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Introduction

The species distribution or “speciation” for an element or compound depends on
the nature of the chemical and also on the particular environmental conditions
in which it is found.

It is often possible to calculate or predict the forms that will be present,
assuming one has available the appropriate analytical data and the required
thermodynamic constants.

For rigorous calculations, activities rather than concentrations should be used,
but this requires knowledge of the total ionic composition of the solution
(simplifying assumption that activity and concentration are equal may cause
errors).

In many situations, the errors generated by neglecting activity coefficients are
smaller than those arising from uncertainties in the analytical data available for
multicomponent environmental materials.




Introduction

Two calculation situations are encountered:

v'Detailed individual calculations related to specific sets of conditions. For
example, a calculation how to show what fraction of an acidic species is in
protonated and what fraction is in deprotonated form at a given solution pH.

v'Diagrams that show how species distributions can vary as conditions change. In
the process of constructing such diagrams, methods for calculation individual
situations become clear. There are many kinds of distribution diagrams. We will
look into the construction of several types and we will examine how to interpret
these and others.

Simple Variable Diagrams - Phosphate

A single variable diagram is a plot of some measure of species concentration (y-
axis) versus a particular variable like pH, redox status, or concentration of an
important complexing ligand (x-axis).

A well known case, useful for describing the chemistry of species that exhibit
acid-base behavior, is a plot of a (alpha), the fractional concentration, of
individual species against pH.

A good example of this application is the phosphate system. Phosphorus exists in
water almost exclusively as P(V) species, particularly in forms of orthophosphate.
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The fraction o350, Of undissociated H,PO, in a solution containing phosphate
species is

[H;PO,| _ [HaPOy]
[H,PO,] + [H,PO;] + [HPO; |+ PO} G

Qppo, =

where C,, = the total concentration of all four orthophosphate species.
For the other phosphate species, similar fractions are given by

_ [H,PO;]
O,PO; Cp
_ [HPOY]
Olgpo; = Cp
_[PO7]
Qpoi = Cp
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The three dissociation constants expressions can be arranged to give the
concentration of each individual species in terms of [H;PO,] and [H,0"].

Ky X [HsPO,

H,PO,] =
[ 2 4] [H30+]
[HPOZ | = Ky X Ky X [H3POy]
: [H,0°
PO3] = Kt X Kg X Koz X [HsPO
3 =

[H;O"P?

C, = [HsPO,] + [H,PO;] + [HPOIT] + [POL]

K s %K K ¥ K%
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[H,PO,| _ [H:PO,] (10.3)
[H,PO,] + [H,PO;] + [HPOI |+ [POT) Gy

Qpro, =

From eqn 10.3

- [FL:P0.] (10.11)
HPO, =
K K. >k K X K;» XK
1 al + al a2 + al a2 a3)
[HJ’O,,]( + [H30+] [H30+]2 [H30+}3

We then multiply the top and bottom of the right-hand side of the equation by [H,0]?
[H07T

- (10.12)

S0 T 07T + [HyO° TP x Ky + [Hg0'] X Ky X Ky + Ky X K % Koo

Using similar calculations, we find that

_ [0 X K (10.13)

CHEE T TH,07T + [0 X Kar + [H:0'] X Ky X Kig + Ky X Ky X Kis
_ [HiO™] > Ky % K (10.14)

ST T .0 T + [HaO T % Kyy + [Ha0'] X Koy X Ko + Ky X Ko X Ko
Kap % Kyp X Ky (10.15)

Qpg}-

"B T+ [HOT X Koy + [Hi0 ] X Ky X Ko + Ky X Ko X Ko
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Note that each of equations 10.12-10.15 can be used to calculate the fraction of
an individual species in the phosphate system at a given pH. When the a values
are plotted over a range of pH values, we have a distribution diagram.
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Fig. 10.1 Distribution of phosphorus species expressed as the fraction, e, as a function of aqueous
solution pH.
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strength.

coefficient of about 0.95 for a singly charged ion.

Incorporating the activity coefficient into the
calculation would make only a small difference
and the correction would be even smaller for the
lake water.

While assuming zero ionic strength in this
situation leads to a small error, the error could
be much larger for medium like sea water that
contains a high ionic concentration.

In what was mentioned previously, no account was taken of the solution ionic

Soil solution typically have an ionic strength of 0.002, which leads to an activity

hogrom of seawaber

Oher companents rality) M4 g

Chemical Composition of Sea Water

Simple Variable Diagrams - Phosphate

Apparent acid dissociation constants have been calculated for phosphoric acid in
sea water:
K,, = 2.4 < 10~2 pK,, = 1.62
K,, = 8.8 < 10 7 pK,, = 6.06
K,; = 1.4 X 10—° pK,; = 8.85
o o o ‘O
. | . A -H I
HO—P—0H HQ—T—Q:' HQ—T—D' ':O—T—o'
+ + +
:OH il :QH 2Ll He e (o3}
HPO, pK,=2148 HPO, pK,=7198 HPOI pK,=1235 PO}
phosphorie acid dihyd phospk hyd phospk phosphate (tribasic)
& P——— et
(\% Table 10.1 Acid dissociation constants for phosphoric acid.
Q'
& K, PK,
& Firstdissociation 711073 2.15
\° VSeccr)rjd”dissociation 6.3 < 108 7.20
/\9&0 Third dissociation 42 x10-13 T 1238
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A second version of a single variable distribution diagram is a plot of the
fractional concentration of a particular species versus a chosen variable, usually
the concentration of an important ligand.

As an example, we will consider the distribution of aqueous cadmium chloro
complexes as a function of chloride ion concentration.

in the absence of chloride or any other complexing ligand, cadmium exists in
aqueous solution as an aquo complex, perhaps Cd(H,0),2*.
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Chloride ion forms complexes with cadmium in a stepwise fashion, with the
displacement of one water molecule each time a chloride is added.

cdcl”
Cd** +Cl"=cCdCl® Ky = [—Zi_ =79x 10"
[Cd™ial]

Cdcl
CdCl* + " =CdCl, Ky, = —[—2]* =
[CdCLT][Cl]

oy
Cdc12 +ClI" =CdCl; K= m?l =2.0

[CdCL]

. — o i - S
CdCl; + CI" =CdCly™ Ky [CaCL ]
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III

The reactions may also be described using “overal
stability constants are symbolized as .

B, = Ky x Kpy x Kez x ool K,

n

Cd?* + Cl- = CdCl* Bp =Ky = 7.9 x 101

Cd?* +2C1" = CdCl,  Bry = Kpy X Kgy = 32 X 102

Cd* +3CI" =CACl;  Bry = Ky X Ky X Kgs = 6.4 X 10°

Cd¥" +4C1" = CACE™  Pro = Ky X Ky % Kpy % Ky = 3.8 X 107

steps and the overall
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The total concentration of cadmium in an aqueous solution containing chloride is

Cea = [Cd?*] + [CdCI1'] + [CdCL,] + [CaCl | + [cdCE; ]

Caa .,  lcdCl'] [cdcl] [cdCl] | [cdCy]

[Cd“] - [Cd2+] [Cd2+] [Cd2+] [Cd2+]

Substituting the expressions for the g functions,

CCd
[Cd]

Rearranging eqn 10.27,

{Cd2+] — CCd

=1+pa[Cl]+ :sz[cr]2 + ans[Cr]3 + |BF4[C-17]4

1+ Bo[C1] + Bea[CITP + BesCLUT + BefCIT]
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Similarly, the concentrations of other cadmium chloro species are given by

. Br[Cl7]Ceq
cdcr| =
[ | 1+ By[CI] + BeoCL]? + Beaf CLU) + Bl CL]*
sz[cr]zccd
CdclL] = - - - =
[ | 1+ Br[CIT] + By G + Bra C1 ) + Beg[ ]
B 3r3[cr]3ccu
cdcL] =
[Cact] 1+ Bu[Cl] + BeafCU T + Bes[CLT + BaCU]*
fcdci] = BrifCl ]*Ceq

1+ B [Cl] + BrafCL P + Bea[CL ] + BeCL ]
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Fig. 10.2 Distribution of cadmium chloro complexes as a function of the concentration of chloride ion

in water. The range of chloride concentrations is from zero to 0.56 mol L~ 1; the latter value is the
approximate concentration in sea water:




Estuarine Environment- Chesapeake Bay

Figure 10.2 can be useful in several situations.

For example, we may use it to describe the changing cadmium species
distribution in an estuary.

An estuary has been defined as “a semi-enclosed coastal body of water which
has a free connection with the open sea and within which sea water is
measurably diluted with fresh water derived from land drainage”.
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Estuarine Environment- Chesapeake Bay

A principal feature of any estuary is a regular variation from low to high in
dissolved salt concentration as one moves from the inflowing river to the mouth
where it opens out into the ocean.

In the vertical dimension salt concentration changes as well.

Usually, there is a steady but sometimes irregular increase in salt concentration
with depth, in part due to the greater density of the high salt solution.
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Fig. 10.3 Salinity contours for Chesapeake Bay in springtime. The left (west) side of the diagram is the
inland part of the estuary and salinity approaches that of fresh water. The right (east) side is where
the the estuary opens out into the Atlantic Ocean (Schubel, J.R., The estuarine environment, American
Geological Institute; 1971). Note also the increase in salinity with depth indicating that the fresh
water from the river layers on to the surface of the saline matrix. Reprinted with permission.




