichromate have equal concentrations. Setting [CrOﬁ‘] equal to [Cr20§'] inEq. 3

. _ 1
gives [CrO37] = BT
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Chapter 18 Electrolytes

Strong Electrolyte NaCl in water (strong dielectric, ions completely formed)
Weak Electrolyte Acetic Acid in water (use dissociation constant)

100
90
80
70
o0
50

40

Sulfur Species, Mole Percent

30
20

10
W

0 02 04 06 08 |
(Mole Fraction H:S0y)"

Figure 18.1. Speciation of sulfuric acid in aqueous solutions as measured by experiments! and
modeled by OLI Systems, Inc.2 Note the square root scale to emphasize the dilute region.
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Chapter 18 Electrolytes

INTRODUCTION

In the past several years, interest in electrolyte phase cquilibria has grown
significantly. This growth in interest can be attributed to a number of evolving
application areas and factors among which are:

o Recognition of the necessity to reduce pollutant levels in process waste
water streams. The removal of sulfur by formation of gypsum is an example
of such an application.

o Development of new flue gas scrubbing systems using regenerative processes.
Scrubbing of Cl, from incinerator streams and SO; from flue gases are
specific application examples.

o Recent escalation of the prices of oil and gas leading to the study and
develop of sy ic fuel pr in which ammonia, carbon dioxide,
and hydrogen sulfide are produced as by-products which usually condense to
form aqueous solutions. Sour water strippers and amine scrubbers are
specific processes developed in this area.

Most of the application areas joned above n the vapor-liquid phase
equilibria of weak electrolytes. However, in the past several years, consider-
able interest has also developed in the liquid-solid equilibria of both weak and
strong electrolytes. Application areas and factors that have affected this
growth in interest include:

o Hydrometallurgical processes, which involve the treating of a raw ore or
concentrate with an aqueous solution of a chemical reagent.

o The need of corrosion engineers to predict the scale formation capabilities
of various brines associated with oil production or geothermal energy

production.

o The need of petroleum engineers to predict the freezing or crystallization
point of clear brines ining dium, lcium, and zinc chlorides and
bromides to high jons.

o The need for waste water clean up customarily done by precipitation of heavy
metals.

© Sea water desalination.
o Crystallization from solution in the manufacture of inorganic chemicals.

Handbook of Aqueous Electrolyte
Thermodynamics

o Specific ion electrolytes
o lon exchange

Specific processes which typify these application areas are:

o Treatment of gypsum which is formed in waste water cleanup.

oS 1 g f of Cr(OH);. These processes include:

- cooling tower blowdown
- plating processes

- 1 of chrome pig
Use of a simple solubility product (e.g. Lange's Handbook) for Cr(OH); is
invalid since p inte which form to a

significant degree.

37


ChEThermoBeaucage/Books/Joseph%20F.%20Zemaitis%20Jr.,%20Diane%20M.%20Clark,%20Marshall%20Rafal,%20Noel%20C.%20Scrivner%20-%20Handbook%20of%20Aqueous%20Electrolyte%20Thermodynamics_%20Theory%20&%20Application-Wiley-AIChE%20(1986).pd
ChEThermoBeaucage/Books/Joseph%20F.%20Zemaitis%20Jr.,%20Diane%20M.%20Clark,%20Marshall%20Rafal,%20Noel%20C.%20Scrivner%20-%20Handbook%20of%20Aqueous%20Electrolyte%20Thermodynamics_%20Theory%20&%20Application-Wiley-AIChE%20(1986).pd

Colligative (counting) Properties

AH/us(

g [

In(x,7) R i T

m, i

Im = —H Ina
Vi

Y20 P = P = XppoPo™™

Melting Point Depression

Osmotic Pressure /Z/RT = (¢/M,) (1 + B,c+...)

Boiling Point Elevation (for non-volatile solute)
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Example 18.1. Freezing point depression

Compare NaCl (used on icy roads), ethylene glycol (used in car radiators), and glucose (used by
hibernating frogs) as alternatives for freezing point depression. Consider 5 g of each for 0.1 L (5.55
mol) of water and then compare 0.1 mol of eachin 0.1 L of water. For the molar basis, compare the
masses used and the effectiveness. Assume NaCl totally dissociates, and use an ideal solution
approximation.

Solution

The melting point is calculated with Eqn. 14.24. To calculate mole fractions, the molecular weights
are NaCl 58.44, ethylene glycol (EG) 62.07, and glucose 180.16. For 5 g of each, the molar amounts
are 0.0855 mol, 0.0805 mol, and 0.027 mol, respectively. The mole fractions of water in the solutions
(recall that NaCl forms two moles of ions!) are xy , = 5.55/(5.55 +2:0.0855) = 0.970, x;; o =

5.55/(5.55 +0.0805) = 0.986, x;; , = 0.995, respectively, and

e ) = e 50095 (273.15 - ])
TH0M T T(8314)(273.15)\ T
g— 273.15 8.1

1 —(8314)(273.15) In(x}y_,)/6009.5

The freezing points for 5 g of each are 270.0 K, 271.7 K, 272.7 K for depressions of 3.2°C, 1.5°C,
and 0.5°C respectively. NaCl is more effective than an equivalent mass of EG. Frogs must generate a
very concentrated solution of glucose to keep from freezing while hibernating (though concentrated
glucose also forms a metastable subcooled liquid easily). For 0.1 mol of each, the mol fractions are
Xp.0=0.965, x5 0= 0.982, x5 o = 0.982, with freezing points of 269.6 K, 271.3 K, 271.3 K for
depressions of 3.6°C, 1.9°C, and 1.9°C, respectively. There is no difference between the last two
solutes because they do not dissociate. The masses needed for 0.1 mol are 5.8 g, 6.2 g, 18.0 g. On a
mass basis, NaCl is more effective than glucose even though only one-third as much is used. For EG

and glucose, 0.1 mol of each gives the same melting depression, but the mass of glycol is about one-
third because the molecular weight is smaller.
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Example 18.2. Example of osmotic pressure

Consider the solutes from Example 18.1 assuming complete dissociation of NaCl and ideal
solutions. (a) Compare the osmotic pressure for 0.1 mol of eachin 0.1 L of water at 298.15 K. (b)
What concentration of NaCl (wt%) is isotonic with human blood?

Solution

a. The mole fractions have been calculated in Example 18.1 as 0.965, 0.982, and 0.982.
The osmotic pressure is given by Eqn. 11.71. The osmotic pressure for an ideal solution is
—RT (8.314)(298.15)

=3 new = 1507

In(xy) 18.2

Inserting the mole fractions of each, the osmotic pressures are 4.89 MPa, 2.5 MPa,
2.5 MPa. In a reverse osmosis system, a solution of NaCl requires much more
pressure to purify than a solution of a nonelectrolyte with the same apparent
concentration.

b. Isotonicity with human blood is defined in Section 11.13 on page 449 as having a
concentration that is 0.308 mol/L of solute. Since two ions are obtained for each NaCl that
dissociates, this corresponds to 0.154 mol/L of NaCl, or 8.99 g/L. Assuming the
concentration is sufficiently low, a dilute aqueous solution corresponds to a density of 1000
g/L. Therefore, the weight fraction is 9/1000 = 0.009 or 0.9wt%. This is commonly known
as “physiological saline” or just “saline.”
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Example 18.3. Example of boiling point elevation

Consider the solutes from Example 18.1. Compare the bubble points for 0.1 mol of eachin 0.1 L of
water at 1.013 bar. Consider complete dissociation of NaCl and ideal solutions. Ignore volatility of
EG.

Solution
This will be a bubble-temperature calculation. Because the solutes are nonvolatile (ignoring
volatility of EG), y;» = 1. The bubble-pressure condition is
Yu,o P =760 mmHg = xy Pino = Xy,0 10%8.07131 - 1730.63/(T + 233.426) 18.3

Using the Antoine equation for water and the mole fractions from Example 18,1, the bubble
temperatures are found by using an iterative solver to be 101°C, 100.5°C, and 100.5°C, respectively.
Again, the salt has a larger effect due to its dissociation.
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Speciation and dissociation constant K, 5¢g, charge balance

H,O + OH™(44)

(/) (— (uq)
K, 503 = [H*][OH"] = 10-14

A4+ 90H-

A.a‘ 298 o C\p( A(J ‘,()8 //R ’I') - .
41,0

ay. 1s dimensionless, [H*] is moles/liter (molarity, Myy,)

A neutral solution is pure water so appo = 1

With temperature changes [H*] changes due to thermal expansion
Molality, number of moles of H* per kg of H,O is used, my;
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Table 18.1. Apparent Mole Fraction, Molality, Density and Molarity for Aqueous Sodium
Chloride Solutions?

Mol Frac | Molality Density (kg/L) Molarity (M)
wt% XNaCl m 0°C 25°C 100°C 0°C 25°C 100°C
1 0.003104 0.1728 1.00747 | 1.00409 | 0.9651 | 0.1724 | 0.1718 | 0.1651
2 0.006252 0.3492 1.01509 | 1.01112 | 0.9719 | 0.3474 | 0.3460 | 0.3326
8 0.026105 1.4879 1.06121 | 1.05412 | 1.0134 | 1.4526 | 1.4429 | 1.3872
16 0.055459 3.2592 1.12419 | 1.11401 | 1.0713 | 3.0777 | 3.0498 | 2.9329
26 0.097722 6.0119 1.20709 | 1.19443 | 1.1492 | 5.3701 | 5.3138 | 5.1125

a. Densities are from Washburn, EW_, ed., 1926-1930. International Critical Tables, National Research Council, vol. 3,
p- 79.




Concentration with speciation

Acetic Acid in water

O

0
([ + H,O0 ———= H%'aq) + 1'

- NGO
e o7 H,C 0~

5

acid base comjugale base

[H*]J[CH;CO5'|

K,= 1048
! |CH;CO,H] 10

Apparent concentration: g/liter you put in of C,H,0,
True concentration has to do with the dissociation species (based on a model)
VLE is based on the true concentration of undissociated species



pH

pH = -logo(ay,)

ay. 1s molal (molar as an approximation)

—loglay apy) =—loglay) = -loglagy) =—logk, ,,

pH+pOH = pK ,
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Electrolyte Equilibrium Constant

0
o)
H' oM
o)
Succinic Acid
CA,)
A
Kl'l I
b K(” K(IZ
~ —p 4 N —y "4 iy,
(ZA((lq)‘:— C (aq) +CA (aq) €— 2C (aq) ™ A< (aq)
5 N /"'_-?.
K l o
) _',-—-“:_,_:"’”--_ A sp
C,A ¥

(5)
Figure 18.2. Reaction network for an example electrolyte where C is a monovalent cation and
A is a divalent cation. The equilibrium constants are related as explained in the text.

L —
'ui 'ui(aq) K_,p
' ‘ 2
K. i IO K K ('2A(x) (_) 2L¢1’uq)+A- (aq)
sp = ““SLE™al™a2
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Water of hydration and hydronium ion
Cations have water of hydration associated with the ion

Degree of hydration changes with concentration
At high concentrations ion pairs with the counter ion form

2H,0,,, 2 H;0* . +OH (4,

(/) &« (aq)

AcOH .+ H 20y & Hy 0", g T A0 (ag)

: (|) : /.—- — --.\\' 0 :0: l;l+
/J\--/H * H™ ~H *“— )l\--'a 0.
— 7~ Hic” 07 H

H5;C o H
Acetic acid Water Acetateion Hydronium ion
pKa = 4.76 pKa = -1.74
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Acids and conjugate bases

Table 18.2. Reference Table for Relative Acid and Base Strengths at 25°C Based on pK, e
=-13.995. pK,, = 13.995 - pK,

Strong
Acids

Increasing
Acid
Strength

Sqies Acid pK. Base K, 5
erchloric aci TICI0, ~=71CIO; =211 Increasing
Hydrogen chloride HCI ~=3]1CI” ~17] Base
Suiiunc acid H,S0, ~—3|HSO, =TT geveciiah
Nitric acid INO, —T[NO, = | e
Hydronium ion H;0" 0[H,0 13.995
Sulfurous acid H,S0, 1.857|HSO, 12.138
Bisulfate Oy 1.987[S0, ™~ 12.008’
Phosphoric acid HLPO; 3 T48[H,PO;- 1847

ydrofluoric acid 307|F 10.825]
Acetic acid CH,COOH 4.756|CH,COO™ 9.239
Total dissolved CO,"  |CO, 0, + HCO;|  6.351[HCO;” 7.644
%%n sulfide H,S 7.02[HS™ 6.98

1 en phosphate |H,PO," 7.198|HPO, - 6.797

isulfite ion Hé(){ 7.172[50; * 6.823
Hypochlorous acid HOCI 7.53]0CI 6.47
Hydrogen cyanide ACN 9.21|CN™ 4.79]
Boric acid .80, 9.237 | B0, 3758
Ammonium 1on Py 9.245|NH; 4.750
Bicarbonate FCO; 10.329]CO, 3666 Y
Hydrogen phosphate  |HPO, ™~ 12.375|PO4 1.620
(Water 5O 13.9935|OH" 0]] Strong
Bisulfide HS™ ~14]S™* = | ey
Ammonia NH, ~23INH2" ~=9
Hydroxide 1on OH" ~24]0~ ~=10

a. By common use. Based on ([COy,,,] + [HyCO3])K,, = [HCO;7|[H'). [H,CO5)

= 0.002[COy,] a1 298.15 K. Thus, (1.002[COy, K, = [HCO; JH'] at

298.15 K.

b. If water is acting as a solute rather than a solvent, as it must if the acid strength
of H,0 is being compared with that of other very weak acids, then pK_, ~ 16
should be used. See 1990. J. Chem. Ed. 67(5):386-388.
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Strong Acid
[CI"] = C; material balance for complete dissociation
K, = [H')[OH]=10"" equilibrium
[H'] =[CI']+[OH ] charge balance

[H] =C,+[OH] proton condition

K, 205 = [H'][OH] = 101
[H*] is large so [OH] is very small, can be ignored
PH~pCy

pH
LA S N W .
0 14 14 04
\2:!4 6.8 10\1212'10/ 8.6/ 4 | 2

-1
WA\ . o T

5

'
N

1}
w

Strong Acid\‘ / Strong Base

-log [C(mol/L)]
&

.
(4]
~
d

&

-7 ‘ i

|
_8 . M
Figure 18.3. Flood diagram showing the behavior of strong monoprotic acids, weak

monoprotic acids, salts of weak monoprotic bases, and strong monovalent bases.

18.17
18.18
18.19
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Strong Base

[Na"] = Cp material balance for complete dissociation
K,y = [HJJOH]=10"  equilibrium

[H']+[Na']=[OH"] charge balance

[H']+Cz=[OH"] proton condition

[OH"] is large so [H*] is very small, can be ignored
pOH ~ pCpg

pH
QO .2 4 6 8 10 12 14
0 14 14 04
2.4 6,8 10121210 8 6/ 4 2

HARN . /

2 \ | }

-3

Strong Acid\, / Strong Baﬁe

-log [C(mol/L)]
'S

.
(4]

B 5

~

&

7 "

_8 . o
Figure 18.3. Flood diagram showing the behavior of strong monoprotic acids, weak
monoprotic acids, salts of weak monoprotic bases, and strong monovalent bases.
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Weak monoprotic Acid (Acetic Acid pK, , = 4.7)
[A]+ [HA] = C, material balance
K, =[H'|[AJ[HA] equilibrium
K = [HJ[OH]= 10" equilibrium
[H']=[A]+[OH] charge balance
[HF + Ky lH'P = (C4K g + Ko)W1~ Ky 4K =0 (Hint: limited utility)
K, 4= [H'](C,— [HA])/[HA]

[HA]=C, [H"]/([H"] + Ky useful for undissociated acid

[A7]1 =K, ,C/([H']1+K, o) useful for conjugate base

pH
O .2 4 6 8 10 12 14
14 14 04

2.4 6.8 10121210 8 6 4 2,
' /

'
w

'-\ A / {
Strong Acid\‘ / Strong Base

-log [C(mol/L)]
19

|
(5]
N
-~

&

-7 ‘ i

& ua
Figure 18.3. Flood diagram showing the behavior of strong monoprotic acids, weak
monoprotic acids, salts of weak monoprotic bases, and strong monovalent bases.
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Weak monoprotic Based (Acetate ion pK, g =9.3)

A"+ H,0 > HA+OH"

[Na'] = [HA] + [A"] = Cy material balance Sta-rt Wlth sodium acetate
K, = [HA]JOH VA ] equilibrium which is a strong '
electrolyte, the resulting

K,y = [H'J[OH] =107  equilibrium e
acetate ion is a weak base

[H']+[Na']=|A"]+|OH] charge balance

K, gH P + (CyK, 5 + Ky IH P =K, 5K, [H]-K,,,> =0 limited use

aw

Dihydrogen phosphate |H,PO, 7.198|HPO, 6.79°

Bisulfite ion HSO,™ 7.172|S0;~ 6.823
Hypochlorous acid HOC 7 :z ocT 647
By SIVTIIROm: 7% pH
QO 2 4 6 8 10 12 14
0 1414 0z
1 2:% 6.8 10\212'10/ §,6/ 4 | 2
Convert to an \ ! | /
acid equation 2 N \f-/
and work with 3 A2\ % , |
. Strong Acid \ | Strong Base
weak acid \ ,/ S

Hog [C(mollL)]
'S

.
(4.
P
~

[HA]=C,[H']/([H'] + K, ,) |useful for undissociated acid

[A7] = K, ,C/([H']+ K. 0) useful for conjugate base f

_8 M
Figure 18.3. Flood diagram showing the behavior of strong monoprotic acids, weak
monoprotic acids, salts of weak monoprotic bases, and strong monovalent bases.



Acid or Base Added to water

pK(J..4+pKa.B=pKu,w or K, K B=K

a, A a. a,w

18.37

53



Example 18.4. Dissociation of fluconazole

N N
N !N
NW—»? N/

F
Figure 18.4. Structure of Fluconazole.

Base Acid
Fluconazole + H,O Z Fluconazole® + OH- 18.38
In(K,) =-1.28 — 8000/T 18.39
Egn. 18.39 represents K, .

fluconazole and its ion and the hydroxyl are on the molality scale

Randall scale. Determine the percentage of fluconazole dissociated at pH 7 and pH 1.5 when the
apparent amount of fluconazole in aqueous solution is 1.5E-3m. The molecular weight of fluconazole
1s 306.27. Assume ideal solutions.

Standard acid form of eqn. 18.38

Fluconazole” + H,0 < Fluconazole + H;0"

At 298K, K, 5= 6.18 e-13 from eqn. 18.39
K, o= 1e-14/6.18e-13 = 0.0162 or pK, , = 1.79
Fluconazole is protonated below pH = 1.8 and neutral (undissociated) above

pH = 7 [HA]=C,[H"]/([H"] + L) useful for undissociated acid 18.30

[Fluc'] = Cpy, [H'] / ([H'] + K, 4) = 1.5E-3m(107)/(10~7 + 0.01617) = 9.27E-9m.

None is dissociated so:
[Fluc] = 1.5E-3m, and the fraction protonated is 9.27E-9/(1.5E-3)-100% = 0% (trace).
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Example 18.4. Dissociation of fluconazole

N N
N !N
NW—»? N/

F
Figure 18.4. Structure of Fluconazole.

Base Acid
Fluconazole + H,O Z Fluconazole® + OH- 18.38
In(K,) =-1.28 — 8000/T 18.39
Egn. 18.39 represents K, .

fluconazole and its ion and the hydroxyl are on the molality scale

Randall scale. Determine the percentage of fluconazole dissociated at pH 7 and pH 1.5 when the
apparent amount of fluconazole in aqueous solution is 1.5E-3m. The molecular weight of fluconazole
1s 306.27. Assume ideal solutions.

Standard acid form of eqn. 18.39

Fluconazole” + H,0 < Fluconazole + H;0"

At 298K, K, 5= 6.18 e-13 from eqn. 18.39
K, o= 1e-14/6.18 e-13 = 0.0162 or pK, , = 1.79
Fluconazole is protonated below pH = 1.8 and neutral (undissociated) above

pH = 1 .5 [HA]=C,[H"]/([H"] + L) useful for undissociated acid 18.30

[Fluc*] = Cpy,,o [H'] / ([H'] + K, o) = 1.5E-3m(10"'5)/(10°5 +0.01617) = 9.9E-4m.

About half is dissociated:
[Fluc] = 1.5E-3m — 9.9E-4m=5.1E-4m.  protonated is 9.9E-4/(1.5E-3)-100% = 66%.

55



Sillén Diagram or Bjerrum Plot or Hagg Diagram

CH3CO5H + Hy0 2 CH3CO,™ + H30* 4.76 = pKa
pH

K 5 6 7 8| 9 g 1 . A3 34

Step S(e
(not sho

-3 \/

) would be to sketch curves through o,
wn for dlarity).

|OAc)

-

log[C(mol/L)]
A

e Step 5(b)

Step

«— Step 6, solution

-6
, Exact curves shown
7. ___ with narrow curves,
approximate curves bold
-8

Figure 18.5. Sillén plot for Example 18.5, ac

|

etate with an overall concentration 0.01 M.
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Sillén Diagram

1. Create a coordinate system like the Flood diagram. (A template is available on the
textbook web site.) Draw straight lines for the strong acid and strong base lines. The detail
of the taper at pH = 7 should be ignored, and cross the lines. Note that the sum of the two
lines is always —14 on the log scale and represents the ion product for water. Label these
lines [H'] (left) and [OH] (right).

2. Write the material balance for the dissociating species to relate the apparent species to
the species in solution; for example, Eqn, 18.32.

[Na‘] = [HA] + [A"] = C material balance 18.32
3. Write the equilibria relations using the dissociation constants for weak acids or bases. If
the acid/base is strong it will completely dissociate, and thus the relation is not needed.
Always write the reactions in the acid form (even if bases are involved); for example,

Egn, 1826 for acetate or acetic acid. Write the dissociation reaction for water. Using the
acid form provides a consistent solution strategy, but is not theoretically required.

K, .= [H'][A"J[HA] equilibrium 18.26
K,y = [HJOH]= 10" cquilibrium 1827

4. Write the electroneutrality constraint.

[H']=[A]+[OH] charge balance 18.28

5. Sketch Egns. 18.30 and 18.31 without calculations on the diagram using these steps. (See o _ .
the example.) The steps are: (a) create a system point at C, (or Cg) and pK,, ; the [HA]=C,[H']/([H"] + K, ) |useful for undissociated acid 18.30
procedure always uses pK,, 4, even for bases; (b) create an acid/base intersection point
at (pK,, 4, 1ogC — 0.3). (The value of 0.3 represents a decrease of 50% in the
concentration, which is where the acid and base concentrations will match.); (¢) sketch
diagonal lines with slope +1 and 1 (parallel to the H+ and OH- lines) below C, that
project through the system point but extend downwards starting about logC; — 1; (d) draw
horizontal lines on either side of the system point leaving a gap of approximately 1 pH unit
on either side of the system point and label the line on the left (low pH) as the acid and the
line to the right (high pH) as the base; (e) connect the sloping lines with the horizontal
lines with smooth curves that pass through the acid/base intersection point.

[A7] = K, 4C4/(IH']1+K, useful for conjugate base 18.31




6. Decide which concentrations are largest and which are least significant. Let C; be the

apparent concentration. The goal is to simplify the balances and provide a good guess for
true concentrations. This is almost always done by converting the charge balance to a
proton condition by inserting the mass balance to eliminate terms that are largest and leave
smaller terms that are more similar in magnitude. Use the diagram as a guide to decide
which concentrations are insignificant in the pH range expected. The goal is to use the
proton condition to identify the intersection of the positive and negative charges of the
proton condition. Unless some of the diagonal curves are very close to each other this will
be easy. There can be various proton conditions that are equally valid when many ions are
present at similar concentrations. Hints: Remember that each unit on the log scale is an
order of magnitude. Acids by themselves result in pH < 7; bases alone result inpH > 7,
salts of a strong acid and weak base (e.g., NH,'Cl") are acidic; salts of a weak acid and
strong base (e.g., NaOAc) are basic.

7. Check the result. The results can be checked by iterating on charge balance pH by
inserting Eqns. 18.30 and 18.3 1 or the analogs.
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Table 18.2. Reference Table for Relative Acid and Base Strengths at 25°C Based on pK, .o,
=-13.995. pK,, = 13.995 - pK,

Strong
Acids

Increasing
Acid
Strength

Species Acid K Base pK, »

erchloric aci TCI0, ~—T|CI0; ~2T] Increasing
g_l‘d_rrggcn chlonide HCI ~=3|CT" ~17 Bése
Sulfuric acid 1,50, ~—3|ASO; ~T7| Strength
Nitric acid N, —T[NO, T3 et
mium 10n H;O" H,O 13.995

u us acid H,S0, I.857[HSO, 12,138
Bisulfate HSO, 1987|150, 12.008’
E%E"v‘oric acid H,PO; 3 148[H,PO;” 7.847

ydrofluoric acid HF 317F 10,835
Acetic acid CH,COOH 4756 |CH,CO0™ 9.239
Total dissolved CO," |C + H,CO;|  6.351|HCO;™ 7.644
‘g‘y':i_lggn sulfide H, 7T02|HS™ 6.98

thydrogen phosphate [H>PO;," 7198 [TIPO, 2 6797
Elsuiiltc ion HSO;™ 7172|505 6.823
Hypochlorous acid HOC! 7.53 OCi' 6.47
Hydrogen cyanide MCN 93T|CR™ 479
Boric acid 1,80, 9337 | BOM);" 3738
Ammonium jon NH," 9.245|NH, 4750
Bicarbonate TCO," 10.329(CO, ° 1666, Y
H en phosphate | HPO, - 12.375[PO3 1.620

ater M0 13.995]OR” Strong
Bisulfide HS ~14)S - ~0 Bases
Ammonia NH; ~23INH2" ~-9
Hydroxide 1on OH" ~2410°~ ~=10

a. By common use. Based on ([COy,,] + [HyCO3 DK, = [HCO; J[H'). [H,CO;)
= 0.002(CO,,,] at 298.15 K. Thus, (1.002[CO,,, K, = [HCO; J[H'] at

298.15K,

b. If water is acting as a solute rather than a solvent, as it must if the acid strength
of H,O is being compared with that of other very weak acids, then pK, , ~ 16
should be used. See 1990, J. Chem. Ed. 67(5):386-388.
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Example 18.5. Sillén diagram for HOAc¢ and NaO Ac
Sodium acetate, NaOAc, is dissolved in water at an apparent concentration of Cyz = 1072 mol/L.
Construct a Sillén diagram and estimate the pH. For acetic acid, pK,, , = 4.76 at room temperature in

dilute solutions. [OHJ[H']=10" so log [OHF ] +log[H"] = 14 (two lines as drawn)

Step 1: The lines for [H'] and [OH ] have been drawn and Jabeled in the figure.
Step 2: [Na'] = [HOAc] + [OAc | = Cy material balance e one component 18 4)

is small the other is Cy

Step 3: K, , = |OAc ||H J/[HOAc]| equilibrium  When joAc] =HOAq  18.41

then K, = [H*]

K, = [HOH]=10"  equilibrium 18.42
Step 4: [H'] + [Na'] = [OAc¢ ] +

H | charge balance 18.43

[H] + [HOAc] = [OH™] proton condition 18

Step 5(¢) would be to sketch curves through o, Strong B.as .eakAad,
ot shown for clarity). Answer is Basic
L B e T e R R e e e S 5 . .
o7 ! In Basic region
g L NN [H*] << [HOAC]

So [HOAc] ~ [OH] for
solution at pH 8.4

[HA]= C,[H')/([H']1+ K, )

[A7] = K, 4Co/(UH7)+ K, )

log[C(mol/L)]
N e )

[HOACc] is parallel to [H'] % '
when [H+] is small “e—— Step 6, solution [H+]=10'”/[OH] ) [OAC']
is parallel to [OH | when

[OH] is small

Exact curves shown
‘with narrow curves,
approximate curves bold
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Step 5: See the diagram labels denoting steps 5(a) and 5(b). Referring to the procedure above
indicates the system point (x) should be at Cy and pK, ;. On the diagram below, use a straight edge to
verify that the lines for step 5(c) extrapolate through the x from step 5(a). Note that the curves for step
5(e) are not shaded for clarity, but it is obvious that the curves could be easily drawn through o.

Recall that step 5 plots Eqns. 1830 and 18.31 without calculations.
[HA]=C [H"]/([H"] + K, ,) |useful for undissociated acid 18.30
[A7] = K, 4C4/(IH']1+ K, ) useful for conjugate base 18.31

Step 6: Develop the proton condition. This step is very important and can be the most confusing. It
is best understood by using equations together with the diagram. Since we have dissolved the salt of a
weak acid and strong base, we expect the pH to be above 7. Looking at the diagram in this range,
[OAc™] >> [HOAc] and we will be unable to reliably calculate [HOAc] = Cy — [OAc™] with the
material balance because the last two terms are nearly equal. Let us use the material balance to
eliminate the large terms [Na'] and [OAc~] from the charge balance. Note that we can replace [Na']
with Cp and [OAc™] = Cy —~ [HOACc]. This causes all the largest terms to drop from the charge
balance, giving

[H7] + [HOAc] = [OH] proton condition 18.44

Egns. 18.40-18.43 are now all condensed to using Eqn. 18.44 with the graph, looking for where
the proton condition is satisfied. Looking at the lines on the graph where pH > 7, it is obvious that

[HOACc] is almost three orders of magnitude larger than [H'] above pH = 5. Thus, the left side of the
proton condition becomes [HOAc] + [H'] = [HOAc] + ... where ... denotes a very small number. The
proton condition becomes [HOAc] + ... = [OH ], and the solution is given for practical purposes by
the intersection of the [HOAc] curve with the [OH] curve as shown in the diagram. The approximate
concentrations are

pH = 8.4, pOH = 14 — 8.4 = 5.6, [HOAc] = 1056, [Na*] <[OAc ] = 102



Step 7: The proton condition is in terms of Egns. 18.27 and 18.30, and avoiding taking differences,
[OH] = 10"/[H"] = [H'] + [HOAc] = [H'] + C4[H']/ ([H'] + K, )

Rearranging for successive substitution on [H'], and inserting the initial guess of pH = 8.4, iterate
on the highest power of [H'],

[HP =101+ Cy / (IH+ K, ) = 10784+ (1021078 Y1084 + 107 76)

[H'] = J10-4/(1 + C,/((H*]1+ K, o)) = J10714/(1 +10-2/(10-84 + 10-476))
4.165E-9
pH = 8.38. Plugging this back in results in no further changes. Recall that if successive substitution

results in divergence rather than convergence, that the equation needs to be rearranged. See Appendix
A, Section A 4.

pH
5 .9 2. 5 W B .®.7T. .83 O 9 9 45 34

Step 5(¢) would be to sketch curves through o,
(not shown for dlarity).
i R e B T e R e T e e i i T

AN
]

2—HOAq)

Step

-3
s
VR 2, ST, N . i
=)

A g i e I e S o2 ey

-6

J Exact curves shown
7. ... withnarrowcurves, . 7 S P (N, WO SR S i
approximate curves bold ‘ 1
-8 L
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Polyprotic Acids and Bases

The phOSphOl'iC Systcm (H3PO4, H2PO4_, HPO42_, PO43_) and the COZ (COZ’ HCO3_, CO32_)
systems are important for both biology and environmental applications. Succinic acid, a dicarboxylic
acid produced by fermentation, is expected to become more widely produced via fermentation in
future years, typically as a salt. Amino acids, the building blocks for proteins, combine a basic amine
and a carboxylic acid on the same molecule. Let us begin by considering the nonvolatile phosphate
system.

[H,PO, | K
= 18.45
[H3POL]  [HY]

HPO?- K HPO? K K

[ 1 _ Lo or[ il _Ka ‘,',2 18.46
[H,PO;] [H']  [H3PO,] [H)?

[HPO3 ] [H']  [H3PO] [H*)3

C = [H3PO4] + [H,PO;] + [HPOZF ] + [PO; ] 18.48
H,PO H, PO, HPO? PO3-

v =I3_‘4!.a,,=[-2_‘4l.a =.[_'4.]..a :l ‘4 ] 18.49
3 ( 2 ( | C 0 (



5 - |+[“2P04‘]+[”P0£'l+ [PO;}“] = 1+ Kal +KalKa2+KalKaZKa3

L g -
oy [HyPO,] [HyPO,] [H;PO,] [H;PO,] [H']  [H]?
— [H;PO,] _ (H']3
’ 2 [”’-]3+KaI[”4-]2+KaIKa2l”’]+KalKaZKa3
[H,PO;]  [H3PO,][H,PO,] K,
(12 - - = - . - = a3_
( C [H5PO,] (H*]
o = [H2POI1 _ K, [H*)?
- S v - » 4 » » + r » »
T WP K MR Ky K[ HYT+ K K oK s
[HPOZ ] K, K, »[H*]
a = =
L O P K H R Ky Ka[H ]+ K K K s
o lf’og“l " Ko KaaKos

o " " . G
C [HP 4K [H P K K AR+ KKK

[(H)?
18.50

18.51

18.52

18.53

18.54
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Table 18.2. Reference Table for Relative Acid and Base Strengths at 25°C Based on pK, .o,
=-13.995. pK,, = 13.995 - pK,

Strong
Acids

Increasing
Acid
Strength

Species Acid K Base pK, »

erchloric aci TCI0, ~—T|CI0; ~2T] Increasing
g_l‘d_rrggcn chlonide HCI ~=3|CT" ~17 Bése
Sulfuric acid 1,50, ~—3|ASO; ~T7| Strength
Nitric acid N, —T[NO, T3 et
mium 10n H;O" H,O 13.995

u us acid H,S0, I.857[HSO, 12,138
Bisulfate HSO, 1987|150, 12.008’
E%E"v‘oric acid H,PO; 3 148[H,PO;” 7.847

ydrofluoric acid HF 317F 10,835
Acetic acid CH,COOH 4756 |CH,CO0™ 9.239
Total dissolved CO," |C + H,CO;|  6.351|HCO;™ 7.644
‘g‘y':i_lggn sulfide H, 7T02|HS™ 6.98

thydrogen phosphate [H>PO;," 7198 [TIPO, 2 6797
Elsuiiltc ion HSO;™ 7172|505 6.823
Hypochlorous acid HOC! 7.53 OCi' 6.47
Hydrogen cyanide MCN 93T|CR™ 479
Boric acid 1,80, 9337 | BOM);" 3738
Ammonium jon NH," 9.245|NH, 4750
Bicarbonate TCO," 10.329(CO, ° 1666, Y
H en phosphate | HPO, - 12.375[PO3 1.620

ater M0 13.995]OR” Strong
Bisulfide HS ~14)S - ~0 Bases
Ammonia NH; ~23INH2" ~-9
Hydroxide 1on OH" ~2410°~ ~=10

a. By common use. Based on ([COy,,] + [HyCO3 DK, = [HCO; J[H'). [H,CO;)
= 0.002(CO,,,] at 298.15 K. Thus, (1.002[CO,,, K, = [HCO; J[H'] at

298.15K,

b. If water is acting as a solute rather than a solvent, as it must if the acid strength
of H,O is being compared with that of other very weak acids, then pK, , ~ 16
should be used. See 1990, J. Chem. Ed. 67(5):386-388.
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The Sillén diagram for the phosphate system is slightly more complicated than a monoprotic
system, but can still be quickly drawn by hand. The concentration of each species i can rigorously be
calculated at each pH by o,C where o, is calculated from Eqns, 18.51-18.54. The exact

pH
. 8 8 10 11 129 9

- [oH]

o

-

S
w

-:-

o

o

N
—
b “wi

A AP TR RRGRE W, VN a—

log[C(mollL)]
'S

o

/’,

&

'
~

S P i W Gl S a0 g B e

Figure 18.6. Phosphoric system at C = 102 mol/L discussed in Example 18.6.
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Example 18.6. Phosphate salt and strong acid
A solution of NaH,PO,4 and HCl is prepared such that the total phosphorous concentration is 1E-2
M and the total Cl concentration is SE-3M. Calculate the pH and concentrations of species present.

1x10 °M = [H;PO,] + [H,PO;] + [HPO} ]+ [PO} ] = [Na'] 18.55

[Cl] = 5x10°M 18.56
[H']+[Na'] = [H,PO;]+2[HPOZ ] +3[POF ]+ [OH ]+ [Cl"] charge balance 18.57

Step 6. The proton condition is developed by eliminating [Na'] and [C1~] using the material
balances since they are both known constants. The material balance for phosphate is also inserted,
resulting in

*1+102 = 102 - 0,] + 021+ 2[PO3 |+ [OH ]+5-10" :
H']+102 2~ [H3P0,] + [HPOF ]+ 2[PO; H]+5-103 18.58
which becomes

[H*]+[H;PO,] = [HPOF ]+2[PO3 ]+ [OH ]+5- 103 proton condition 18.59

Understanding where to find the solution requires some thought and reasoning rather than a direct
numerical manipulation. Both terms on the left side of the proton condition are almost equal at 2.5 <
pH < 7. The values are added on the short dashed line marked 1" (since they are virtually equal in
most of the range, the sumis double, or about 0.3 units higher on the log scale). Note that [H,PO, ]
does not appear in the proton condition. On the right-hand side, the term SE-3 dominates at pH < 6.
Solutions at high pH are impossible because the decreasing right-hand side is too small to balance the
value of 5E-3 plus increasing concentrations of the negative phosphate and hydroxide ions in the
proton condition. Therefore, the solution must be a low pH where the concentration of negative
phosphate and hydroxide ions in the proton condition are small. The solution occurs where [H'] +
[H3PO4] = SE-3 (the line marked “2"), and pH = 2.6. The approximate concentrations from the

diagram are [H'] = [H;PO,] = 2.5E-3. Eqn. 18.45 simplifies to [H,PO, ] = K,; = 1015, [HPOZ ] =
1065, [Na*] = 1E-2, [Cl"] = 5E-3. H:PO;] _ K,

[H;P0,]  [H]

18.45



Step 7. The detailed calculations are often tedious. Inserting Eqn. 18.51 into the proton condition,
where the first three terms on the right side are negligible,

C[H]?

H*]+
P e —": - e ————
[H + K, [H*]? + K, K, [H*] + K, K oK 13

= SE=3 +.,, 18.60

[H* P+ K, [H* P+ K, K [H )+ K K K,

[n‘](|+ — ’3] = 5E-3
1+ K, /[H* )+ (K, K )/ [H P + (K, K 1K 3)/[H]

18.61

Inserting the initial guess,

[H'] = (5E-3)/| 1+ C/[H'J’ 18.62
| + K, /[H* ]+ (K1 K p)/[H)? + (K K 5K 43) /[HH]3

[H] = (515-3)/[1 + 10 2/[H"] ]

1+ 1072148 /[H*] +...
-2 2.6
102/10 ] = (5|a-3)/[| +

1 +10°2148 /1026 + __.
(5E-3)/[2.039] = 245E-3 = 10261

= (55_3)/[| + 3.981 ] 18.63

1+28314 +...

Repeating the iteration results in [H'] = 2.44E-3, pH = 2.613. Note how close we were with the
graphical value of pH = 2.6.
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Amino Acids (Zwiterions)

Amide o Basic NH,
. H,N HN=(
HN N NH
0 e L3 0 0 0
NH
H,N OH HoN OH H2 OH H2N OH H2N OH

Asparagine (Asn, N) Glutamine (Gin, Q)  Histidine, (His, H) Lysine (Lys, K) Arginine (Arg, R)

MW 114.11 MW 128 14 MW 13714 MW 12817 MW 156.19,
NH+, pK, ;=597  NH;", pK, ;= 1082 NH," pK, ;=121

Polar

Acidic . OH
HO CH3
H,N  OH HN b H,N  OH HN OH  H,N  OH

Threonine (Thr, T)  Cysteine (Cys, C)

Aspartic Acid (Asp, D) Glutamic Acid (Glu, E) Serine (Ser, S)
MW 115.09 MW 12912 MW 87.08 MW 10111 MW 10315
(et = 3.90 COOH, pK, ;=430 PK, 4~ 16 pK, 1~ 16 SH, pK,, ;= 8.36
Aromatic
H,C 0 0 O 4 y o
HoN OH HyN OH HN OH HoN OH
Glycine Alanine (Ala, A)  Phenylalanine (Phe, F)  Tyrosine (Tyr, Y) Tryptophan (Trp, W)
MW 57.05 MW 71.09 MW 14718 MW 16318 MW 18621
onpolar
CHy  HyC K g R 0
"’c"&_/f >—>_(° \—>_1<° (>«
H.C
3 N OH
HoN OH HoN OH OH HoN OH H
Valine (Val, V) Leucine (Leu, L) Isoleucine (lle, 1) Methionine (Met, M) Proline (Pro, P)
MW 131.19 MW 9712

MW 99 14 MW 11316 MW 11316
Figure 18.7. Summary of 20 amino acids encoded by the universal ge netic code. The amine

and carboxylic groups on the bottom of each mole cule are where the amino acid is linked into
the biomolecule. The acidic and basic side chains are shown uncharged. o



Amino Acids (Zwiterions)

glycinium glycine glycinate
H,Gly' HGly Gly
pH < 2.35 235 <pH < 9.78 pH > 9.78
"H3NCH,COOH y: "H;NCH,COO" 2 H,NCH,COO
pKyq =235 PK,4 =978

Figure 18.8. Dominant species for glycine at various pH levels. pK, , = 2.35 for the carboxylic
acid and pK, , = 9.78 for NH;". The top line shows the nomenclature and the second line shows

abbreviations.
5 v ~1e, X
- [H')[HGly] . [HGly] _ Rai i
[H,Gly"]  [H,Gly'] [H']
O 10 | ] OO 7 T L i

@2 [HGly] [HGly] [H']  [H,Gly*] [H']?
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Example 18.7. Distribution of species in glycine solution
a. Calculate the pH of a 0.1 M solution of glycine.
b. What 1s the distribution of species for glycine at a physiological pH of 7.4?

pH

012345678 91011121314

| II
I[HG_J_\']II -

log[C(mol/L)]
A W

'
(&)

Solution (b)

-7

ab i 00 1 VI |
Figure 18.9. Sillén diagram for 0.1 M glycine discussed in Example 18.7.

71



x - [HHG] - [HGl] _ K4

al 18.64
[llz(ily"] [IIZGIy‘] [H"]
UGIlv- 1 o K - K .K
, = O] o [Gly] - Za2 o _[Gly] . ZalZa2 18.65
" [HGly] [HGly] [H*] [H,Gly']  [H')?
C = [H,Gly*]+ [HGly] + [Gly"] = 0.1M 18.66
[H*]+[H,Gly* ] = [Gly~] +[OH"] 18.67
= H
Qf128 458 q‘p?rq 9 10 11 12 13 14
KNEREETTHE
Charge balance (18.67) is 2 . IH;Glfb'*l < ’G"]‘ :
reached about where ' . A
1.1[H;Gly*] = [Gly], a little =3y 7
above pH=6 g [H'] i
E 4 |/ \
& t 2 v § gl
8 8- .
6
7
8-
glycinium glycine glycinate
H,Gly' HGly Gly
pH < 2.35 2.35<pH < 9.78 pH > 9.78

*HyNCH,COOH 2 *H3NCH,CO0O~ > H,NCH,COO0



Buffer: a salt and an acid that share a common ion

Acetic Acid and Sodium Acetate

[HA] + [AT]=C, + Cy and [Na ]| = Cy material balances 18.69
K.4=[H JIA V[HA] equilibrium 18.70
K, = [HJJOH]=10" equilibrium 18.71
[Na']+[H] =[A]+[OH] charge balance 18.72
[A7]=Cz+[H]-[OH] 18.73
[HA]=C,—[H*]+[OH ] 18.74
[H'] = A“(C;J[:_]]jg: i 18.75
Henderson-Hasselbalch Equation
[H']~K, .,,(f;; or pH=pK, ,- Iog% = pK, 4+ log%”
B A
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Buffer: a salt and an acid that share a common ion

Acetic Acid and Sodium Acetate

[HA]+[A]=C, + Cp and [Na ]| = C; material balances 18.69
K.4=[H JIA V[HA] equilibrium 18.70
K, = [HJJOH]=10" equilibrium 18.71
[Na']+[H] =[A]+[OH] charge balance 18.72
[AT]=Cpg + [H'] - [OH] 18.73
[HA]=C,—[H"] + [OH ] 18.74
C,—[H"]+[OH]
[H'] = K, ,———— 18.75
*“Cg+[H™]-[OH"]
Better equation:
C,~[H*1 .. ) C,+[OH] o
pH=pK, ,—log— (acidic pK, 4) or pH=~pK, ,—log (basic pK, 4)18.77

Cp+[H'] b Cyz-[OH")
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Isoelectric Point

For a zwitterion like an amino acid amines protonate at neutral
pH and carboxylic acids are deprotonated. When there is no
net charge the pH = pl is the isoelectric point. Solubility is at a
minimum at the isoelectric point.

45
44

. 0,005N 001N 002N

3 : ‘
g 25 :0.001N
- :

2
4

5

o B S S S S S N T i ST i S R ————

46 438 5 52 54 58 58
pH

Figure 18.10. Salting in and illustration of minimum solubility at the isoelectric point for milk
protein -lactoglobulin as a function of pH and ionic strength. Gronwall, A., 1942. C.R. Trav.
Lab. Carlsberg, Ser. Chim. 24:185-200.
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Ionic Strength (salt concentration)

For low ionic strength, as ionic strength increases, solubility
increases (salting in).

For high ionic strength, as ionic strength increases, solubility
decreases (salting out).

Maximum solubility at intermediate salt concentrations.

45
44

35 =
0005N 001N 002N

3 . .
E 25 000N g f Salting in
A
2
g
15
1 :
05
o . S D S G S S N T G S R i G SRR ———.
46 48 5 52 54 56 58

pH
Figure 18.10. Salting in and illustration of minimum solubility at the isoelectric point for milk
protein -lactoglobulin as a function of pH and ionic strength. Gronwall, A., 1942. C.R. Trav.
Lab. Carlsberg, Ser. Chim. 24:185-200.
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Donnan Equilibria

a side fside
Membrane Impermeable [ =
to DNA P zK' Cl
2 - 7 '
K
o Cl DNA” K*
K -+ cr
k CI- -
K

Figure 18.11. Mlustration of Donnan Equilibria for DNA. DNA cannot cross the me mbrane. A
larger concentration of ions will exist on the P side, creating higher pressure on the f side due to
osmotic pressure.

(aK.aCI )a = (aK.aCI )/3 18.78
K'],=I[CI'], and [K']/;= :I'I)NA"‘]/;+ I(,‘I’]/, 18.79
¢ B 7 z[DNA- ] 1/2
[K7] [K")gl | - =2—" 18.80
; zZ[DNA=]) 172
= a1t 18.81
B( [CI—]B )
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Solubility

Solubility and vapor pressure rely on equilibria with the un-ionized species.
So solubility depends on pH. Remember, the activity of a solid is 1.

Example 18.8. Dissociation and solubility of fluconazole

In Example 18.4 the dissociation of fluconazole (fluc) was considered. The solubility can be
modeled using (on the molality scale)

Ksik = Auc(agy ad In(Kg ) =8.474 —3721.9/T 18.82

Determine the solubility of fluconazole at pH 7 and pH 1.5 and the distribution of species in
solution at 298.15K. Ass ideal solutions.
Solotion at298. 10K Assume ideal solotions: . _ (0180 at 298K; pH 1.5 [H*] = 0.0316;

In(K,) =-1.28 — 8000/T pH 7 [H"]=1e-7; K,=6.18 e-13; pK, = 1.8 so

protonated below pH 1.8 and undissociated
above pH 7

From slide 18 example 18.4
[fluc*)/[fluc] = 0, and at pH 1.5, [fluc']/[fluc] = 9.9/5.1 = 1.94.

At 298.15 K, Kg; = 0.018. Using the ideal solution approximation, [fluc] = 0.018 m.
independent of pH. At pH 7, virtually no [fluc'] is present and thus the solubility is 0.018 mol/L, or
using the molecular weight, 0.018 mol/I(306.27 g/mol) =5.5 g/L.

At pH 1.5, the [fluc] = 0.018 m and [fluc’] = 1.94[fluc], thus the total solubility is 2.94(0.018) =
0.0529 mol/L, or 0.0529(306.27) = 16.2 g/L. The pH makes a large difference in the solubility!
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KCl

Common ion effect

Add NaCl to a KCI saturated solution causes precipitation

» 7 - . »
62 K gt ey K™ dgat

Cl

18.83
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Redox Reactions OILRIG

Lose or gain electrons

Electrochemical Cell (discharge)

Anode: LiCg  Cy+ Li"+ e Oxidation (OIL)
Cathode: CoO, + Li* + ¢~ < LiCoO, Reduction (RIG)
3.9 Volts

Reference voltage is platinum electrode:H,(g) electrode at pH = 0; 298K; 1 bar

2H" + 272 H, @ Reduction of H* Potential set to 0 as reference

AG® = -n FE° = -RTInK, 18.84

Faraday’s constant 96,485 J/V, and £E° = E° E° .

red

AG® =~ n, FE° 4+ nFE°,
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Standard Reduction Potentlals at 25°C

Half Reaction W)
Fp+2e” = 2F” ~287
POOZ + 4H'+ 50427 + 26 = PDSO4 + 2HO @~ ———————p 170
MnO4™ + 8H'+ 5e™ — Mn2" + 4H0 151
At 236" - Au 150
Clp+2e™ — 2C 136
Cra072™ + 1aH'+ e~ — 2637 + 7H0 133
O3+ 4H™+ 4™ = 2H0 .23
Brp+2e” — 28 107
NO3™+4H"+ 3e™ = NO + 2H30 +0.96
2Hg2* +2e™ - Hgy 27 ~0.92
Hg2* + 26 = Hg -0.85
Agt+e = ag +0.80
Fedt 1o —reld’ <077
Ip+2e” — 2" 053
cut+eT = cu +0.52
03 + 2Hp0 = 4e™ — 4OH™ +0.40
cu? r2e” v cu +034
sn*"+26™ = 502" ~013
2H™+2e” = Hy 0.00
P2t 26"~ po -o13
5?7 +2e” = S0 014
NiZT+2e” = NI 025
co?"+2e” = Co -028
PDSO4+2e™ — Pb +5042" E————— 031
ca?"+ 26" Ca -0.40
Fe?"+2e” — Fe -0.44
et rze o 074
zn?" +2e" = zn 076
2H0 + 267 — Hp + 20H™ 083
M2 +2e™ = Mn -118
A3 N 166
Be?*+2¢™ — Be -170
Mg2™ = 26" — Mg -237
Na*+e” — Ne -2n
ca?t+2e” wca -2.87
s+ 2e” = 8¢ -289
Ba?"-2e" — 82 -2.90
Rb™+e” - Ro -292
K +e” =K -2.92
Cs +e"—+Cs -292

U re" U -3.05



Redox Reactions OILRIG

AG® = -n FE° = -RTInK, 18.84

AG® =—n,FE° 4+ n,FE°,.

AG = AG°+RTIn] [a;' or nFE = nFE°~RTIn] ] a;" 18.85
e o RT Y _ o 0035916 :
E=FL —neplnna,. ol n, Iogna,- Nernst equation 18.86




Example 18.9. Alkaline dry-cell battery

Consumer portable electronics are commonly powered by ‘alkaline” dry-cell batteries. These cells
use an alkaline paste instead of an aqueous solution. The moisture content is low to minimize leakage,
and the alkaline solution is used instead of acid because the degradation of the electrodes is slower in
alkali compared to acid. The relevant species are Zn), ZnO g, y-MnO, ), and a-MnOOH,,. A new

battery has Zn, ) and y-MnO,, electrodes.

a. Determine the balanced reactions for H" and then trans form them to use OH. Then
provide the balanced overall reaction. (b) Determine the voltage generated by the cell
when [OH ] =1 mand [OH ] = 1.1 m, and the Gibbs energy of reaction.

a. For Mn, the half-cell reduction reaction is found to be y-MnO,, + H' + e a-

_— ,
MnOOH,, through the following procedure. Start with the Mn species (MnO2 and /*0x *H:0te” & aMiOOH,, + O |03

MnOOH) on each side of the reaction (more reduced on the right). The reduction requires
one electron to go from +4 to +3, so one electron is added to the left. At this point, the O is

already balanced, and one H" is added to the left to balance hydrogen. The total charge is 0
on each side of the reaction. To convert to the base form, we add H,O  H" + OH™, giving

7-MnO,, + HyO + ¢ " 0-MnOOH,, + OH™ and the total charge is 1 on each side of the

reaction. .
IZnO(,, + H0+2¢ 2 Zn,, +20H" ~1.260

For the other electrode, the half-cell reduction reaction is found to be ZnO, + 2H*

+2¢ < Zng) + H,0 through the following procedure. After writing the Zn species on
cach side (more reduced on the right), we note that the reaction requires two electrons

and add them to the left, water is added on the right side to balance oxygen, then 2H"
are added to the left side to balance H. The total charge is 0 on each side. To convert

to the base form, we add 2H,0 < 2H" + 20H", giving ZnO,, + H,0O + 2¢ " Zn g, +
20H".

For the overall reaction, to balance electrons, two Mn must be reduced for each Zn
oxidized. Combining, Zn, + 2y-MnO,, + HyO & ZnO;) + 20-MnOOH .
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E7 Standard Red

<

851 852 Appendix E  Thermodynamic Properties

Reaction® E®(volts)  dE°MT (mV/K) Reaction® E° (volts) dE/T (mV/K)
Copper Oxygen
cre 2 Cuy 0.518 -0.754 Oy +2H +267 2 Oy + H0 2.075 -0.489
' +2e 2 Cuy 0.339 0.011 H;O0pp +2H" +2¢7 2 2H,0 1.763 -0.698
e 2 Cu’ 0.161 0.776 %0y +2H +2¢7 2 H0 1.2291 ~0.8456
CuOH)y +2e" 2 Cuy,y+20H -0222 Oy +2H +2¢7 2 Hy0, 0.695 -0.993
Hydrogen Ruthen
DH'+2¢” 2 Hyy, 0.000 0 RuOy,, + HO <  HyRuO; log[H,RuO4 ] = -0.88
HO+e 2 YHy,, + OH -0.8280 -0.8360 RuO> +4H" +2¢” 2 RuOy, +2H,0 2.005
h::’ 3H,0+ 3 FeOOH,, + SOH e = R
v = o
i i At M (] 0.80 -1.59 H,RuOs +4H' + 4 2 RuOy, + 3H;0 1.40
e % ot
e 0771 1178 RuOy, + 4H' +de” 2 RuOy,+2H;0 1387
RO b L6 + B vano 0.74 -1.08 HRuOs+ e~ 2 RuO; +H,0 1.001
Fe(gluamate)® + ¢~ Fe(glutamate)®* = [ 3
- s £ o8 ) 0.240 RO, +e” 2 RuO/ 0.589
FeOH™ + H™ +2¢” > Fe, + H,0 -0.16 0.07 Zinc
Fe*+e” 2 Feg 044 0.07 ZnOH'+ H'+2¢” 2 Zng,+H0 -0.497 0.03
FeCOyy+ 267 7 Feyyy+ CO™ -0.756 -1.293 Zn® +2e” 2 Zn,, -0.762 0.119
Lead - Zn(OH)y™+ 2¢” 2 Zng,)+ 30H" -1.183
POy + 4H' +2¢” 2 Pb’* +2H,0 1458 0253 Zn(OH)> + 2¢= 7 Zng,+40H -1.199
3PbOy;) +2H 0 +de” 2 PbyOy ) + 4OH 0.269 -1.136 Zn(OH)y,, + 2¢7 2 Zng,+20H" ~1.249
Pb;0y + HyO +2¢” 2 3PbO reg) + 20H 0.224 -1.211 |20y, + H0+2¢= 2 Zng,+20H ~1.260
Pb0y,) + HYO +2¢7 2 3PbO yeiow) + 20H" 0207 -1.1717 a. Most values from Harris, D.C. 2007. Quantitative Chemical Analysis. Tth ed., New York NY: W.H. Freeman. A good
= source for more values is Bratsch, S.G. 1989. J. Chem. Ref. Data 18:1, available at www.nist.gov/data/PDFfiles/
Pb2* + 2~ : Pbm ~0.126 ~0.395 Jperd3S5.pdf (Oct 2011), and Bard, A.J., Parsons, R., Jordan, J. 1985. Standard Potentials in Aqueous Solution, New
3 - - York: Marcel Dekker.
Manganese
- -+ - -»> b
MiO + 4H'+3c” & SMnOy, +2H,0 1.692 -0.671 E.8 BIOCHEMICAL DATA
M +e” 2 Mn®' 1.56 1.8
Standard state for soluble species is an ideal solution at 1 M except for water, which is relative to
- + - - 2+ »
MO+ 8H™ +5¢” & Mn™+2H,0 1.507 -0.646 the Lewis-Randall standard state. The data are for the untransformed Gibbs energies and enthalpies.
MnyOy,)+ 6H' +2¢” 2 2Mn®* +3H,0 1.485 -0.926 =
e Name® AGP 20815 | AHP 29515 2, Mo | Mg
MOy, +4H +2¢” 2 Mn®' +2H,0 123 -0.609 (k¥/mol) | (kJ/mol)
0 s = MaOS F NADox 0 0 -1 26 0
: s - 036 2 NADred 76| 319 | =2 7 0
MOy, + HO+¢” 2 a-MnOOH, + OH 0.30 ATP+ —2768.1 | 361921 | —4 12 0
M0y + HyO+2e7 2 2MnyOy i+ 20H 0.002 1256 ATP> -2811.48 | -361291 | -3 13 0
R - = ATP? -2838.18 | -3627.91 =2 14 0
MnyOy,, + 4H,0 #2¢7 2 3Mn(OH)y, + 20H -
e = = — 0332 Lol MgATP*- 325868 | 406331 | 2 | 12 | 1
M2 & Mng) -1.182 -1.129 MgHATP'~ 32875 | 406301 | -1 13 1
M(OH)yy+ 267 2 Mny, -1.565 -L.10 Mg, ATP 372933 | —4519.51 0 12 2
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b. The voltage is found by taking the difference in reduction potentials found in Appendix
E. The standard potential is found by the differences in reduction potentials, £° = 0.3 — (-

1.26) = 1.56 V. The potential under operating conditions is given by
£ = po_ 005916, azqayoon
: aZn“MnO_ﬁH ,0

Since all the species except for H,O are solids, they exist in the pure state as a first
approximation. (In actual practice the MnOOH forms a solid solution with MnO,, but
we ignore the effect here.) The activity of water is near 1 in the paste and [OH ] does
not appear, and thus it has no effect on the equilibrium voltage. Therefore, the battery
should give a constant 1.56 V throughout its life.

Note that we are neglecting transport effects and the solid solution behavior. Thus,
the actual voltage drops as the battery dies owing in part to these effects. The Gibbs
energy of reaction is AG = -n FE = -2(96485)1.56 = -301 kJ/mol, a spontancous

reaction when the circuit is closed.
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Bioprocess Engineering (Fermentation)

Degree of Reduction

Yed ™ (4f+a—~2b - 3¢ + 6d + Se)lf carbon-containing I8.88
‘ R 1
CH,0,+r0, 2 fCO,+5H,0 18.87
Stoichiometry r=f+ald-bl2

Oxidation State
02 is 0; in products is -2
Moles of electrons transferred to oxygen

4r=4f+a - 2b,

The degree of reduction multipliers are +4 for C; +1 for H; -2 for O;
-3 for N (ammonia); +6 for S (H,SOy); +5 for P (phosphoric acid)

Reaction of acetaldehyde C,H,O Degree of reduction 2(4)+4(1)+1(-2)=10 or 5 per carbon.

To determine r for O,, 2r(-2) =-10 so r=-2.5 to yield zero on the left of 18.88
On the right of 18.88, For CO,, 1(4)+2(-2) = 0 and for H,O, 2(1)+1(-2) =0
Two sides balance
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An average elemental formula for cell mass is CH, 4O, 5N, 5, with a degree of reduction of 4.2 per C-
mole, slightly higher than glucose. For compounds not containing carbon, the degree of reduction is
expressed per mole of that compound. For the compound H,O,N_S ,P,,

Yeed = (@ =2b -3¢ + 6d + 5e) not carbon-containing 18.89

A fermentation can be represented with a pseudo-reaction, balancing inputs and outputs. For
example, on the basis of one C-mole of substrate CH,O,N_S ,,

CHaOthSd e YU(OZ) + Yn(NH.’i) + Yuu,\'(CHc O_INgSIt) = Yhimm:.v.v(CHinNkSI) + Y;
0,N,S,) + Y (CO,) + Y, (Hy0) + Y(H,SO,)

where the Y values on the left are for the nutrients and on the right are for the products and by-
products. The number of moles for each species is the value of the corresponding coefficient Y.

(CH,,

woduct
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Biological Equilibrium Reactions

Reactions occur with a buffer so [H*] is ignored (indicated by prime)

ATP+H,0 7 ADP+H,PO, or ATP + H,0 Z ADP +P,

aG' = A +R7in] 1111 AG'® = -RTInK '

!

,

¢

~ [ADP][P;] " (-‘3('"01; app FAGTp —AG™ oqp —AG o
[ATP] ' RT

Water is pure so activity is 1

18.94

18.93

18.95
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Example 18.10. ATP hydrolysis

a. Calculate the transformed standard state Gibbs energy of reaction and equilibrium
constant K ' for hydrolysis of ATP at pH_ = 7, pMg = 3, 298.15 K, ionic strength, / = 0.25
m, where the following data apply.

b. Show whether the reaction is endergonic or exergonic at the above conditions when the
apparent concentrations are® [ATP] = 0.00185 M, [ADP] =0.0014 M, [P;] = 0.001 M. If

the reaction is exergonic, at what concentration of ADP does it reach equilibrium if the
concentration of phosphate and ATP are constant?

a. In the human body, [ATP]/[ADP] ~ 10. Alberts, B.; Bray, D.; Hopkin, K.; Johnson, A.; Lewis, J.; Raff J.; Roberts, K.;
Walter, P. Essential Cell Biology, 3rd ed., New York: NY, Garland Science, (2010), pg. 465.

Gibbs energies of formation at pH_ =7, pMg = 3, 298.15K, /= 0.25 mol/kg
ATP H,0 ADP P
AG'°f_‘. (kJ/mol) -2298 -156 ~1426 ~1060

!

First, note that the Gibbs energy of water is different from the value in Appendix E
because of the transformation. The transformed standard state Gibbs energy of reaction

is —1426 — 1060 + 2298 + 156 = — 32 kJ/mol. The equilibrium constant will be

Y ey 32000 - s
exP( R7 ) i e\p(mJ = 4.04x10 .

b. The propcnsit?' for reaction at the given concentrations is
ADP)P,]

).(; )
AGYy, = B, 4 RTIn—es 32000 + 8314(298.15)In L’ ’?,'(:”;:5‘” 49 8kJ/mol

The reaction is even more strongly exergonic than the standard state. Equilibrium
occurs when [ADP] =k, [ATP]/[P;] = 5.3x10%0.00185)/0.001 = 9.8x10%M. Of
course, such a high concentration never happens, so the reaction is always favorable at
reasonable concentrations. Instead of hydrolyzing ATP and “losing the energy,” the

phosphate is transferred to glucose in a coupled reaction, the subject of a homework
problem.




Example 18.11. Biological fuel cell

A biological fuel cell is a portable electrical source that can be refueled. Electrical current is
generated by a biological redox couple. In an ideal fuel cell, the enzymes would be immobilized on
the electrodes and maintain the same activity as if free. In the conceptualized fuel cell on the right,
glucose is to be oxidized to gluconolactone in the right cell, catalyzed by immobilized glucose
oxidase. Oxygen is excluded from the right cell to avoid loss of electrons by bulk oxidation. The left
cell is saturated with air, and a reduction of O, to H,0, catalyzed by immobilized laccase is

envisioned. Electrons are to flow through the external circuit and H' is to flow through the membrane.
Each side of the cell is buffered to pH, = 7, /= 0.25 M at 7= 298.15 K. Suppose the concentrations
on the right side are [glucose] = 0.1 M, [gluconolactone] = 0.05 M, and on the left side [H,0,] = 0.05
M. Determine the transformed standard state half-cell potentials and the voltage expected from the

cell under stated concentrations. The standard state Gibbs energies of relevant species are shown
below at the stated conditions.

Hzog(aq) Glucose |Gluconolactone

AG™;; (kl/mol) -52 427 ~496

glucose < gluconolactone + 2H" + 2¢™,
Oyey + 2H" +2¢7 HyOy g

852 Appendix E  Thermodynamic Properties

Name* AGP 29815 | AHE 29815 z Ny | Mg
Reaction® E° (volts) dE°/dT (mV/K) (k.l/mol) (kJ/mol)
Oxygen Glucose 9159 | -1262.19 | 0 12 0
o1 3§ OiptEO 2075 0489 Glucose 6-phoshate?” 176394 | 227644 | 2 | 11 | 0
HiOua +2H° + 207 6 (240 e 067 Glucose 6-phoshate” -1800.59 | -2274.64 -1 12 0
%Oxp +2H'+2¢” 2 H0 12291 -0.8456 Gluconolactone 9035 0 10 0
O #2H #2622 Hy0, 0695 9% S LT = .. =
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Section E.8 Biochemical Data 853

Name® AGP 29815 | AHP 29515 z Nu | Mg
(kJ/mol) (kJ/mol)
ADP* ~1906.13 | 262654 | 3 12 0
HADP* ~1947.1 | 262094 | -2 13 0
H,ADP” ~1971.98 | -2638.54 | -1 14 0
MgADP~ -2387.97 | -3074.54 | -1 12 1
MgHADP 241667 | —3075.44 0 13 1
AMP* -1040.45 | -163537 | -2 12 0
HAMP™ ~1078.86 | -1629.97 | -1 13 0
H,AMP ~1101.63 | -1648.07 0 14 0
MgAMP “1511.68 | —2091.07 0 12 1
HPO4*>" -1096.1 -1299 =2 1 0
H,PO,” -1137.3 -13026 | -1 2 0
MgHPO, ~1566.87 ~1753.8 0 1 1
H* 0 0 1 1 0
Mg>* -455.3 467 2 0 1
Oyg) 0 0 0 0 0
COyg) -394.36 -393.5 0 0 0
CO5* 52781 | 67714 | -2 0 0
HCO;™ -586.77 69199 | -1 1 0
H,CO3 -623.11 ~699.63 0 2 0
Acetaldehyde -139 -212.23 0 4 0
Ethanol ~181.64 2883 0 6 0
Formate =351 42555 | -1 1 0
Glucose 9159 | -1262.19 0 12 0
Glucose 6-phoshate®” -1763.94 | -2276.44 | -2 11 0
Glucose 6-phoshate” —-1800.59 | -2274.64 -1 12 0
Gluconolactone -903.5 0 10 0
H,0 -237.19 -285.83 0 2 0
H,0, -134.03 -191.17 0 2 0
HPO,* ~1096.1 1299 | -2 1 0
H,PO4” -1137.3 ~1302.6 -1 2 0
Pyruvate™ 47227 -596.22 | -1 3 0
a. Alberty, R.A. “Math ical F ions for Th dy ic P ies of Biochemical R " (7/2005),

Mathmatica notebook. BasicBioChemData3.nb, Wolfram Libmrry Archive, hup:/Nlibrary.wolfram.com/info-
center/MathS: /5704/ Accessed 11/2011.




where the standard state Gibbs energy is 0. The standard state reduction r.;otenti al for the.gluc-:ose
reaction 1s AG™ =427 + 496 = 69 kl/mol, thus £° = ~-AG"/n F = -69000/2/96485 = -0.357 V.

For the oxygen reaction, the standard state reduction potential is AG" = -52 = -52 kJ/mol (the
Gibbs energy of formation for Oy, is 0), thus £° = ~AG"/n F'= 52,000/2/96485 = 0.269 V. The
potential expected from a standard state cell would be £° = 0.269 + 0.357 = 0.626 V, which is
favorable. Let us evaluate £ under the proposed conditions. Using the Nernst equation,

luconolactone ][H,0, 2
= po_ 005916, (8 11H,0,] _ 0,626 — 205920, (0.05)(0.05) _ ¢<3 y;

~

3 % [glucose](vg ) 2 (0.1)(0.21)
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Debye-Hiickel Model

o Strong electrolytes are completely dissociated into ions.

e Random motion of these ions is not attained: electrostatic interactions impose some degree
of order over random thermal motions.

o Non-ideality is due to these electrostatic interactions between the ions. Only electrostatic
interactions obeying the Coulomb inverse square law are considered.

o Jons are considered to be spherically symmetrical, unpolarisable charges. They are assumed
to have a definite ion-size, and this represents a distance of closest approach within which
no other ion or solvent molecule can approach. Unpolarisable means that the ion is a simple
charge with no possibility for displacement of the charge in the presence of an electric field
imposed externally, or imposed by the presence of other ions.

o The solvent is considered to be a structureless, continuous medium whose sole purpose isto
allow the ions to exist as ions, and whose sole property is manifested in the bulk macro-
scopic value of the relative permittivity. No microscopic structure is allowed for the solvent
which means that is not necessary to consider any:

(a)
(b)
(c)
()

(e)

specific ion—solvent interactions;

specific solvent—solvent interactions:

possibility of alignment of the dipoles of the solvent:
polarisability of the solvent to give induced molecular dipoles:

possibility of dielectric saturation.

e No electrostriction is allowed.

e The most important feature of the Debye-Hiickel model is that each ionistakentohave an
ionic atmosphere associated with it. This is made up from all the other ions in the
electrolyte solution. Because the solution is overall electrically neutral, the charge on
the central ion is balanced by the charge on the ionic atmosphere. Although the ions of the
ionic atmosphere are discrete charges. the ionic atmosphere is treated as though it were
a smeared-out cloud of charge whose charge density varies continuously throughout the
solution.

Mean field
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Debye-Hiickel Model

In all aspects of the Debye-Hiickel theory the electrolyte is considered to be made up of:
a chosen central reference ion, called the j-ion:

with all the other ions (cations and anions) which are present making up the ionic
atmosphere.

The ions of the ionic atmosphere are distributed around the central j-ion. Because of the
electrostatic interactions which result from the charges on the ions of the electrolyte,
the distribution of the ions in the ionic atmosphere is not random. If it were random,
the chance of finding an ion of opposite charge to the central j-ion in a given region would be
equal to the chance of finding an ion of the same charge. In the ionic atmosphere, however,
the chance of finding an ion of opposite charge to the central ion in any given region is
greater than the chance of finding an ion of the same charge. This is because the central ion
will attract ions of opposite charge and repel ions of like charge, again a consequence of
electrostatic interactions.

An alternative way of looking at this distribution states that the chance of finding an
ion of opposite charge around the central j-ion in any given region is greater than the

random value, and the chance of finding an ion of the same charge is less than the random

value, see Section 10.19.

The distribution of the ionic atmosphere about the central j-ion lies somewhere in between

that of the regular arrangement of a lattice of ions and the random arrangement in a gas at very

low pressures, i.e. an ideal gas.

Statistical mechanics is a theory which discusses probabilities and distributions and so is
relevant to a discussion of situations like that of the ionic atmosphere, and the Maxwell-
Boltzmann distribution will feature heavily in the theoretical development.

Coulomb’s Law

Work to place an ion in
a solution of other ions
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Debye-Hiickel Model

where A =

GE —4.‘( ‘f Ba
" In(1+ B B LL
; IOOO(Ba)3Y[ n(1+BaJD)—BaJl + I]

.,\f;]( 3 )3.@(2000,93)""2 1.8249E6(p,)' 2

&,6,RT 2303 T (o1

ry  8m
and 4, = 0.510(kg/mol)’ '2 for water at 25°C

ionic strength / = O‘SZ”’F?

ions
where e = 1.60218E-19 C, &, = 8.85419E-12 C2NTm? is the permittivity of vacuum, &, is the
dielectric constant or relative permittivity of the solvent, R is the gas constant in J/mol-K, 7 is the

temperature in K, p, is the density of the solvent in gleny, z; is the valence of the Coulombic charge

on each ion type, and / is the ionic strength which characterizes the overall charges in the charge

of temperature are provided in Appendix E. The parameter a represents the average distance of
closest approach, which is larger than the ion size due to water hydration which is always present.

The term 1/(BI”) is an approximate distance known as the screening, shielding, or Debye length. It
represents the screening of the coulombic potential due to the presence of other ions. A common

assumption is Ba = 1 (kg/mol)”, though in biological systems, Ba = 1.6 (kg/mol)”-.

2241

log, 07" = —Bmuptol 0.1 m

18.102

18.103

18.104

18.105

18.106
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Activity Coefficient of Water

2AM. .
lo = LMy paf-—L  _2in(1+BadD 18.107
2107 IOOO(Ba)3{ 1 +Bal

Can be determined by measuring the osmotic pressure

M, Z m;

RT electrolytes
N = —

109
72 1000 o 18.10

b = —1000 Ina 18.108

s
Mw. s Z mi

electrolytes
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Chlorination of Water

_ 4+Ac1-94c10

Chap+H0 2 H*+CI+HCIO,, K, = L) 18.127

< -
901y, TH,0
Ay ey
HCIO,, 2 H'+Cl0q, K, = a“—C'O 18.128
HCIO,,,,
dy+vdau-
H,0 2 H*+OH- K, = 20 18.129
94,0
a N
H,O
(LI 18.130

18.131

yer,?



Example 18.13. Chlorine + water electrolyte solutions

Determine the concentration and species present when chlorine is in equilibrium with water at
298.15 K and 0.8 atm. Develop an approximate solution and then use extended Debye-Hiickel with
Ba =1 (kg/mol)"2. Thermodynamic properties from the OBIGT documented in footnote 13 of this
chapter are tabulated in Table 18.4.

Table 18.4. Thermochemical Data for the Species

Species AG”/(kJ/mol) AH’(kJ/mol)
H,0,, ~237.21 ~285.83
H,0,,, ~228.61 ~241.84
H* 0 0
OH™ -157.30 -230.02
Clajay 6.95 ~23.39
i 0 0
HCIO,,, ~79.91 ~120.92
CI- -131.29 -167.08
ClO™ -36.82 -107.11
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We first work the problem assuming ideal solutions. This provides an approximate answer. Then
we may use the activity coefficients to refine the answer. Using the Gibbs energies of formation, the

equilibrium constants are: pK,,; = 3.339, pK,,, = 7.549, and Ky, = 0.0606, where K is Henry’s
constant for Cl,.

Since chlorine forms the strong acid HCI and the weak hypochlorous acid when dissolving in pure
water, we expect pH < 7. Note that the weak hypochlorous acid should be almost totally protonated
below pH = pK —~ 1 = 6.5. Since a strong acid HCI is being formed, this seems very likely. Let us

proceed with that assumption. This enables us to disregard the dissociation of Eqn, 18.128 as a first
approximation.

The three reaction equilibria are summarized in Eqns, 18.127-18.129. The charge balance is
[H'] = [CI"] +[CIO"] +[OH"] = [CI"] +... 18.132
where [ClO] is ignored because the dissociation of hypochlorous is small when the pH is small
and [OH ] is ignored when pH is small. Thus, the equilibria of Eqn. 18.127 can be approximated as
KarlClyagylan,o KailClyuy)
[HCIO )] = ———— ~ = 18.133
[HTJ([H"]-...) [H7]

a aw a n
g . £ ol P e G A U
Ch@p+H0 Z H'+CI"+HCIOy, K, = - 18.127
e a
Cly(ug) H O
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Approximate Solution:

The partial pressure for water can be estimated by first assuming that the water is almost pure. This
approximation can be refined later if we find significant concentrations of chlorine species. We also

: ; oo ; ; by AP = Pt
use molar concentrations to approximate molalities. Using Raoult’s law for water, *H,0 H,0,

; o DRl =
From the steam tables, V120" = PH0 = 00317 o — 00313 atm, and v, 0 = 0.0313/0.8 = 0.039.
Theny., P=0.8-0.0313 = 0.7687 atm, y, = 1 —0.039 = 0.961. Using Henry’s law coefficient
(Kp) for Cl, at 298.15 K, the concentration of Cly,, is (independent of pH):

[Clyag)] = Kywe,P) = (0.0606)(0.7687) = 0.0484 mol/L 18.134
The concentration [HOCl )] = 10333%(0.0484)/[H"]? (Eqn. 18.133) at small values of pH is
plotted in a Sillén diagram. The weak acid dissociation of hypochlorous acid [OCI ] is to be
calculated from Eqn. 18.31 using the concentration of [HOCI] as a function of pH. As expected, the
dissociation is small at low pH.
— ]=Ka|[c'2(aq)]"u:0=K“,IC13(“,,] S
(A7) = K, 4Co/([H]+ K, 4) | useful for conjugate base 1831 pH MA@l Tarqmry =y = e ’

Double [H']

makes it about

0.3 higher

0 1.2 3 485 6 7 8 9 10111213 14

- —— [HCIO)]

| co7]

log[C(mol/L)]

I
I
|
|
|
I
|
|
|
|
I
|
|
|
I

Figure 18.14. Determination of equilibria for the chlorine system.
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The weak acid curve in Fig. 18.14 is much different from curves in previous examples because, in
this case, the overall concentration of weak acid is changing rapidly with pH. Now consider the
material balance associated with Eqns. 18.127 and 18.128. Since Egn. 18.128 does not occur to a
significant extent, to a good approximation by the stoichiometry of Egn, 18.127 [H"] = [Cl] =
[HOCI]. This occurs at the intersection shown by the dotted lines. The approximate solution is pH =
1.55, [H'] = [CI"] = [HOCI] = 1053 = 0.0282 mol/L. Note on the diagram that [OCl-] = 1075 =
3.2E-8. Now, we can use these as initial guesses ina more rigorous answer.

_ Ay+4c1-9ucio,,

Clygq) + H20 < H'+CI + HCIO,, K, 18.127
aol.. _9u.0
4 B T ; ay+9cio
HCIO,,) & H'+Cl07,,) K= ——— 18.128
4HCI0,)
. : N [HCI0, g1 = i 210 _ Ko1[Gy) 18.133
[A7] = K, 4C4/(IH"]+ K, ) | useful for conjugate base 18.31 pH @y [HN(HY)-...) [H*)?
001234567891011121314
A4l O\ = [HCI0]

| co7]

Double [H']
makes it about
0.3 higher

]

log[C(mol/L)]
o

'
~

I
I
|
|
|
I
|
|
|
|
I
|
|
|
I

8! E
Figure 18.14. Determination of equilibria for the chlorine system.
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Calculation with Activity Coefficients:

Thermodynamic properties for the components are tabulated below and in the spreadsheet:
CL2H20.xlsx. Note that the data tabulated below include values for Cl, and H,O in both the vapor

and aqueous phases. The Gibbs energies are used to calculate the VLE distribution coefficients as a
“reaction.”

To solve the nine equations (five equilibria, three atom balances, and one charge
balance) simultancously, we must identify nine unknowns. The nine unknowns selected here

are the species listed in Table 18.4: the liquid moles of H,0, Cl,, HCIO, H', CI, C1O",
and OH", and the vapor moles of H,Oy,, and Cl,,. The basis is 1 liter of liquid water
(n'yy 0= 55.51 moles) and n'¢; = 0.9 moles initially.

The detailed calculation are handled as a reactive flash. Three atom balances must be

satisfied-H, O, Cl, along with the charge balance. The atom balances and charge balance
are shown in Table 18.5 for the basis of | liter of liquid water and 0.9 moles of Cl,. The

compositions for iteration are summarized in Table 18.6.

Clluu/) * “20 :

Table 18.4. Thermochemical Data for the Species

Species AG”(kJ/mol) AH’/(kJ/mol)
H,0,, 23721 —285.83
H,0,,, —228.61 —241.84
H* 0 0
OH™ -157.30 =230.02
Oligeg 6.95 2339
i 0 0
HCIO,, ~79.91 -12092
or -131.29 -167.08
Clo™ -36.82 =107.11

H*+CI"+HCIO,, K

al
ag

D(ag)

_ 9+9c1-9ucio,,,

94,0

18.127

18.128

18.129

18.130

18.131

1.5828132

Table 18.6. Electrolyte Component Mole Numbers and Activities at the Converged HCOg,) & H'+Cl07q,) K, = %
Composition ot
Liquid Vapor H,0 2 H'+OH K, = -':l,—|‘(’)i
Species Moles Molality f‘ Species Moles ¥y '
H,0 55.44564 1.000060649 [H,O 0.03322 3.88E-02 H,0,, 2 H,0, K = “::'(:; = P_"m
Clauy 4.65E-02 0.046591564 1 cl, 0.82233 9.61E-01 R R
HCIO 3.11E-02 0.031168318 1 sum 0.85555 1.00 Clay 2 Clagy Ky = 5
H* 3.11E-02 0.031168399 0.838440619 "o
OH™ 4.55E-13 4.55732E-13  0.838440619 |yc;pP = 0.77
ClO™ 4.01E-08 4.01834E-08 0.838440619
CI- 3.11E-02 0.031168359 0.838440619 water mole fraction and a'c"‘j'v'i't';"""""’ N
tot moles 55.5856 XW 0.997482544 pH
Intermediate Calculations 1=0.03117 aw 0.99754304
Xip0 = 0.99748 pH = ~log,((0.0312)(0.838))
o =09975 =158
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Mean (Geometric Mean) Ionic Activity Coefficients

[

Mean Molality: m_=(m’m")"" 18.138
. . . . [ > s /v
Mean lonic Activity Coefficient: ‘ A 10 Ab e 18.139
Stoichiometric Number vE(v,+v)
AJlz.z ﬂ
logo% = - 18.141

1 +Badl
- 11
s
:
3o
2
Z 0.
2
5o
§ i -- Extended DH,B8a = 16
s 04
2 o 2 4 5

Molality

Figure 18.15. Mean ionic activity coefficient for NaCl, KCl and those predicted by the
extended Debye-Hiickel (DH) model at 298K. Dashed line is the extended Debye-Hiickel, Solid
lines are the unsymmetric eNRTL using default parameters in ASPEN Plus ver. 7.1.
Experimental activity coefficients are from Hamer, W.J.; Wy, Y.-C., 1972. J. Phys. Chem. Ref.
Data, 1:1047.
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