Advanced Soil Chemistry/Master
SEeanlaf 2280 A S oloas

Soil solution- Solid Phase Equilibria

lal) ) ghll— 4 11 Jglaa G G353

Lecture 5  4waldl) 5 jualaal)
Prof.Dr.Hayfaa J.Hussein (s anla sli 3|
e )31 Ads/Agitall 30 gall g 4y 3N o gle anid
b_pasl) daala
Department of Soil Science and Water Resources
College of Agriculture

University of Basrah

University of Basrah-College of Agriculture-Department of Soil Science and Water Resources Page(1)



Definition of Soil Solution
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soil solution is the water content of soil, which is a

solution containing various gases, organic matter,
and minerals. It contains oxygen, nitrogen, carbon
dioxide, ammonia, numerous mineral substances
such as salts of calcium, sodium, potassium, and
magnesium, and dissolved organic matter that may

contain sugars, humic acids, and amino acids.



Soil Solution Definition

The soil solution consists of all the liquid water in the soil and materials
dissolved in it, other than that in the immediate proximity of solid surfaces.
Just what ((immediate proximity)is difficult to define , but corresponding to the

water containing the electric double layer and colloid surface.
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Fig. |. Schematic diagram of the key interactive processes in the soil system (modified from
Kabata-Pendias 2001).



Soil Solution Composition
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lon Pair Formation
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lon Pair Formation
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Coulombic ion pair
Na*Cl~
Localized hydrolysis

(water separated ion pair)
Li* -+ OH, - - "OOCCH,

Water structure-enforced ion pair
(C,Hg),NT 17
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1z CH. 2 METHODS OF HANDLING CHEMICAL EQUILIBRIA

Many chemical reactions are more complex than the example given above

>
vet their equilibrium constants are defined in the same manner. Consider
the reaction

a4 + bB

cC 4+ dD (2.6
The equilibrium constant is expressed as.
c - P
‘ B =4« p" -7

where the reactants and products are repeated as many times as they appear

in the reaction. Thisis done by raising each term in the equilibrium expression
to the power of its coefficient in the reaction.

2.2 CONCENTRATION VERSUS ACTIVITY CONSTANTS

So fa.r equilibrium constants have been defined only in gemneral terms.
Actually there are different kinds of equilibrium constants depending upon
the units in which reactants and products are expressed. If they are expressed
as activities.. they define activity constanis. If they are expressed as con-
centrations, they define concentration constants- Each has adwvantages and
disadvantages. -
Eguilibrium constants expressed in terms of activities have a spec1ai
significance because they can be calculated from thermodynamic data as
will be shown shortly. They are true constants that hold for solutions of all
"ionic strengths. These constants, however, have the disadvantage that many
reactants and products consist of specific ionic or molecular species whose
activities are difficult or impossible to measure. For this reason, concentration
constants are often used. Concentration constants have the disadvantage
that they change with ionic strength and must cither be used in systems of
the same. ionic strength in which they were determined, or ionic strength
corrections must be applied.

In this book activities are designated by round brackets ( ) and con-

centrations by sgquare brackets [ q whenever it is necessary to distinguish
between the two parameters.

2.3 FONIC STREMNGTEL

Tonic strength is defined as

i< 2.8)
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DEBYE-HUCKEL EQUATIONS

13
where 4 is the ionic strength, ¢; is the concentration in moles liter~ * of ion i,

Z,is the valency of that ion, and X indicates that the product of each ion and
its valency squared is summed for all ions in solution.

EXAMPLE CAY CULATIONS

What is the ionic strength of a 0.01 AJ T™NaC1 solution? From Eg. 2.8

g = L[0.01 =< 12 + 0.01 = (—1>=]
pn — 0.01

What is the ionic strength of a 0.01 A CaCl, solution?

pm = 2001 =< 22 4+ 0.02 =% (—1>*]
0 = 0.03

2.4 ACTIVITY COEFFICIENTS

Only in infinitely dilute scoiutions are activities and concentrations egqual.

The ratio of the activity of an ion, a;., 1o its concentration, ;. is called the
activity cocfficient, p;: :

s .
Y — — 2.9)
i
Knowing y;, we are able to convert from _concentrationé to activities, and
vice wversa. At infinitely dilute solution a; = ¢;, and y; = 1. Generally as

iomnic strength increases, ions of opposite charge interact in such a way that

their “effective ™ concentration or activity decreases.

2.5 DEBYE HITCKEL EQUATIONS

The Debye Hiickel theory of estimating activity coefficients is based on
laws of electrostatics and thermodynamics. In essence, it assumes that ions
behave like point charges in a-continuous medium with a dielectric constant

equal to that of the solvent. The resulting equation for calculating activity
coefficients of simple ions in agueous solutions is

log vi = —AZZp 2 (2.10)

where .4 — 0.509 for water at 25°C. Comparisons of calculated aciivity
coecfficients using Eq.

2.10 with experimentally measured wvalues show’ a-



14 CEi. 2. METHODS OF HANDLING CHEMICAL EQUILIBRIA
close correspondence up to ionic strengths of aboutr 0.001 Af. At higher
concentrations the calculated activity coefficient
those measured experimentally.

By extending the Debye—Hiicke

1 theory to account for the effecf.ive; size
of hydrated ions, a Tmore precise equa

tion is obtained, that is,

s are generally smaller than

YL
1 v, = — AFZ? 2.11
og P: i, - 1 4 -l?diﬂlfz ( )
where B — 0.328 =< 108 for water at 25

C and d; is the effective distance of
closest approach measured in centimeters and corresponds roughly to the
effective size of the hydrated ion. values of 4, for several selected ions as
calculated by Kielland (1937) are reported

coefficients at various ionic streng

in Table 2.1. The values of activity
in Table 2.2. The constants -~ an

ths calculated from Eq. 2.11 are tabulated
d B in this egquation are temperature de-
pendent, but the d; values do not change appreciably with temperature.

In general the extended IDebye—Hiickel eguation holds fairiy well in
solutions of icenic strengih up to 0.2 M. At higher concentrations ionic
interactions are difficult to pre

dict and many activity coetflicients become
larger than unity due to the repu

1sion of ions. Butler (1964) has sumimarized
the findings of several workers on t

he use of various empirical modifications
of the Debye—IHiickel eguation to g
activity coefficient

ive the best-fit method of calculating
s. For estimating unknown activity coeflicients, Guntelberg
supggested a value of 3 X 10— % be used for d; so that Bd; in Eq. 2.1 1 is unityvy,
giving

iz _
log v —AZT T (2.12)
This equation gives values

of v; that are too small for many electrolytes.
Guggenheim suggested that

a linear term bu be included in Eqg. 2. 12 and that
the & factor be determined by best fit of the dat

a. After examining the values
of b for a number of 1:1 and 1:2 clectrolytes,
following egquation: )

Davies (1962) proposed the

#1;2
log v: = *AZE(-Jl Y 0.3;1)

is often used in preference to the extended Debye—
Hiickel eguation becausc the sing

le variable is more adapted to simplify
calculations. In Table 2.3 are summmarized

the v:and log vy, values for several
jons of different valence using Eq. 2. 13, -
At ionic_strengths much abowv

The latter eguation

e 0.1 Af, a mors accurate representation of

(2.13)

;,‘r—”‘"
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TABLE 2.1 VALUES FOR THE PARAMETER 4; USED IN THE EXTENDED
DEBYE - HUCKEL EQUATION

1054,

. Imorganic Tons: Charge 1

H+

Li™*

Na™, CdCi1Y, C1O5, 1O;5;, HCO;, HPO,. HSO;, H_AsSO; -
OH . F7, NCO ™. HS, ClO;3, ClO; BrO; . IO, MnOL, NCS—

K ' Cl™.Br I ,CN ", NO5, NO;

Rb*,  Cs™*, WNWH;S, T1", Ag™ ’ =

VWb 0 e
»
h

T
Il

Inorganic Ions: Charge 2

Mg2+ Re?2+
Ca?, Cu*, Zn?", Sn?*, Mn2 ', Fe2+, Ni2*, (Co2+
Sr?7,. Ba”", Ra2", Cd?*, Hg?", S22, S,0O2—, WO2 —
Pb**, COZ, SO3 ., MoO3Z , Co(INHICIZ+, Fe(CMN);INO2 —
' Hgz".S0O31 . 8,037, S0, SeO? ,CrO2 , S,02—, HPOI

Apuo
-t

Inorganic Tons: Charge 3
AlPY Fe?* ', Cr2t, Se®*, Y3+, La®", In®", Ce3+, Pr3*", Nd>*_, Sm>+
PO3 ., Fe(CMN)Z ~, Cr(INH)Z*, Co(INH)Z Y, Co(INH.). -, O3+

A0

Imnorganic Ions: Charge <4

Th4Y, Zr* v Cet+, Sn+t+
Co(S, O WCINE—
Fe(CMN)2 —

Hw
Wy m

Inorganic Ions: Charge 5

0

Co(SO3),(CIN)E —
Organic Ilons: Chargse 1

(CcH ) CHCOO —, (CaHS), N
[OCH(INO)3] . (CaHS5)INH Y, CH,OCHL COO -
CcH,COO . C.H,OHCOO , C,H ClCOO —, C,HCH OO,
CH.,—CHCH,COO , (CH,),CHCH ,COO —, (CoH. ). N *, (Ca ), NELT
CHCI,COO —, CCIL,COO , (C,H ), NH™, (CLHONIIF _
CH,COO , CH,CICOO ™, (CHL), N, (Co,H L, INHY, NH,L,CH,COO—
- NHZ CH_COOH, (CHL), INH*, C,H NI,

HCOO —, H,-citrate—, CH,INHZ . (CH ), NI+

- (Cortirtceed)

WAAU QN
W

b

15
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16 CH. 2 METHODS OF HANDLING CHEMICAL EFEQUILIBRIA

TABILE 2.1 (Corntirttued)
10%;
Organic Jons: Charge 2
7 OOC(CH ) COO> OOC(CHL)sCOO2, Congo red anion? —
o C,H, (COOZ , Hy C(CH,COO):s . (CH,,CH ,COO)5
s H_ C(COO)3 . (CH_COO)2  , (CHOHCOO):
4.5 (COOD2, FH-citrate?® —

Organic Tons: Charge 3

5 Citrate®—

Source: Kielland (1937).

experimental data can be obtained if an equation with several adjustable
parameters is used:

- 12
log y; = —.AZ7 %‘yz—la + b + cp® + dp® + - - (2.14)

The coeflicients, b, ¢, d. - . - , Must be determined experirﬁentally to provide
the best fit approximation of activity coecfficients for the system in which they
are used. B — -

26 ACTIVITY COEFFICIENTS FRONM ELECTRICAL.
CONDUCTIVITIES

A convenient and direct method of estimating the ionic strength of a solution
is to measure its electrical conductivity. Griffin and Jurinak (1973) examined

27 soil extracts and 124 river waters and obtained the following relationship:

e = 0.013 EC

r = 0996

where pu is the ionic stremngth based on concentrat
liter~ ' and EC

2.15)

jions expressed in mole
is electrical conductivity expressed in millimhos cm

at 25°C. An r of 0.996 indicates a very high correlation coefficient between
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TABLE 22 SINGLYE TON ACTIVITY COEFFICIENTS CALCULATED
FROM THE EXTENDED DEBYE-_HUCKFEL EQ., 2.11 FOR 25°C

Tonic Strength (f)

X

%
o
8
-

0.0025 0.005 0.01 0.025 0.03 0.05 0.1

Tonic Charge 1

S 0.967 0.950 0.934 0914 0.881 O.874 0.854 0.826
B8 0.966 Q.950 0933 0911 0877 0870 0.848 0817
7 0966 0.949 0931 0909 0873 0865 0.841 0.807
o 0966 0948 0.930 Q.907 0868 0.860 0.834 D.796
5 0.965 0947 0928 0.904 0863 0O.554 0826 0. 783
“ 0.965 0946 0.927 0.902 0O.858 O848 0817 Q. 770
3 0.965 0.946 0925 0.899 08552 0.841 0.807 0.754
Tonic Charge 2 .
8 0.872 O.813 0. 756 0690 0.592 Q572 0.517 0445
7 0871 0.810 Q. 752 0683 O.581 0.559 0.500 0.424
L& 0.870 0.808 0.748 0.676 0.568 0.546 0483 0401
5 0.869 0.805 T 0743 0668 0.555 0531 0464 0377
4 0.867 0.803 0.738 0.661 0.541 0516 0.445 a.351
] Tonic Charge 3
o 0737 0.632 0.540 O.443 0.321 0.299 Q.242 0.178
o 0.731 0619 0.520 0414 0.280 0.256 o194 0.128
5 0.728 0614 0.513 0.404 02606 0.241 O.178 0111
4 0. 726 Q.6l10 0.505 0.394 0.251 0226 0161 0.095
ITonic Charge 4
11 0.587 0452 0.348 0.252 0.151 0.135 0.093 0.063
(&) 0.572 0.426 0312 0.209 0.104 0.089 0.054 0026
5 0569 0.420 0.305 - 0. 200 0095 0.080 o047 0.020

* Effective ionic parameter of ion ().

the u calculated by Eqg. 2.15 and that based on Eq. 2.8. This empirical rela-
tionship is particularly useful when the complete composition of a soil
solution is unknown or where ion pair formation and other factors preclude
measuring the many different ionic species in scolution. Eguation 2.15
compares favorably with that of Ponnamperuma et al. (19606) (y: — 0.016 EC)
even though ion pair formation was not included by The Iatter workers.,




Actwity coefficients for agqueous solutions at 25°C
e e

Lasin .
. logvic strcmeth (., M
Tuun loe, pmk LIS | A= ik = .l
Cliarge = =1 Aetivity coefiicient ()
H* SHID 0567 0933 0914 .86 083
(CeH L CHICOD , (T H N B 0966 4931 0912 0LE5 a2
(O N CoHO0™, (CoH WNH™, CHOCHLO0: T 0965 0910 099 0845 0B8]
Li*, CyH:C05 . HOC H O05 , CIC H OO, CoHCHAO0s,
CH,==CHCH,C0; , (CH, 1 2CHCHLO0Z , {CHLCH LN Y, (C Ha ) NHT 540 [URY, S 4 (IR LF) OLE35 O R
ClxCHOOS , ClyOC0s, (CHaCH::NH™Y, (Call )NHT 500 0, Ehaed LI i (IR 053 T
Na™, CdC1™, ClOg, 105, HODS , HPOL, H305, HaAsDS
Col WH 3 (N0, CHyOO0T, CICHLCOT, (CHyLN™,
(CHLyCH; L MHF, HoNCH, OO 450 094 0928 0902 082 0775
*H,MNCHCO,H, (CH,3),MNH Y, CHCH. MHT T ] 0,564 02T [TEH]| 0815 077
OH-, F, SCHN—, OCN—, HS—, CIGy, CI07, BrOg, 10y, Mooy,
HCO5, Hacitraie ™, CHyMHS , {CH; LMHZ 50 0.5 0926 OGN sl 076
K CIm.Br 17, CN™, NOS, NOy 300 0.t 0925 [ 0,505 . TS5
Rh*, Cs* NHT. TI*, Ag* 250 0961 09 nLR0% LR 075
Charge = =2 Activity cocfiictent ()
Mg®*, Be®t 800 0872 0755 069 0.52 045
CHLCH, CHLCO0; bo. (CH, CHL.CHAD0 ), T 0872 0755 OLERS 050 0425
Co?*, Cut*, Zntt, S0, M, Fe® ', NIt Cot, O HL 0000 by,
HaClCH, 05 b, (CHCHL D05 ), G0 0870 07449 0675 0485 0405
ST, Batt, Catt, Hg®™r, 577, 52007, WO T, HATO0S 15, (CHLCOT .
(CHOHOOS b S0 0,868 0744 &7 0465 038
Pt CO%™, S0, Mo}, ColNH;1.CP Y, Fe(CHIL.NO*~, C,03~,
Heitrate® ™ 450 0.367 0742 L6465 0455 037
He3™, 5057, 52007, 5,007, 5,007, Se07™, Crig ™, HPOG™ T 0567 0740 OesD D445 (LI5S
Charpe = =% Acrivity cocfficrent ()
AT R, O, 8L YT, In? Y, lanthanides™ ) 0,738 154 0445 0.245  OL1E
citrnte?™ S0 0,728 .51 405 RES 0115
PO, Fel CH 2™, ColMH; 1, Col NHL R, Col NH, bHO00* 400 0.725 0505 0395 06 0005
Charge = x4 Aetivity coefficreni ()
T™h**, Ze**, Ce**, Sn'* 1 10 0584 445 0255 oo OS5
FeiCHNRE™ SO 057 31 020 LIENEEE (AR R |

. Lenifemides are chesmenis -1 dr fhe periodtic dable
EOUECE L Kol £ A O, Soce JRPIT, 5P 7635

£ 2011 W H. Freeman and Company




CH. 2 METHODS OF HANDLING CHEMICAL EQUILIBRIA

TABLE 23 THE ACTIVITY COEFFICIENTS (y) FFOR TONS
OF DIFFERENT VALENCY AND IONIC STRENGTH
CALCULATED FROM THE DAVIES® EQ. 2.13

Ionic Valency, Z;
Strength
(1) 1 2 3 4 5
Yi
0.001 0.965 0.867 0.726 0.566 0.411
0.002 0952 0.820 0.641 0.453 0.290
0.005 0.927 0.739 0.506 0.298 0.151
0.010 0.902 0.662 0.396 0.192 0.076
0.025 0.860 0.546 0.256 0.089 0.023
0.030 0.850 0.522 0.232 0.074 0.017
0.050 0.822 0.455 0.170 0.043 0.007
Q.100 0.782 0.373 0.109 0.019 0.002
log ¥

0.001] —0.015 —0.062 —0.139 —0.247 —0.386
0.002 —0.021 —0.086 —0.193 —0.344 —0.537
0.005 —0.033 —0.131 —0.296 —0.526 —0.821
0.010 —0.045 —0.179 —0.403 —0.716 —1.119
0.025 —0.066 —0.263 —0.591 —1.051 —1.642
0.030 —0.071 — (0.282 —0.635 —1.129 — 1.764
0.050 —Q.085 —0.342 —0.768 —1.366 —2.135

0.100 —0.107 —0.428 —0.963 —1.712 —2.675




Example 8.1

Problem

Calculate the ionic strength of a 0.060 M solution of KCI.

Solution

First, determine what ions are present in solution: K, CI, H,O", OH

Only those ions present in the higher concentrations ([K'] = [CI] = 0.060 M vs.
[H,0] ~ [OH] ~ 107 M ) need to be considered when calculating the ionic strength

M= %[{0-050 M)(+1)* + (0.060 M)(-1)] = 0.060 M

Notice that the ionic strength is the same as the molarity of the (KCI) electrolyte.
This is a general rule; whenever the electrolyte involves only ions with +1 and -1
charges the ionic strength is the same as the electrolyte concentration. This will not
be the case when the electrolyte ions have larger charges.
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Figure 8.3 Linear interpolation to obtain activity coefficients



Ionic Strength Effects

Spheres Surrounding Ions

Low lonic Strength

\’\/O

W
3 o+
\

lon — dipole interaction

High lonic Strength

Stronger ion — ion H
interaction replaces
ion - dipole






Activity and Activity Coefficients

Activity of an ion, a, = C.f

C. = concentration of the ion

f; =activity coefficient (@ C,<10*M)=1
lonic Strength, p = 14XC.Z2

Z; = charge on each individual ion.



Activity and Activity Coefficients

» Calculation of Activity Coefficients
* Debye-Huckel Equation:

e -log f,=0.51Z2()" / (1+0.330; (1)*)

"] o; = ion size parameter in angstrom (A)
« 1 A =100 picometers (pm, 1010 meters)
» Limitations: singly charged ions =3 A
-log f,= 0.51Z2(n)" / (1+(w)")



Activity and Activity Coefficients

» Calculation of Activity Coefficients
* Debye-Huckel Equation:

e -log f,=0.51Z2()" / (1+0.330; (1)*)

"] o; = ion size parameter in angstrom (A)
« 1 A =100 picometers (pm, 1010 meters)
» Limitations: singly charged ions =3 A
-log f,= 0.51Z2(n)" / (1+(w)")



Chemical Equilibria Electrolyte Effects

 Diverse ion (Inert) electrolyte effect

— For u < 0.1 M, electrolyte effect depends on u only,
NOT on the type of electrolyte

e Solute activities:

® dx = activity of solute X

® dx= [X]fx

« f, = activity coefficient for X

c Asu=20,f,2>1 d«2> [X]



Chemical Equilibria Electrolyte Effects

Calculation of Activity Coefficients

Debye-Huckel Equation:
-log £, = 0.51Z2(n)"% / (1+0.33 0L (1)*)

Where o, = effective diameter of hydrated
ion, X (in angstrom units, 108cm), A

lon H,O* |Li* F- Ca* |AP* |Sn*
a,A |9 6 3.5 6 9 11
f,@ |86 |84 |81 |48 |24 |1

0.05 M




Any question

| am ready



