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FIGURE 8.2—The solute/colloid/particle size continuum and examples
of aquatic colloids. ; '

Carga superficial: lugares de adsorcién

La concentracion de lugares de adsorcién por unidad de superficie de un sélido:
-es un parametro a estimar en experimentos de adsorcién (ver después)
-se puede calcular a partir de la estructura.

Ej.: montmorillonita: Na 5(Si; gAlg 5)(Al; gMgg 1)O40(OH),

si se substituye el Na* que compensa el déficit de carga:

0 —
9A

Los minerales tienen en general:
filosilicatos: 0.5 a 5 sitios/nm?
oxidos amorfos: 10 a 20 sitios/nm?2




TABLE 10.2 Some measured or estimated surface areas (S,) and maximum surface-site densities (Nsg)
(chiefly negative) for geological materials

Ns
Mineral/phase Sa (mg) Source (sites/area or wt) Source
a-FeOOH (goethite) 45 to 169 t 2.6 to 16.8/nm? 1
18/nm?; §
1.35 x 10 mol/g
a-Fe,0; (hematite) 1.8 (natural) § 5 to 22/nm? i
3.1 (synthetic)
Fe(OH); - nH,O (ferrihydrite) 250, 306 § 20/nm? +
600 I} 0.1 to 0.9 mol per §
mol of Fe
MnO, (synthethic and natural 290 (fresh) T 18/nm? t
birnessite) 143 (aged) 2/nm? 1
180 (natural)
SiO, (quartz) 0.14 ] 4.2 to 11.4/nm? #
SiO, gel [SiO,(am)] 53,292 4 4.5 to 12/nm? 4
170, 180 i} 5/nm? #
a-Al(OH); (gibbsite) 120 1 2 to 12/nm? b
y-Al(OH); (bayerite) 156 # 6 to 9/nm? k4
TiO, (rutile) 5t019.8 tt 5.8/nm? Tt
12.2/nm? #
kaolinite 10to 38 k4 1.3 to 3.4/nm? k4
12 1 1.2 to 6.0/nm? i 88
illite 65 to 100 [ 0.4 to 5.6/nm? +1, 88
montmorillonite (Na form) 600 to 800 (esp. E | 0.4 to 1.6/nm? i1, 8§
interlayer)
organic substances in soils; 260 to 1300 88 2.31/nm? assumed 88
humic materials 1t0 5 x 1073 mol/g
bulk composite geological 600 i range 1 to 7/nm? ¥
materials (except smectites); mean value of
assumes Fe,0; - H,O with an 2.31/nm?; 3.84
area of 600 m%/g and pmol sites/m?

0.205 mol sites/mol Fe

Source: 'Catts 1982. *Davis and Kent 1990. #Hsi 1981. "Schwarzenbach et al. 1993. *James and Parks 1982. ''Kent et al. 1986.
#C from i ion given by et al. 1993. ¥Esti from CEC values in Table 10.4.

Sposito (1989) suggests -9 x 107 to +1 x 10~* mol/g.

Punto de carga neta cero (PZNPC)

Es un valor experimental que se obtiene mediante variacion de pH hasta
conseguir la floculacion de particulas coloidales — carga superficial cero —
no hay repulsion eléctrica.

Sea agua pura y una superficie adsorbente:
K
K2

En el puiyiceliyasgizi{c2ro:

No hay campo electrostatico porque en PZNPC no hay carga superficial:

PZNPC = %(Iog K,-logK,)
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Fig. 14 Idealized distribution of the electrical potential in the vicinity of hydrated
oxide surfaces after the (a) diffuse-layer model; (b) the constant-capacitance model; (c)
triple-layer model (after Drever 1997).
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Table 7.1 Type of Colloids present in Natural Systems

@ River-borne Particles
— Products of weathering and soil colloids, e.g., aluminum silicates, kaolinite, gibbsite, SiO,
— Iron(IlI) and manganese(I11,IV) oxides
— Phytoplankton, biological debris, humus colloids (colloidal humic acid), fibrils?)
— So-called "dissolved" iron(IlI) consists mainly of colloidal Fe(IIl) oxides stabilized by humic or fulvic acids

@ Soil Colloids i

— Kaolinite particles. Typically about 50 unit layers of hexagonal plates are stacked irregularly and interconnected
through H-bonding between the OH-groups of the octahedral sheet and the oxygens of the tetrahedral sheet (Fig.
3.9) (Sposito, 1989)

— lllite and other 2:1 layer type clay minerals. Platelike particles stacked irregularly

— Smectites and vermiculites have a lesser tendency to agglomerate because their layer charge is smaller than that
of illite

— Humus, colloidal humic acids, fibrils

— Iron hydrous oxides

— Polymeric coatings of soil particles by humus, by hydrous iron(III) oxides and hydroxo-Al(III) compounds

@ Sediment Colloids

in addition to the colloids listed above:
— Sulfide and polysulfide colloids in anoxic sediments

@ Biological Colloids
— Microorganisms, virus, biocolloids, fibrils

1) fibrils = elongate organic colloids with a diameter of 2 — 10 nm and composed in part of polysaccharide
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Figure 10.4 Schematic distribution of
charged surface species (denoted by the
triple dashes) on (a) silica gel and

(b) ferrihydrite as a function of pH,
showing for both the predominance of
positive, neutral, and negatively
charged surface species with increasing
pH. The pH of the PZNPC is found
where the net surface charge is zero
(i.e., [=SiOH}] = [=Si0~] and
[=FeOH,*] = [=FeO"]). Based on Healy
(1974).




Surface Charge of some minerals
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Point of Zero Net Proton Charge
(PZNPC) of some minerals

Solid pHPZNPC Solid pHPZNPC
Si0, (quartz) 1t03(2.91) MnO, (general) 1.5t07.3
SiO, (amorphous) 3.5@3.9) a-MnO, (cryptomelane) 4.5
Na-feldspar 6.8 (5.2) B-MnO, (pyrolusite) 4.6t07.3 (4.8)
K-feldspar ©6.1) CuO (tenorite) 9.5 (8.6)
Montmorillonite <2to3 MgO (periclase) 12.4 (12.24)
Kaolinite <210 4.6 (4.66) a-Al(OH); (gibbsite) 10.0 (9.84)
Muscovite (6.6) CaCO; (calcite) 8.5,10.8
Mg-silicates 9to 12 Cas(PO,);F (fluorapatite) 4t06
a-Fe,0; (natural hematite) 4.2106.9 Cas(PO,);(OH) (hydroxyapatite) <85
Fe(OH); (amorphous) 8.5t0 8.8 FePO, - 2H,0 (strengite) 2.8
a-FeOOH (goethite) 5.91t06.7 AIPO, - 2H,0 (variscite) 4
Mn(II) manganite 1.8 Algae 2
o-MnO, (birnessite) 1.5t02.8 Sewage effluent (bacteria, etc.) 2

Bource: Values are from Parks (1965), Sverjensky (1994), and Stumm and Morgan (1996). Values estimated by Sverjensky
1994) are given in parentheses.

From Langmuir, 1997
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Table8 Relative binding strength of metals on different sorbents (after Bunzl et al.
1976)

Substance Relative binding strength

Clay minerals, zeolites Cu>Pb>Ni>Zn>Hg>Cd

IFe, Mn-oxides and —hydroxides IPb>Cr=Cu>Zn>Ni>Cd>Co>Mn
(Organic matters (in general) b>Cu>Ni>Co>Cd>Zn=Fe>Mn
[Humic- and Fulvic acids IPb>Cu=Zn=Fe

IPeat Cu>Pb>Zn>Cd

degraded peat Cu>Cd>Zn>Pb>Mn

Corresponding to the respective sorbent, ion exchange capacity additionally
depends on the pH value (Table 9).

Table 9  Cation exchange capacity at pH 7 and their dependency (after Langmuir
1997)

Substance CEC (meq/100g) ]RH dependency
Clay minerals
Kaolinite 3-15 high
Illite and Chlorite 10-40 low
Smectite Montmorrilonite 80-150 rare or non existent
Vermiculite 100-150 negligible
Zeolites 100-400 inegligible
Mn (IV) and Fe (IIT) Oxyhydroxides 100-740 i
Humic matter 100-500 high
synthetic cation exchangers 290-1020 low
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Intercambio idnico

Algunos minerales (por e€j. zeolitas, arcillas) presentan déficit de carga
electrostatica estructurales, debido a la existencia de substituciones isomarficas
(por €j. AlI¥* por Si#*).

El defecto de carga es compensado por iones en ciertas posiciones
intracristalinas y superficies (Na*, K*, CaZ*, Mg?*).

Intercambio entre iones en posiciones intracristalinas/superficies e iones en
solucion.

Brown (1990)

Intercambio idnico

TABLE 10.4 Cation exchange capacities (CEC's) of some substances measured at
pH 7 and their pH dependences
Substance CEC(meq/100 g) pH dependence

Kaolinite ' 3to 15 strong
Glauconite (green sand) 11 to 20 slight
Illite and chlorite 10 to 40 slight
Smectite-montmorillonite 80 to 150 absent or negligible
Vermiculite 100 to 150 negligible
Zeolites 100 to 400 negligible
Organics in soils, humic materials 100 to 500 strong
Mn(IV) and Fe(III) oxyhydroxides 100 to 740 strong

‘ Synthetic cation exchange resins 290 to 1020 slight

Source: Grim (1968); Brady (1974); Mumpton (1977); Bodek et al. (1988); Lide (1995).

Langmuir (1997)




Fig. 21  Synopsis of the interaction processes in aqueous systems
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Fig. 23 Comparison between surface-controlled reactions (left; 1= interstitial sites, 2=
vacant sites, 3= screw dislocation, 4= jump dislocation, 5=step dislocation) and
diffusion-controlled processes (right)
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ig. 3.6 Scanning electron micrograph showing square-shaped etch pits developed on disloc|
ons in a feldspar from a southwestern England granite. Note that in places the pits are coales|
g, causing complete dissolution of the feldspar. Scale bar = 10 um. Photograph courtesy
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K-feldspar -> kaolinite -> gibbsite

1) 2KAISi0,04 + 9H,0 + 2H* — ALSi,04(OH), +2K* + 4H,Si0,

K-feldspar: kaolinite

(O oxygen, @) hydroxyl,

@ uminum, ® O silicon




K-feldspar -> kaolinite -> gibbsite

2) AlSi,05(OH), + 5H,0 — 2Al (OH); + 2H,SiO,

kaolinite gibbsite

KV X1568 EES o STl

K-feldspar -> kaolinite -> gibbsite

3) 3KAISi0;0; + 12H,0 + 2H* — KAI(AISi;0,,)(0H), +2K* + 6H,Si0,
K-feldspar: sericite (illite)

el




K-feldspar -> kaolinite -> gibbsite

4) KAL(AISi;0,,)(OH), +9H,0 + H* — 2Al (OH); + 3H,Si0, +K*

sericite. : gibbsite

-3\

HyY




Figure 1.2. Basic units of clay minerals
and the silica and alumina sheets
(from Mitchell, 1993)

Figure 1.3. Structure of the maini clay
minerals: (a) kaolinite, (b) illite and

(c) montmorillonite, based on combined
sheets (from Craig, 1990)

Figure 1.5. Clay minerals (from Mitchell, 1993 after Tovey, 1971)
a) Kaolinite; b) halloysite; ¢) montmorillonite d) illite




Nanomineralogy

http://www.nanomineral.info/
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Figure 9.3 Diagram showing the structures of montmorillonite (a) and muscovite (b). After Clay
mineralogy by R. E. Grim. Copyright © 1968 by McGraw-Hill, Inc. Used with permission of The
McGraw-Hill Book Companies.
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Fig. 3.18 Idealised vertical distribution of clay minerals formed under leaching conditions
soils developed on basalt. CIA values increase from 3040 in fresh rock to near 100 in heavi

Weathering

E y Olivine (2,300) Ca2+-plagioclase (112)

g E Augite (6,800) Figure 7.1 Goldich’s sequence of in-
;2 =) creasing weatherability of common min-
g g Hornblende (58,000) erals (cf. Loughnan 1969; Faure 1991).
& & ke In parentheses are the lifetimes in years
g % Biotite (38,000) Na*-plagioclase (575,000) from Table 7.1, assuming olivine =
ahl- forsterite, augite = diopside, horn-

Z é K*-feldspar (921,000) blende = tremolite, Ca-plagioclase =

Z 5 anorthite, Na-plagioclase = albite,

Eé Z Muscovite (2,600,000) K-feldspar = microcline, and the

% ' stability of muscovite is comparable

= Quartz (34,000,000) to that of the related clay, illite.
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Equilibrium constant K

Termodinamica de soluciones acuosas

La Ley de la accién de masas:
En principio cada reaccién quimica de equilibrio se puede describir con la lay
de la accién de masas.

a, b, ¢, d numero de moles

aA+bB & cC+dD

A & B reactantes C & D productos

{C}C . { D}d Producto de las actividades (concentraciones)

Constante de equilibrio K —

{A}a . { B } b Producto de las actividades (concentraciones)




Termodinamica de soluciones acuosas

K = constante de equilibrio thermodinamica o de constante dissociacion

-Disolucién/precipitacion:
Kg = constante de solubilidad

-Complejos (formacion/destruccion):
K = constante de complejacion , constante de estabilidad

-Reacciones superficiales (sorpcion)
K4 = coefficiente de distribucion
K, = coeficiente de selectividad

-Reacciones redox
K = constante de estabilidad

Termodinamica de soluciones acuosas

Importante:
Las constantes de equilibrio son validos solo para el estado
estandar:

Significa en nuestro caso:

T =25°C
Fuerza lonical =0




Equilibrium Constant

BaSO, <=> Ba2*+ SO,

productos reactantes

Equilibrium constant for. the dissolution reaction

@D | BTHISOA_ g e
K = [BaSO4] = 10 9:98 (25 C)
For aquatic species (e.g H;CO;, HCO;)
| BaSO, Mineral equilibrium
~ Complexe and Surface complexation

K great (100) = log K= 2 => Ba?* + SO,>>> BaSO,
K small (0.01) = log K =-2 => Ba?*+ SO,> << BaSO,

log K

Equilibrium constant K

Reactants
Products

K. = 0.01

InnEn
—

K. = 100 [




ABLE A1.2 (continued)
II Oxide and Hydroxide Species
AH? AHy

Reaction (kcal/mol) log K Reaction (kcal/mol)  log K
H,0=H*+OH" 13.362 —14.000 Fe** + H,0 = FeOH?* +H* 104 —2.19
Li* + H,0 =LiOH° + H* 0.0 —13.64 Fe** + 2H,0 =Fe(OH)] + 2H* 171 —5.67
Na*+ H,0 = NaOH° + H* 0.0 -14.18 Fe** + 3H,0.= Fe(OH) + 3H* 24.8 —-12.56
K*+H,0 =KOH° + H* — —14.46 Fe** + 4H,0 = Fe(OH); + 4H* 31.9 -21.6
Ca?" + H,0 = CaOH* + H* — -12.78 2Fe’* + 2H,0 = Fe2(OH)3* + 2H* 1385 —2.95
Mg?* + H,0 = MgOH* + H* — —11.44 3Fe** + 4H,0 = Fe3(OH);* + 4H* 14.3 —6.3
Sr** + H,0 = StOH* + H* — -13.29 APP* + H,0 = AIOH*" + H* 11.49 —-5.00
Ba?* + H,0 = BaOH* + H* — -13.47 AP+ 4+ 2H,0 = AI(OH)** + 2H* 26.90 -10.1
Ra?" + H,0 = RaOH* + H* — —13.49 AP+ 3H,0 = AI(OH)3 + 3H* 39.89 -16.9
Fe?* + H,0 = FeOH* + H* 132 -9.5 AP* + 4H,0 = AI(OH); + 4H* 42.30 =224,
Mn?* + H,0 = MnOH* + H* 14.4 -10.59

Mineral Reaction AH? (kcal/mol) log K
Portlandite Ca(OH), + 2H* = Ca** + 2H,0 ~31.0 22.8
Brucite Mg(OH), + 2H* = Mg* + 2H,0 —27.1 16.84
Pyrolusite MnO, + 4H* + 2¢~ = Mn?** + 2H,0 —65.11 41.38
Hausmanite Mn;0, + 8H* + 2¢~ = 3Mn?* + 4H,0 —-100.64 61.03
Manganite MnOOH + 3H* + ¢ = Mn?* + 2H,0 — 25.34
Pyrochroite Mn(OH), + 2H* = Mn* + 2H,0 — 152
Gibbsite (crystalline) AI(OH); + 3H* = AI** + 3H,0 -22.8 8.11
Gibbsite (microcrystalline) Al(OH); + 3H* = AP** + 3H,0 (=24.5) 9.35
Al(OH); (amorphous) Al(OH); + 3H" = AP* + 3H,0 (=26.5) 10.8
Goethite FeOOH + 3H' = Fe’t + 2H,0 — -1.0
Ferrihydrite (amorphous Fe(OH); + 3H* = Fe** + 3H,0 — 3.0t05.0

to microcrystalline)

Mineral Equilibrium

BaSO, <=> Ba2*+ SO,

Como BaSO, es un sdlido, ¢ es constante =>
Equilibrium constant for. the dissolution reaction

K = [Ba?*]+ [SO,%] = 10:°°2 (25°C)
[M 5.5, 1 [M 5041 = 107228

= producto de solubilidad
Mg = Mo

| Baso, 0108
N [m g, I M g5, 1 =10

m g.,. = 104%*moles/L x 137g/mole x 1000mg/g = 1.4 mg/L
M go4,.= 1042 moles/L x 96g/mole x 1000mg/g = 1.0 mg/L




lon Activity Product & Saturation Index

IAP,...itc= [Ba%'] [SO,*] = [10-4°°] [1042°] = 10998 = K

barite

Saturation index (Sl) = log LA

- Kmineral

SI'= O; mineral is in equilibrium
S| < 0; mineral is undersaturated
S| > 0; mineral is oversaturated

Fueérza lonica & Actividad




Termodinamica de soluciones acuosas

Fuerza iénica:
Es una medida macroscoépica de las interacciones (coulombianas) : concentracién de especies
disueltas y su carga eléctrica.

Ej. electrolito monovalente-monovalente: NaCl

Ej. electrolito monovalente-divalente: CaCl,

Equivalencia con la conductividad @ (uS/cm):
| =0.8x10%-Q aguas Na-Cl
I =1.7x10%-Q aguas Ca-SO,, Mg-SO,
I =1.9x10°Q aguas Ca-(HCO;),

Termodinamica de soluciones acuosas

Actividad:

a;=fiec

a

i actividad
Ci concentraciones
i respecto de una especie
i coeficiente de actividad




Actividad del soluto

NI
osomg Lt

5 57 05 04

Activity Coefficient

Fig.2  Relation between ionic strength and activity coefficient in a range up to 0.1
moV/L (after Hem 1985)

Actividad del soluto: medida experimental
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Fig.3  Relation of ionic strength and activity coefficient in higher concentrated
solutions, (up to I = 10mol/kg), valid range for the different theories of dissociation are
indicated as lines (modified after Garrels and Christ 1965)




Actividad del agua: valor calculado

Ley de Raoult:
la actividad de la fase mayoritaria se aproxima a la fraccion molar.

zm; XH20 Ah20
calculada experimental

—Para la mayoria de soluciones acuosas: a, ;o= 1
—Para soluciones concentradas: ;.0 > au20
porque no se han tenido en cuenta las interacciones i6n-disolvente:
una parte de las moléculas de agua quedan atrapadas en la esfera de
solvatacion y no son activas termodinamicamente.

Actividad del soluto: medida experimental

Actividad media del soluto:
Los iones no estan nunca solos en solucion, siempre hay sales con iones de signos contrarios
— solo podemos medir actividades del conjunto de soluto y luego buscaremos la forma que
estimar actividades de iones individuales.

Sea una sal que se disuelve:
Condicién de equilibrio:

Potencial quimico medio: es la media aritmética de los potenciales de los iones:

Y teniendo en cuenta que :
la actividad media es la media geométrica de
las actividades de los iones




Actividad del soluto: medida experimental

El coeficiente de actividad medio y, puede medirse experimentalmente a partir de los
cambios en las propiedades de la solucion: presion de vapor, punto de ebulliciéon y de
congelacion, presion osmética, etc.

Ej.: un experimento corriente consiste en medir a,,o (=a,) para diferente soluciones con
concentraciones de soluto m, diferentes. Se establece una relacién experimental:

A continuacion se deduce una expresion tedrica de Y,= Yieorica(@1) Y S€ substituye a; por su
relacion experimental.

(solo como ejemplo):  a,, (m,)

7

Actividad de un ion individual: medida experimental

Es practico para los calculos disponer de la actividad individual de los iones.
Convenio de Maclnnes (1919):

Se basa en que K* i CI- tienen la misma carga, estructura electronica semejante y coeficiente de
difusién muy parecido.

I:| <« experimental
B ——

Un a vez conocidos cualquier otro i6n puede ser calculado a partir de los datos
experimentales de una sal del ion.
Ej.:

S

Pl

experimental




Actividad del soluto: medida experimental

La variacion experimental de y, con m, o con | (Langmuir, 1997):

Figure 4,1 Mean ion activity coefficients of several salts as a function of ionic strength. Data are
from Robinson and Stokes {1970).

Actividad de un ion individual: calculo

1) Ley restringida de Debye-Huckel

Se basa en la teoria electrostatica (Bockris y Reddy, 1973) son una serie de simplificaciones que solo
son validas para soluciones muy diluidas (1<0.01)

—Un ién se considera una carga puntual
—El resto de iones se consideran una nube esférica de carga opuesta
—El agua es un medio dieléctrico continuo no influido por el i6n
—Las interacciones son solo electrostaticas

logy, = -Az2I

donde =0.5092 a 25°C

Discusion:
Yz>z =y <y (Veryna: > Yeazs)
vsil—=0, =1y y;—=7v; siz=2z/(Ver . Y vk:)
¥ silaumenta, y;disminuye




Actividad de un ion individual: calculo

2) Ley ampliada de Debye-Huickel

De la ley limite se deduce que es una recta.
En cambio, se ve experimentalmente que es una curva y que depende de cada sal (de cada
ion).
Esto se debe a que para [>0.01:
—Un i6n no puede considerarse una carga puntual, sino que tiene un radio a; (valor de ajuste de
datos experimentales).
La incorporacién de una carga no puntual a la deduccion de la ley de DH lleva a:

Azl

logy, = -~ Zi
O T ap

=0.3283 a 25°C

Actividad de un ion individual: medida experimental

variacion experimental (Langmuir, 1997): calculo segtin Debye Huckel:

2 3 4 567891 2 3 4 567891 2 3 a4 567891 2 3 4567891

Z>Z YRy
(Ver Yna+ > Ycaz+)

sil=0, yv—=1 vy y,—y;sizi=z
(Ver YNa+ y YK+)

si | aumenta, v ;disminuye

Figure 42 Some indivi fon activity mpH from mean salt data assuming the







