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Chemistry of natural waters, reactive transport
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A SO CRITICAL ZONE?

(from Arnaud and Gaillardet, 2016)

A SO CRITICAL ZONE?

(from Arnaud and Gaillardet, 2016)
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Potential input of pollutants
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Reactive Transport
Sorption Processes

Chemodynamics of compounds
Methods for studying chemical behavior in heterogeneous complex 

systems: flux study, scaling (in space and time) and inter-disciplinary approach

(from Behra Ph., 2000, book, COST 67, COST, EUR 19248)

Terrain
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Reactive Transport
-

Sorption Processes

Types of aquifers (from Bear & Verruijt, 1987)

 

Schematic cross-section of a porous aquifer
(after Zilliox and Schenck, 1989)
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Experiment of Darcy (in Dijon, 1856)

Q = K A 
∆H

L
= K A i

with Q water flow or total discharge through the sand [m3 s–1], A the 
column section area [m2], ΔH the pressure drop [m], K the hydraulic 
conductivity [m s–1], L the length of the sand column [m], and i the 
hydraulic gradient

water

sand

(de Marsily, 1981)

Darcy’s law

Relationship between filtration velocity, v or q (also called Darcy 
velocity or specific flow) and hydraulic gradient,       :

Relationship for a mono-directional flow (1D):

with v filtration flow or Darcy velocity [m s–1],     hydraulic 
conductivity tensor [m s–1], h pressure head or piezometric head 
[m]

 h

v = – hK   

v = – 
x

h
K



 

 K
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More generally, Darcy velocity:

with     permability tensor [m²], expressed in darcy (1 darcy = 0,987 
10–12 m2), µ dynamic viscosity of moving fluid [Pa.s], P pressure 
[Pa], ρ fluid density [kg m–3], and g gravity [m s–2]

Generalization of Darcy’s laws for non water saturated porous 
media or multiphasic systems: 

Darcy’s law for each phase

Remarque: use of Darcy’s law in filtration or in chromatographic 
systems, but different words

v =  ρgP
μ

k
  

 k

Parameters characterizing a porous medium (“reservoir”)
(after Zilliox and Schenck, 1989)
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Diffusivity equation (in 3D)
Ss =   ( ) + q

with Ss specific storativity “coefficient” [m–1]
q surfacic flow [m2 s–1] standing for
either a source or supplying term  (q > 0),
or a sink or pumping term (q < 0).

Diffusivity equation (in 2D)
Aquifer considered as a large area compared to its thickness, e 
[m], with a horizontal two dimensional flow

S  =   ( ) + Q

with S storativity “coefficient” (S = e • Ss) [–],
transmissivity tensor (            ) [m2 s–1],

Q = e • q [m3 s–1].
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Reactive transport

Catalytic support: pellets (left) and honeycomb (right)
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Some definitions about interfaces

Mass transport equation

Reactive transport

Retardation factor

How studying reactive transport? Batch vs. column reactors

Sorption or phase exchange term

Reactive Transport
-

Sorption Processes

Sorption processes

Isotherm relationships

Ionic exchange processes

Classical surface complexation model

Surface precipitation model

Electrostatic model of surface charge

Other surface complexation models

Relationship between surface complexation and basic isotherm

Sorption Processes
and Reactive Transport
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Some inputs into reactive transport modelling

Reactive transport of Cd and Pb

Modelling of reactive transport in saturated medium:

Principles, methods and perspectives

Some conclusions and recommendations

Sorption Processes
and Reactive Transport

INTERFACES

Meaning and Definition

Frontier between two systems

At which scale?

At large (global) scale:
- between atmosphere and soil
- between atmosphere and surface water
- between atmosphere and biosphere
- between biosphere and aquatic systems
- between surface water or soil and ground water
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INTERFACES

At which scale?

At microscale or pore scale:
between different non miscible phases or solvents

e.g.
- gas-solid interface
- gas-liquid interface
- liquid-liquid interface
- solid-liquid interfaces

At nanoscale or atomic scale:
dynamic frontier with an average thickness between two 
steady-state or transient molecular systems, which do not have 
the same molecular organisation, where boundary conditions 
are important for controlling exchanges and the properties of 
which depend on hydrodynamics and physico-chemistry

What about solid surface?

Atomic force microscopy (AFM) of surface of hematite (α-Fe2O3).
Scale: 20 nm; color: distances in depth (from Eggleston et al., 2004)
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What about solid-phase boundary?
O.45 µmO.22 µm

Size range of particles in natural waters (Sigg et al., 2014)

Specific surface area

Two types of definition:

- from physicists or chemical physicists

Area/Volume [m–1]

- from the point of view of physico-chemists

Area/Mass [m2 g–1]

What about solid-phase boundary?
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Specific surface area (physicists or chemical physicists)

Assumptions:
- spherical grain (size: d or r = d/2 [m])

Volume: V = 4/3 π r3 [m3]
Area: S = 4 π r2 [m2]

Specific surface area, a*:
a* = S/V [m–1]

a* = 3/r or 6/d [m–1]

Specific surface area (physico-chemists)

Assumptions:
- spherical grain (size: d or r = d/2 [m])
- bulk density (ρ [kg m-3])

Volume: V = 4/3 π r3 [m3]
Area: S = 4 π r2 [m2]
Mass: ms = ρ V [g]

Specific surface area, a:
a = S/ms = S/ρ V [m2 g–1]

a = 3/ρ r or 6/ρ d [m2 g–1]
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Specific surface area (physico-chemists)

Example of quartz material:

- bulk density: ρ = 2.4 103 kg m-3

a = 2.5 10-6 d–1 [m2 g–1]

type of particles d a [m2 g–1]
”sand” 1 mm 2.5 10–3

”clay” 1 µm 2.5
”colloid” 1 nm 2.5 103

or nanoparticle

particule diameter (µm)

2.5 m2 g-1

For spherical grain

For surface water, with 106

particles mL–1, particle area = 
10–3 m2 L–1.

What about groundwater, 
where the particule number
is much larger?
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MODELLING OF REACTIVE TRANSPORT

Definition: coupling between hydrodynamics (mass 
transport equation) and chemistry (chemical 
reactions at equilibrium and/or kinetic laws)

Transient advective-dispersive mass transport 
equation in homogeneous saturated porous media

Differential partial equation (DPE) as mass balance equation:

with C  solute concentration [mol L–1], u mean pore velocity (u = v/εc) 
[m s–1], D dispersion tensor [m2 s–1]

D: function of u and dispersivity, α [m], intrinsic property of porous 
medium; εc kinematic porosity [-], i.e. ratio: interconnected pore 
volume and total volume

t

C




=   (D C)  –  (u C) 

MODELLING OF REACTIVE TRANSPORT

Transient advective-dispersive mass transport 
equation in homogeneous saturated porous media

Mass transport equation (for water and inert tracer) for

a mono-directional (1D) flow:

∂[C]/∂t = D ∂2[C]/∂x2 – u ∂[C]/∂x

Chemical or reactive terms (reactive chemicals):

ρs ∂{Cs}/∂t ; λ([C] + ρs {Cs})
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MODELLING OF REACTIVE TRANSPORT

Transient advective-dispersive mass transport equation in 
homogeneous saturated porous media

Hypotheses: mono-directional case, i.e. x axis average flow

∂[C]/∂t + ρs ∂{Cs}/∂t = D ∂2[C]/∂x2 – u ∂[C]/∂x – λ([C] + ρs {Cs})

[C] liquid solute concentration [mol L–1]

{Cs} solid solute concentration [mol g–1]

ρs effective bulk density [g L–1]

D hydrodynamic dispersion coefficient [m2 s–1]

u mean pore velocity [m s–1]

λ kinetic constant (first order law) [s–1]

MODELLING OF REACTIVE TRANSPORT

Transient advective-dispersive mass transport equation in 
homogeneous saturated porous media

Hypotheses: mono-directional case, i.e. x axis average flow

∂[C]/∂t + ρs ∂{Cs}/∂t = D ∂2[C]/∂x2 – u ∂[C]/∂x – λ([C] + ρs {Cs})

ρs ∂{Cs}/∂t sorption or phase exchange term

D ∂2[C]/∂x2 hydrodynamic dispersion term

u ∂[C]/∂x advective or convective term

λ([C] + ρs {Cs}) transformation term
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injection initiale

Mécanismes hydrodynamiques 

et processus réactionnels

Profils de concentration

0
1 C

C
0

(d)   1 + 2 + 3

(e)   1 + 2 + 3 + 4

(b)   1 + 2

(c)   1 + 2     + 4

(a)   1

profondeur

1 : advection 

2 : dispersion 

3 : réactions physico-chimiques 

4 : transformation

Hydrodynamic mechanims
and reactive processes

Concentration profile

Initial injection

1. u ∂[C]/∂x advective or convective term

2. D ∂2[C]/∂x2 hydrodynamic dispersion term

3. ρs ∂{Cs}/∂t sorption or phase exchange term

4. λ([C] + ρs {Cs}) transformation term

MODELLING
OF REACTIVE TRANSPORT

depth

At time t after injection

S S
S

S S ST
T

T
T T

C(z,t)

(CP/C0)

Ce < CP Ce = CP
Ce = C1 Ce = C0

MODELLING OF REACTIVE TRANSPORT

Breakthrough curve and evolution of adsorption front in column

Time

Breakthrough

Operational limit

Full outlet     

S: Steady state; T: Transient front
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MODELLING OF REACTIVE TRANSPORT

Transient advective-dispersive mass transport equation in 
homogeneous saturated porous media

∂[C]/∂t + ρs ∂{Cs}/∂t = D ∂2[C]/∂x2 – u ∂[C]/∂x – λ([C] + ρs {Cs})

or ∂[C]/∂t + ρs ∂{Cs}/∂t = L([C]) (transport operator)

* ∂{Cs}/∂t = (∂{Cs}/∂[C]) (∂[C]/∂t)

∂[C]/∂t(1 + ρs(∂{Cs}/∂[C])) = L([C])

Retardation factor, R, defined as: R = 1 + ρs(∂{Cs}/∂[C])

∂[C]/∂t = L([C])/R

Retardation factor: R = 1 + ρs (∂{Cs}/∂[C])

Key point:

Quantifying

{Cs} = f([C])
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How studying reactive transport?

Batch vs. column reactors

Sorption set up

Batch (or closed) reactors

Suspended solid phase stirred in solution 

 artefact effects on sorption processes

collisions 

grinding



separation

Open reactors e.g. “column”

Solution moving through non mobile solid phase

 very low perturbation of solid
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Column experimental set-up

A/D-board
PC

sample
(purged 
with Ar)

porous medium

autosampler

temperature: 25 °C

waste

pH (outlet)

pH (inlet)

conductivity (outlet)

conductivity (inlet)

2 pumps

UV/vis-detector

temperature and
pressure sensors

6-port-valve

column

diameter: 2.5 cm

length: 10 cm

EXPERIMENTAL SET-UP 

Column: diameter 2.6 cm; length 7 cm

column
back

pressure

thermostated
bath

flow-through
pH electrode

UV/vi
s

fraction
collector waste

injection 
loop

HPLC pump

Feeding 
solution

NO3
-

conservative tracer

time (s)

(U
.A

.)

Tracer curveD, n, Vo

(from Bianchi et al.)
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Main advantages of “column” set up

 Sorption followed by desorption experiments without disturbing solid 
medium

 Sorption isotherm: only one experiment can be necessary

 Better simulation of natural/real systems (infiltration and/or migration) of 
solutes through porous media (soil, sediments, aquifer material…)

 Controlling liquid phase: very easy

For a “column”

 Pore volume: Vp = t0 * Q

with Q: flow rate

 Dispersivity:

and dispersion coefficient: 

 Column Péclet number:

with J: number of batch or mixing cells 

 Mean pore velocity: u = Lc/t0

with Lc: length of column or distance

t0: mean residence time of inert tracer

 
2

0.84 0.16

2

08
c

t t
L

t





D u 

2 1c cL u L
Pe J

D 
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 Langmuir-type isotherm (maximum: one monolayer!!!)

{Cs} = Stot KL [C]/(1 + KL [C]),

with KL: Langmuir-type coefficient; Stot: total surface site concentration
 Freundlich-type isotherm (heterogeneous multisite surface, sum of 

several Langmuir-type isotherms)

{Cs} = KF [C]n, in log-log plot:  log {Cs} = log KF + n log [C]

with KF: Freundlich-type coefficient; n: fitted parameter

 Brunauer, Emett & Teller (BET)-type isotherm

with KBET BET-type coefficient (–), Ce solute concentration in aqueous at 
equilibrium (mol L–1), qe solute concentration on solid (mol g–1), Cs solute 
monolayer saturation concentration (mol L–1), and qs equilibrium 
adsorption capacity (mol g–1)


Henry-type isotherm (or linear type isotherm)

{Cs} = Kd [C], with Kd: distribution coefficient

{Cs} = f([C])? Phenomenologic relationship by analogy 
with gas-solid interface: only for surface (2D) reactions

Sorption has to be reversible

qe=
qs  K BET Ce

 Cs−Ce   1+ KBET −1  
Ce
Cs

  
  

log [C]

lo
g 

{C
S} Stot

total surface 
concentration

Henry-type isotherm

{Cs} = f([C]): different types of isotherms

a) Langmuir-type isotherm

b) BET-type isotherm
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Langmuir-type isotherm

Activity

a. Plot of Langmuir-type adsorption isotherm relationship Γ = f([A])
b. Plot of Γ-1= f([A]-1)
N.B.1. Γmax and Kads corresponding to Γtot and KL (previous slide) 
N.B.2. Γmax = {Stot}/a (with a: specific surface area) = [Stot]/(a*ρs) (with ρs = ms/Vliquid)

max max

1 1 1

[ ]adsK A
 

   

Γmax [mol m–2] 

Freundlich-type vs. Langmuir-type isotherms

Log-log plot of Langmuir-type and Freundlich-type
adsorption isotherm relationships log Γ = f(log[A])
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Other isotherms

 with θ = [=SA]/Stot

a: interaction coefficient

 If a = 0 => Langmuir-type isotherm

If a > 0 => attraction between molecules

If a < 0 => repulsion between molecules

 For equilibrium: =S + A =SA 

Isotherm of Frumkin-Fowler-Guggenheim type (FFG)



( 2 ) [ ]
1

a

adse K A



  


[ ]
1

adsK A



 



Other isotherm relationships

 One adsorbate and 2 sites Γ1 and Γ2 (mol m-2)

 Two adsorbates A and B, 1 surface site

A and B do not interact

General isotherm of Langmuir-type

max

[ ]

1 [ ] [ ]

A

A

A B

K A

K A K B


  

   

1 2

1 2

1 2

[ ] [ ]

1 [ ] 1 [ ]

K A K A

K A K A

 
   

   

 One adsorbate and n sites Γi (mol m-2)

1

[ ]

1 [ ]

n
i

i

i i

K A

K A
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What about R = 1 + ρs (∂{Cs}/∂[C])?

 Langmuir-type isotherm

R = 1 + ρs Stot KL/(1 + KL [C])2, depending on [C]-2

 Freundlich-type isotherm

R = 1 + ρs n KF [C]n-1, depending on [C]n-1

what does happen if n < 1 and C tends to 0?

 Henry-type isotherm

R = 1 + ρs Kd, independent on [C]

For more details about non-linear chromatography theory, see Sigg, 
Behra, Stumm (2014)

Non-linear chromatography theory

What about R = 1 + rs (∂{Cs}/∂[C])?

Example of chromatography theory: Field site experiment
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What about R = 1 + ρs (∂{Cs}/∂[C])?

Example of chromatography theory

chloride: R = 1

carbon tetrachloride: R = 2.2

tetrachloroethylene: R = 4

Summary of chromatography theory
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Anion separation by anionic chromatography

Example of chromatography theory

(Bürgisser et al., 1994, Langmuir, 10, 855-860)
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(Bürgisser et al., 1994, Langmuir, 10, 855-860)

(Bürgisser et al., 1994, Langmuir, 10, 855-860)
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Transient advective-dispersive mass transport equation in 

homogeneous saturated porous media

Two types of solutes:

* Conservative: “inert” tracers, ∂{Cs}/∂[C] = 0 => R = 1

* Non-conservative: reactive substances, {Cs} = f([C]), R > 1

=> What shall we know or look for?

* chemical and biological properties of pollutants
with respect to the liquid, solid and gaseous phases

* chemistry, physico-chemistry, composition and reactivity

of surface of different phases (interfaces) or of solution

=> Contaminant speciation in the different phases
(or compartments of the studied system)
to better understand their fate:

(eco)toxicity? transfer? transport?

REACTIONS AT INTERFACES

 (Precipitation-dissolution) as heterogeneous processes

 Ion exchange

 Surface complexation

 Surface Precipitation

 Diffusion into the solid phase

 Mechanisms related to the hydrophobic properties of the surface or
of the solute

 Absorption phenomena (solute buried into the solid matrix)

 Role of the living organic matter

 …

Processes occuring at such interfaces:

=> SORPTION MECHANISMS
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Precipitation-Dissolution
* Role of the solubility product: Ks

Hydroxide precipitation (divalent cations)

M2+ + 2H2O M(OH)2(s) + 2H+

*Ks/M(OH)2 = [M2+] [H+]–2

Fe(III) (hydr)oxide precipitation

Fe3+ + 2H2O FeOOH(s) + 3H+

*Ks/FeOOH = [Fe3+] [H+]–3

Salt precipitation (e.g. divalent cations and anions)

M2+ + L2– ML(s)

Ks/ML = [M2+] [L2–]

(e.g. L2– = CO3
2–, S2–…)

Remark: By convention, activities

of new PURE solid phases = 1







Precipitation/Dissolution

Solubility diagram of Al hydroxide
and Fe(III) (hydr)oxide: log C vs. pH

FeOOH(s)
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Precipitation/Dissolution

Solubility diagram of Fe(II) carbonate 
and Fe(III) (hydr)oxide: log C vs. pH

FeCO3(s)

Fe(II) solubility

amorphous FeOOH
Fe(III) solubility

SORPTION MECHANISMS

Definition of ”SORPTION”:

Every process leading to the formation or the transformation 

of a surface due to the presence of a solute or its close 

neighbouring and to heterogeneous phase change (solid-

liquid) of the solute

(Sigg, Behra & Stumm, Chimie des Milieux aquatiques, 4th ed., Dunod, Paris, 2006)
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SORPTION MECHANISMS

 Ion exchange
 Surface complexation
 Surface Precipitation
 Diffusion into the solid phase
 Mechanisms related to the hydrophobic properties of the

surface or of the solute
 Absorption phenomena

(solute buried into the solid matrix)
 Role of the living organic matter
 …

N.B. Precipitation-dissolution: not considered as a sorption
process but as a heterogeneous mechanism

Processes:

Example: Cation exchange between Mz+ and Bw+

wMz+ + zBs
w+ wMs

z+ + zBw+

(the index s defines sorbed cation onto the exchanger surface)

Selectivity coefficient (law of mass action):

(with the ionic fractions for the sorbed species onto the exchanger)

Electroneutrality balance of the solid phase:

NE = z {Ms
z+} + w {Bs

w+}

with NE cationic exchange capacity of the solid (CEC)

Case of clays (applied to soils): see G.H. Bolt (ed.) [Soil Chemistry
B. Physico Chemical Models, Elsevier, Amsterdam, 1982],
Trémillon [Masson, Paris]

Ion Exchange



/

{ } [ ]

[ ] { }
z w

z w w z

z w w zM B

M B
K

M B
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Cationic exchange isotherm

Molar fraction of aqueous Ca2+
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SORPTION MECHANISMS

 Ion exchange
 Surface complexation
 Surface Precipitation
 Diffusion into the solid phase
 Mechanisms related to the hydrophobic properties of the

surface or of the solute
 Absorption phenomena

(solute buried into the solid matrix)
 Role of the living organic matter
 …

N.B. Precipitation-dissolution: not considered as a sorption
process but as a heterogeneous mechanism

Processes:

(after P. Schindler)

Surface Complexation Model 

Metal oxide surface
in the absence of H2O

First step:
Surface hydration

with H2O molecules

Second step:
Surface hydroxylation

with OH functional groups

S–OH
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In aqueous system, behaviour of surfaces, (hydr)oxides or
showing ionisable groups (noted S–OH), similar to weak diacide
(2-pKa,s model):

S–OH2
+ S–OH + H+ ; Ka1,s

S–OH S–O– + H+ ; Ka2,s

(Ka1,s & Ka2,s: surface acidity constants;

{S–OH}: in mol g–1 or noted ΓStot in mol m–2)

Surface charge: q = {S–OH2
+} – {S–O–} [mol g–1]

point of zero charge (pzc): pH value for q = 0

q > 0 for pH < pzc and q < 0 for pH > pzc

Reaction of surface complexation:
see P.W. Schindler & W. Stumm [in Aquatic Surface Chemistry, W. Stumm, ed.,
Wiley, New York, 1987]
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Surface Complexation Model 

Values of points of zero charge, pHpzc, of some “pure” solids

Material pHpzc Material pHpzc

α-Al2O3 (corindon) 9.1 β-MnO2 (birnessite) 7.2

α-Al(OH)3 (gibbsite) 5.0 SiO2 (amorphous, quartz…) 2.0-3.0
γ-AlOOH (boehmite) 8.2 TiO2 (anatase, rutile) 6.3
BeO 10.2 ZrO2 6.4
CuO (tenorite) 9.5 ZrSiO4 (zircon) 5.0
Fe3O4 (magnetite) 6.5 Albite 2.0
α-FeOOH (goethite) 7.8 Chrysolite >10
α-Fe2O3 (hematite) 8.5 Feldspars 2-2.4
FeOOH (amorphous) 8.1 Kaolinite 4.6
MgO 12.4 Latex 8.0

δ-MnO2 (vernadite) 2.8 Montmorillonite 2.5

Remark: Indicative values depending on estimation methods
They are not fully comparable

Surface Complexation Model 
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Variation of surface charge of some “pure” solids
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Surface Complexation Model 

What about surface site density, n? (1)

limited from a physical point of view

expressed usually in site numbers nm-2 (range: 1 to 15)

Example: quartz or silica

n = 4.5 sites nm-2

Assumptions: specific surface area, a = 0.16 m2 g-1

solid mass concentration in batch, ρs: 10 g L-1

solute concentration in batch, [C]tot: 10 µmol L-1

What about total surface site concentration expressed in mol L–1 in batch?
Do you have enough surface sites in your batch with respect to studied solute?

Surface Complexation Model 
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What about total surface site concentration? (2)
Example: quartz or silica

Surface site concentration:

Γtot = n / N (with N Avogadro’s number)

Γtot = 7.5 µmol m-2

{S–OH} = Γtot x a

{S–OH} = 1.2 µmol g-1

[S–OH] = {S–OH} x ρs

[S–OH] = 12 µmol L-1

Has to be compared to [C]tot (10 µmol L-1):

Excess of surface site concentration: 2 µmol L-1!!!

Surface Complexation Model 

S–OH behaves as a protonated ligand:

M2+ + S–OH S–OM+ + H+ ; monodentate (1)
M2+ + (S–OH)2 (S–O)2M + 2H+ ; bidentate (2)

(*ß1
s =*K1

s et *ß2
s: surface complexation constants of reactions 1 et 2, resp.)

Surface Complexation: Case of Metal Cation





1 2

{ }[ ]
*

{ }[ ]

s S OM H
K

S OH M

 



 


 

2

2

2 2

2

{( ) }[ ]
*

{( ) } [ ]

s S O M H

S OH M






 


 



39

S–OH behaves as a protonated ligand:

M2+ + S–OH S–OM+ + H+ ; monodentate (1)
M2+ + (S–OH)2 (S–O)2M + 2H+ ; bidentate (2)

(*ß1
s =*K1

s et *ß2
s: surface complexation constants of reactions 1 et 2, resp.)

Surface Complexation: Case of Metal Cation

Adsorption-edge curves of cations onto FeOOH

[Calculations after data base 
of Dzombak and Morel 
(1990), Behra et al. (1999) in
Interactions on Soil and 
Freshwater Environments, 
eds. Berthelin et al., Kluwer
Academic/Plenum Pub., 
Dordrecht]

Hg(II)

Pb(II)

Ca(II)

Ag(I)

Cu(II)
Cr(III)

Zn(II)

Cd(II) & Ni(II)





Calculated Hg(II) sorption onto amorphous FeOOH, SiO2 (α-quartz), TiO2 (anatase), δ-
MnO2 (vernadite) and α-Al2O3 (corindon) vs. pH.
Comparison between sorption curves for the same site concentration.
([Hg(II)]tot = 10 µM; [≡S–OH]tot = 0.1 mM; i.e. [FeOOH] = 0.31 g L–1; [α-SiO2] = 3.2 g L–1;
[TiO2] = 2.8 g L–1; [MnO2 ] = 0.048 g L–1; [α-Al2O3] = 2.3 g L–1; I = 0.1 M NaNO3)
(from Ch. Tiffreau, Ph.D. thesis, Louis Pasteur University, Strasbourg, 1996)

Hg(II) sorption onto different (hydr)oxides
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S–OH behaves as a hydroxylated cation:

A2– + S–OH S–A– + OH– ; mononuclear
A2– + (S–OH)2 (S–)2A + 2OH– ; binuclear

(ß1
s et ß2

s: surface complexation constants)

Surface Complexation: Case of Anion
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S–OH behaves as a hydroxylated cation:

A2– + S–OH S–A– + OH– ; mononuclear
A2– + (S–OH)2 (S–)2A + 2OH– ; binuclear

(ß1
s et ß2

s: surface complexation constants)

Surface Complexation: Case of Anion

Sorption of anions onto FeOOH

[Calculations after data base 
of Dzombak and Morel 
(1990), Behra et al. (1999) in
Interactions on Soil and 
Freshwater Environments, 
eds. Berthelin et al., Kluwer
Academic/Plenum Pub., 
Dordrecht]

As(V)

S(VI)
&
Se(VI)

Cr(VI)

P(V)

As(III)
Se(IV)
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S–OH behaves as a hydroxylated cation:

A2– + S–OH S–A– + OH– ; mononuclear
A2– + (S–OH)2 (S–)2A + 2OH– ; binuclear

(ß1
s et ß2

s: surface complexation constants)

Surface Complexation: Case of Anion

Sorption of anions onto α-FeOOH

Adsorption of phosphate, 
silicate and F- on α-FeOOH (6 g 
FeOOH per liter, PT = 10-3 M, SiT
= 8x10-4 M). The given species 
are the species sorbed at the 
surface (from Sigg and Stumm, 
1979)
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Adsorption reactions of Pb2+ on hematite surface:

≡FeOH2
+ ≡FeOH + H+ Ka1

s intr = 10-7.25

≡FeOH ≡FeO- +  H+ Ka2
s intr =  10-9.75

≡FeOH +  Pb2+ ≡FeOPb+ +  H+ K1
s intr =  104.0

Example: Adsorption of Pb(II) on hematite surface







Specific surface area: a = 4 104 m2 kg-1

Surface site per kg: Stot: 3.2 10-1 mol kg-1

Concentration of hematite: ρs = 8.6 10-6 kg L-1

Ionic strength: I = 5 10-3 M



42

Adsorption reactions of Pb2+ on hematite surface:

Example: Adsorption of Pb(II) on hematite surface

Surface charge = Γ0 = {≡FeOH2
+} + {≡FeOPb+} - {≡FeO-} (mol m-2)                

(FeOHT = 2.7 x 10-6 M; PbT = 10-6 M; I = 5 x 10-3 M)
Electrostatic correction: Gouy Chapman model

C
o

n
ce

n
tr

at
io

n
 (

M
) 

   
   

   
   

   

* Ternary surface complex of type A:

M2+ + Ln– + S–OH S–OM–L(2–n–1)+ + H+

==> Behaviour of ligand L as a cation

* Ternary surface complex of type B:

M2+ + Ln– + S–OH S–L–M(2–n+1)+ + OH–

==> Behaviour of cation M2+ as a ligand

Surface Complexation: Ternary surface complexes
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(Experimental conditions:[Al–OH]tot = 19.6 mM; I = 0.025 M)

(after Bowers & Huang [J. Colloid Interface Sci., 110, 1986])

Example of behaviour of ternary complex of type B (ligand):
Effect of EDTA on the Ni(II) Sorption onto alon

Sorption of a divalent cation M2+ onto an amorphous Fe(III)
(hydr)oxide (HFO or FeOOH(s)) (for more details on surface
precipitation model, see K.J. Farley, D.A. Dzombak & F.M.M.
Morel [J. Coll. Interface Sci. 106, 226, 1985])

1st step: Formation of a surface complex

Fe–OH + M2+ + H2O FeOOH(s) + =M–OH + H+

Surface Precipitation



( )

,1 2

2

{ }[ ]
*

{ }[ ]

ss

M

FeOOH M OH H
K

Fe OH M H O





 


 

with {S–OH} in mol g–1, [M2+] in mol L–1 and |H2O| and
|FeOOH(s)| activities of H2O and FeOOH(s), respectively
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2nd step: Precipitation of the divalent cation hydroxide

=M–OH + M2+ + 2H2O M(OH)2(s) + =M–OH + 2H+

Precipitation of Fe(III) (hydr)oxide

Fe–OH + Fe3+ + 2H2O FeOOH(s) + Fe–OH + 3H+

Remark: Formation of solid solution;
Activities of new solid compounds  1
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Surface Precipitation

(Experimental conditions: [Fe–OH]tot = 4.45 mM; Ni(II)tot = 0.85 mM; I = 1 mM)

(Lützenkichen, experimental data from Crawford et al. [Langmuir, 1993])

Example of surface precipitation
Ni(II) sorption onto amorphous FeOOH

– Surface Complexation Model

– Surface Precipitation Model

log *KsNiO = 13.1

(lit. value = 12.8)
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bidentate

mononuclear

binuclear

bidentate
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Formation of an Electric Double Layer
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Surface Charge:

σs: permanent structural surface charge (ion 
exchange)
σ0: net surface charge
due to the specific sorption of ions
(σ0 = σH + σis)

σH: charge due to the sorption
of H+ and OH–

σis: charge due the sorption of the 
inner-sphere surface complexes

σos: charge due to sorption of outer-sphere 
surface complexes
σd: charge from counter-ions

Interface electroneutrality:
σs + σH + σis + σd + σos = 0

Formation of an Electric Double Layer
Total surface charge, σp:

σp = σs + σH + σis + σos

σd : counter-ion charge contribution

Electroneutrality:
σp + σd = σs + σH + σis + σos + σd = 0

ε: dielectric constant for water: 78.5 at 25 °C; F: Faraday constant
c: electrolyte concentration (I); ψ0: surface potential
ε0: vacuum permitivity: 8.854 10-2 C V–1 m–1; Z: charge 

For low potential: σp ≈ εε0κψ0

with κ (Debye’s parameter): [m–1]

inverse of double layer thickness
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Formation of an Electric Double Layer

σp = (8RTεε0c x 103)1/2 sinh(Zψ0 F/2RT)

at 25 °C

σp = 0.1174 c1/2 sinh(19.46 Zψ0) [C m–2]

or for low potential

σp = 2.3 I1/2 ψ0 [C m–2]

κ = 3.29 109 I1/2 [m–1]

Examples of double layer thickness:

for 1 mM NaCl κ–1 ≈ 10 nm 
for sea water (I ≈ 0.7 M) κ–1 ≈ 0.4 nm

Definition of Points of Zero Charge (pzc)

pHpzc : point of zero charge (σp = σs + σ0 = 0)
pHpznc : point of zero net charge (σs + σH = 0)
pHpznpc : point of zero net pristine charge (σH = 0)

=> from the protons and hydroxides only
pHiep : isoelectric point (σd = 0)

=> no electrophoretic mobility of particle
pHpzcse : point of zero charge due to salt electrolyte

(ΔσH/ΔI = 0, with I ionic strength)

Intrinsic Constants

Two parts: ΔGapp = ΔG0
int + ΔGelec

=> Kint = Kapp
. exp(Δz F ψ/RT)



47

Constant Capacitance Model (CCM)

Relationship between charge and potential:
σ0 = C . ψ0

with σ0 surface charge, C capacitance
and ψ0  surface potential (for I > 0.1 M)

Interface Electroneutrality: σ0 + σ1 = 0

Diffuse Layer Model (DLM)

Relationship between surface charge and potential
(Gouy-Chapman relationship):

σ0 = (8RTεε0c x 103)1/2 sinh(Zψ0 F/2RT)

with ε water dielectric constant, ε0 vacuum permittivity,
c electrolyte concentration, Z charge of symmetric electrolyte

Interface Electroneutrality: σ0 + σd = 0

Formation of an Electric Double Layer

Surface charge vs. pH for Fe(III) (hydr)oxide

(after Sigg et al., 2006)
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Triple Layer Model (TLM)

Relationship between surface charge and potential
(Gouy-Chapman relationship):

σd = –(8RTεε0c x 103)1/2 sinh(Zψd F/2RT)

σd = C2 (ψd – ψ1); σ0 = C1 (ψ0 – ψ1); 

Interface Electroneutrality : σ0 + σ1 + σd = 0

Stern Layer Model (SLM)

Relationship between SLM, CCM and DLM:
If I is high: SLM tends to CCM
If I is low: SLM tends to DLM

Different model of electric double layer of charged surface with C+ and
A- cations and Anions of electrolyte, X- a specific adsorbed anion, ψ0

surface potential, σ0 surface charge, which depends on the specific
adsorbed ions
a. constant capacitant model, with σs charge of counter-ions; b. diffuse
double layer model, σd charge on the diffuse double layer; c. triple-
layer model, σ0S charge of outer-sphere adsorbed ions, σd charge in the
diffuse double layer; d.-f.: Potential (ψ) vs. distance from surface (d)

Bulk solution Bulk solution Bulk solution
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(CC: Constant Capacitance (CCM); DL: Diffuse Layer (DLM); SL: Stern Layer (SLM);

TL: Triple Layer (TLM) [adapted from Westall & Hohl, Adv. Colloid Interface Sci., 12, 1980])

Ambiguity of surface complexation models:
Description of surface acidity of alon
with different electrostatic models

Complexation Model with Charge Distribution of 
Surface Sites (CD-MUSIC)

In the previous models: charge of inner-sphere complexes located in one
point only

Case of charge distribution: taking into account of the molecule size with
a part of the molecule engaged with its charge in the surface structure,
the second part being located in the “Stern layer”

Positive charge of a cation or those of a ligand: charge distribution over
the overall ligands or cations sorbed onto the surface (respectively)

Base: Pauling’s rule

Definition of a formal valence for binding, “ν”: ν = Z/CN
with Z cation charge and CN its coordination number
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Complexation Model with Charge Distribution of 
Surface Sites (CD-MUSIC)

Example of goethite (α-FeOOH)

Acido-basic equilibria for one oxygen simply coordinated to the goethite
surface (planes {110} and {021}):

Fe–O3/2– + H+ Fe–OH1/2–

Fe–O1/2– + H+ Fe–OH2
1/2+

Acido-basic equilibria for one oxygen triplically coordinated to the
goethite surface (plane {110}):

Fe3–O1/2– + H+ Fe3–OH1/2+

Fe3–O1/2+ + H+ Fe3–OH2
3/2+

=> Three Plane Model (TPM)

between plane 0 (surface) and plane 1 (Stern layer): distribution of
inner-sphere surface complexes;
plane δ: diffuse layer (Gouy-Chapman)

see Hiemstra et al. J. Colloid Interface Sci. [133 (1989), 179 (1996)],
Venema et al. J. Colloid Interface Sci. [181 (1996)]









Validity of Sorption Models

 Sorption corresponds to a reaction between aqueous ions and
specific sites coordinated to the surface of particles (generally of
type OH)

 Sorption independent on the surface structure (except CD-MUSIC)

 Law of mass action applicable to sorption reactions

 Surface charge: due to the sorption reactions themselves (by
formation of surface complexes)

 Taking into account of surface charge effects on the sorption by a
correction factor derived from the Electric Double Layer theory
applied to the equilibrium constants of surface reactions

Mutual influence of the different surface sites. More generally, the
surface complexation theory is based on association of the
following concepts (Dzombak et Morel, 1990):
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Validity of Sorption Models

Atomic force microscopy (AFM) of surface of hematite (α-Fe2O3).
Scale: 20 nm; color: distances in depth (from Eggleston et al., 2004)

Relationship between Surface Complexation
and Basic Isotherm (1)

Assumptions:
- sorption of tributyltin (TBT) with formation of monodentate surface 
complex, S-OTBT, onto one type of surface site, S-OH, in the 
presence of several ligands, NO3

–, OH– and imidazol (noted Im) used 
as pH buffer (at constant pH 8).
- Electrostatic correction term: not considered for simplification

Aim: find CS = f(C), i.e. {S-OTBT} vs. [TBTtot,aq ]?
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Relationship between Surface Complexation
and Basic Isotherm (2)

Equilibria and given constants:

* Surface acidity
S–OH2

+ S–OH + H+ ; Ka1,s (i)

S–OH S–O– + H+ ; Ka2,s (ii)

* Monodentate surface complex
TBT+ + S-OH S-OTBT + H+ ; *K1

s (iii)

* Aqueous speciation
TBT+ + H2O TBTOH + H+ ; Ka,TBT (iv)

TBT+ + NO3
- TBTNO3 ; KNO3 (v)

TBT+ + Im TBTIm+ ; KI (vi)

ImH+ Im + H+ ; Ka,I (vii)















Relationship between Surface Complexation
and Basic Isotherm (3)

Aqueous total concentration of TBT:
TBTaq =  [TBT+]  +  [TBTOH]  +  [TBTNO3]  +  [TBTIm+] (viii)

or:
TBTaq =  [TBT+] (1 + Ka,TBT [H+]–1 + KNO3[NO3

-] + KI [Im]) (ix)
TBTaq =  [TBT+] α–1 (x)

with
α  =  (1 + Ka,TBT [H+]–1 + KNO3[NO3

-] + KI [Im])–1 (xi)

Mass balance for surface sites:
Stot =  {S-OH2

+} + {S-OH} + {S-O–} + {S-OTBT} (xii)

Taking (i) and (ii) into (xii) :
Stot =  {S-OH} ([H+] Ka1,s

-1 + 1 + Ka2,s [H+]–1) + {S-OTBT} (xiii)
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Relationship between Surface Complexation
and Basic Isotherm (4)

Writing:
α1 = ([H+] Ka1,s

-1 + 1 + Ka1,s [H+]–1)–1 (xiv)

and putting {S-OH} from (iii) in (xiii) :
Stot = α1{S-OTBT} [H+] (*K1

s)-1 [TBT+]-1 + {S-OTBT} (xv)

re-writing as:
{S-OTBT} = Stot (1 + α1[H+] (*K1

s)-1 [TBT+]-1)-1 (xvia)

or
{S-OTBT} = Stot (α1

-1 [H+]-1 *K1
s [TBT+])/(1 + α1

-1 [H+]-1 *K1
s [TBT+])

(xvib)

Taking (xvi), relationship between [TBT+] and TBTaq, eq. (x):
{S-OTBT} = Stot (α1

-1 [H+]-1 *K α TBTaq)/(1 + α1
-1 [H+]-1 *K α TBTaq) (xvii)

Relationship between Surface Complexation
and Basic Isotherm (5)

Writing:

KL = α1
-1 [H+]-1 *K1

s α (xviii)

relationship (xvii) looks like Langmuir-type isotherm:

{S-OTBT} = Stot (KL TBTaq)/(1 + KL TBTaq) (xix)

From given assumptions, monodentate surface complex, the expected 
behaviour of TBT in batch experiments followed a Langmuir-type 
isotherm, {S-OTBT} vs. TBTaq
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Relationship between Surface Complexation
and Basic Isotherm (6)

Conclusion:
Do not forget that the Langmuir-type constant, KL, depends on 
important environmental factors such as pH, ligand concentration, 
surface acidity and thus on the type of surface material, and call KL as a 
coefficient and not a constant

Can be generalised to more conditions

Application to TBT Transport: Parameter Estimation (1)

First, from eq. (xviii), KL can be estimated and then the surface 
complexation constant, log*K1

s, from isotherm à pH 8

What is known:

* surface acidity constant
logKa1,s = –4; logKa2,s = –8

* aqueous equilibrium constant
pKa,TBT = 6.25; logKNO3 = 0.62; logKIm = 3.91 & pKa,Im = 7

* ligand concentration
[NO3

-]tot = 100 mM et [Im]tot = 1 mM
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a) Sorption isotherm of TBT in the presence of natural quartz sand
from batch reactors: Langmuir-type isotherm shape and 
estimated parameters: Stot = 0.65 µmol kg–1, and KL = 16.2  µM–1

(after Bueno et al., 1998; Sigg et al., 2006)

Application of non-linear chromatography therory
and illustration of parameter estimation (1)

Application to TBT Transport: Parameter Estimation (2)

Estimated parameters

From isotherm,

Stot = 0.65 µmol kg–1, &

KL = 16.2  µM–1

Thus by taking into account aqueous speciation and surface acidity, from 
equation (xviii):

log*K1
s = 1.3

Second, breakthrough curves can be calculated by using non-linear 
chromatography theory
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b) Breakthrough curves of (TBT) : comparison between experiments
and calculated data
L: 0.20 m; pore volume (Vp) : 39 cm3; sand mass (ms): 170 g and pore 
velocity: 9 10–5 m s–1

Injected solutions : TBT 0.84 or 2.11 µM + NaNO3 100 mM, pH 8. V : 
eluted volume

(after Bueno et al., 1998; Sigg et al., 2006)

Application of non-linear chromatography therory
and illustration of parameter estimation (2)

leaching

Calculated C (2.11 µM)

Calculated C (0.84 µM)

Γtot

total surface site 
density

{Cs} = f([C]): different type of isotherms
From mechanisms to basic relationships

a: Surface complexation (SC)

b: Surface precipation

c-e: Surface complexation
+ Dissolution/Precipitation
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What about R from in that case?

R = 1 + ρs (∂{Cs}/∂[C])

For Langmuir-type relationship:

{Cs} = S = Smax(pH).f(pH,[Ligands]).[C] /(1 + f(pH,[Ligands]).[C])

Physical-chemical transfer

Main steps of reactional schema:
- Mass transfer (diffusion) of reactants from the mobile fluidic phase

to the external surface of catalyst
- Diffusion of reactant from the pore inlet through macropores,

to micropores at the internal surface of catalyst
- Adsorption of reactant(s) on free active surface sites
- Chemical reaction at the surface
- Desorption of products
- Diffusion of products from the internal surface of catalyst through micropores to 

their outlet, at the external surface of catalyst
- Mass transfer of products form external surface to fluidic mobile phase
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Fluide 
Advection et 

diffusion 

Fluide 
immobile 

Diffusion et 
réaction 

Position de 

l’interface 
Position 

Concentration profiles for local equilibrium assumption (red dots) and non local 
equilibrium assumption (green line). The transported compound can cross the 
interface and react either in one of the phases or at the interface

Immobile 
fluidic phase
Diffusion and 

reaction
Mobile 

fluidic phase
Advection 

and diffusion

Interface

Physical-chemical transfer

Two physical steps:

External transfer
Whatever the flow rate of mixing, existence of immobile 
liquid layer at the solid-liquid interface due to viscosity
Thickness of the boundary limit: function of the mean pore 
velocity, u
Sorption on solid after molecular diffusion of the solute 
through the layer by following the Fick’s law

Internal transfer
In contact of the solid phase, possible sorption only after 
migration of the solute in the interstitial pores of the solid 
phase
Flux function of the tortuosity

Next step: physical-chemical reactions
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Schema of concentration repartition of a solute X between the 
mobile liquid, [X], the immobile of diffuse layer, [X]*, the 
external surface of solid, [XS]*, and the solid bulk, [XS]
Sequential different steps: diffusion through the layer  internal 
diffusion  ad- or desorption  pure chemical steps

s 
 

t

*X
s




 =  ke ([X] – [X]*) 

 
t

X
s




  =  ki ({Xs}*– {Xs}) 

External transfer

with ke external mass transfer constant [s–1], function of particle 
geometry, molecular diffusion coefficient in liquid phase and 
hydrodynamic; ki internal mass transfer constant [s–1], function of 
particle geometry and molecular diffusion coefficient in porous 
medium
[X]* concentration of X in the immobile fluid phase at equilibrium at 
solid-liquid interface, solution side [mol L–1]; {Xs}* concentration of X 
on the solid phaseat equilibrium at the solid-liquid interface, solid 
side [mol g–1]
ρs = ms/VL: apparent density [g L–1], ms: solid mass, VL: liquid volume

Internal transfer
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ke  =  
p

pm

δv

aD
 

Sh  =  
δ

a
p

 =  2  +  1.8 Re
1/2

 Sc
1/3

 

with Dm molecular diffusion coefficient in solution; ap

particle surface area; vp particle volume; δ layer thickness 
(external diffusion layer)

with Re Reynolds number = (u dp)/ν; Sc Schmidt number = 
ν/Dm; and ν kinematic viscosity of fluid [m2 s–1]

External mass transfer constant, ke

Sherwood number, Sh

Péclet number, Pep :

comparison of characteristic times of diffusion and advection

Characteristic length of porous space: lp
Diffusion coefficient of compound transported in fluidic phase: Dγ

Mean pore velocity of the fluidic phase: <vγ>
γ

Characteristic time of diffusion: lp
2/ Dγ

Characteristic time of advection: lp/<vγ>
γ

Péclet number = ratio between these two characteristic times

2 /

/

pp

p

p

ll D
Pe

Dl









 
v

v

Physical-chemical transfer
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Damkhöler numbers, Da :
taking into account constants of homogeneous and heterogeneous
rate constants, noted kh and kH, respectively

Comparison between effects of reactions and those of diffusion
* Characteristic time of diffusion: lp

2/ Dγ

* Characteristic time of reaction: homogeneous 1/kh

heterogeneous lp/kH

Damkhöler numbers = ratio between these two characteristic times, meaning:

2

,  dans le cas de réactions homogènes

,  dans le cas de réactions hétérogènes

ph

H

k l
Da

D

k l
Da

D











for homogeneous reactions

for heterogeneous reactions
p

Physical-chemical transfer

Interest of Péclet number, Pep, and of Damkhöler 
numbers, Da:

Quantification of local gradients due to transport (with Pep) or 
reactivity (with Da)

Greater these numbers are, more system will be at non local 
equilibrium

Physical-chemical transfer
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Damkhöler numbers, Da, vs. Péclet number, Pep :

MTLC model:  consumption of all the solute at the gas-solid interface, transport in 
the reactive phase being not taken into account, i.e. large Da numbers
RRLC model: transport of compound being less affected by gradients in the fluidic 
phase, and reaction occuring in the slow phase only. Case of a well mixed medium in 
the fluidic phase, i.e. high Pep number

10-3 10-2 10-1 1 10 102 103 104 105 106

10-2

10-1

1

10

102

103

104

Da

Pe

LEA : équilibre local

MTLC : 

RRLC

TEM

LEA: local equilibrium assumption

MTLC: mass transfer limited consumption

RRLC: reaction rate limited consumption

TEM: Two equation model

Physical-chemical transfer

Importance in the transport of contaminants

Colloid Transport
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Role of clay mobility after their peptisation in Hg(II) transport
through natural quartz sand

a) Injection of 0.5 µM Hg(II) with NaCl (I = 10 mM) to steady-state condition (C/C0 ≈ 1)
Then injection of NaCl (I = 10 mM) alone
When [Hg] ≈ 0, injection of pure water leading to clay peptisation

b) Each sample divided in 3: total [Hg], [Hg] after centrifugation (expressed as C/C0) and clay 
mass. NaCl gradient given

(after Behra, Geoderma, 1986)

What about colloid transport or their potential scavenging 
role in contaminant transport?

Leaching (240 Vp) 0 Vp = pure water injection

Clay mass [g]

Mercury breakthrough

Total [Hg]

[Hg] on clay

NaCl
gradient

Nature 397, 56-59 (7 January 1999)

What about colloid transport or their potential scavenging 
role in contaminant transport?
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(from Kersting et al., Nature 397, 1999)

What about colloid transport or their potential scavenging 
role in contaminant transport?

a, The tabular, lath-shaped morphology of the zeolite, mordenite;
b, the platy appearance of the clay, illite.
The two distinct morphologies were observed in all three size fractions (> 1 µm, 1 000–50 nm, and
50–approx. 7 nm)
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TRANSPORT OF Cd and Pb

THROUGH A NATURAL POROUS MEDIUM:

INFLUENCE OF THE SOLID-LIQUID

INTERFACE PROCESSES

Modelling of reactive transport
in saturated medium:

AIM: Competitive transport of Cd and Pb

in water saturated condition

Metal transport was investigated by a laboratory column set-up at
constant pH (4.5) and fixed ionic strength (10 mM in NaNO3 or
Ca(NO3)2) by:

Mono-component experiments

Competitive experiments

Cd and Pb 
isotherms

Modelling reactive transport
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MONO-COMPONENT EXPERIMENTS

Two different mono-component step experiments for Cd and Pb

Experiments performed at constant pH (4.5) and fixed ionic strength
(10 mM of NaNO3 of Ca(NO3)2) by injecting several solutions with an
increasing heavy metal concentration until steady state condition was
reached for each step

The mass balance of each metal in liquid 
and solid phase is used to calculate the 

mono-component isotherms

SOLID PHASE

QUARTZ > 99 %

POTASSIC FELDSPARS  1 %

CLAYS  0.1 %

(Kaolinite, Illite, Smectite)

OXIDES/HYDROXIDES traces

Al,Fe,Mn 

Natural quartz sand from Alsace (Kaltenhouse, France)

Medium diameter: d50 = 0.65 mm

Characteristic diameter: d10 = 0.43 mm

Specific Surface Area: 0.16 m2 g–1

Mineralogical composition of the sand
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EXPERIMENTAL SET-UP 

Column: diameter 2.6 cm; length 7 cm

column
back

pressure

thermostated
bath

flow-through
pH electrode

UV/vi
s

fraction
collector waste

injection 
loop

HPLC pump

Feeding 
solution

NO3
-

conservative tracer

time (s)
(U

.A
.)

Tracer curveD, n, Vo

(from Bianchi et al.)

Co*Vf = total mass of metal fed in column

MASS BALANCE 

FOR BREAKTHROUGH CURVE

Ef
fl

u
en

t 
h

ea
vy

 m
et

al
 c

o
n

ce
n

tr
at

io
n

Volume eluted from the column

Metal concentration

in the feeding 

Solution

C0 (mmol L-1)

Total volume of 

solution applied

during the

adsorption step

Vf (L)

Vf

0

Co*Vf – C  dV = mass of metal sorbed

Vf

0

C dV = total mass of metal eluted from the column
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Cd MONO-COMPONENT EXPERIMENT

Pore Volumes V/Vo
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Experiment: injection of several solutions with an increasing metal 
concentration until steady-state for each step.
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Pb MONO-COMPONENT EXPERIMENT
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[Pb] all'equilibrio in fase liquida (mol L-1)
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[Cd] all'equilibrio in fase liquida (mol L-1)
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 Cd and Pb sorption onto natural quartz sand:

depending on many environmental factors such as cation electrolyte

[Cd] at equilibrium in liquid phase (µM) [Pb] at equilibrium in liquid phase (µM)
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EQUILIBRIUM MODEL

Model: two different types of adsorption sites for both Cd and Pb

Cation exchange site2XNa + Me2+  X2Me + 2Na+

Surface complexation siteSO-H + Me2+ SOMe+ + H+

Negative charge due to 
isomorphic substitution

Reactions of metals with surface hydroxil groups 
(FeOH, AlOH)
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EQUILIBRIUM MODEL

Model: two different types of adsorption sites for both Cd, Cu and Pb

SPbPbS  2  
  




2PbS

SPb
KSPb

SCdCdS  2  
  




2CdS

SCd
K SCd

  NaPbXPbXNa 22 2

2   
   

2

22

2






PbXNa

NaPbX
KNaPb

  NaCdXCdXNa 22 2

2   
   

2

22

2






CdXNa

NaCdX
KNaCd

Assumed equilibria

Mass balance

       SCdSPbSOHM
TOT



       CdXPbXXNaECECX
TOT 225.4

22 

EQUILIBRIUM MODEL

Optimization of adjustable parameters by non-linear regression of Cd
and Pb mono-component adsorption data according to the assumed
interaction model in the presence of Na or Ca salt

M 0.036 mol g-1

KCd 7.29 10-3 L mol-1

KPb 163 10-3 L mol-1

KNaCd 25.7 105 g L-1

KNaPb 125 105 g L-1

CEC = 0.332 mmol g-1

Pb 0.9986Cd 0.9997

Correlation

Total correlation 0.9987
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Equilibrium concentration

in the liquid phase (mol L-1)
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MODEL PERFORMANCE

GOOD CORRELATION BETWEEN EXPERIMENTAL ISOTHERMS AND 
CALCULATED BEHAVIOUR

x

C

x

C
D

t

S

t

C

























2

2

MODELLING REACTIVE TRANSPORT

REACTIVE SPECIES

Reactive transport: Numerically solve the advection-dispersion

equation by using the classical model of mixing cells in series for modelling the
one-directional disperse flow

Local Equilibrium Assumption (LEA) for model calculation.
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V/V0
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Good experimental prediction from adjusted transport model
both for the position and the shape of different adsorption steps
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COMPETITIVE EXPERIMENTS

Competitive column experiments: for studying competition between
cadmium and lead onto the natural quartz sand

1st

Aim: for confirming competitive interaction proposed in our model and
investigating effect of competition on metal transport

Competitive 
experiment

2nd Competitive 
experiment

Cd and Pb:
simultaneously fed into
column

Cd and Pb: sequentially
fed to column

FIRST COMPETITIVE EXPERIMENT
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Pore Volumes V/Vo
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SECOND COMPETITIVE EXPERIMENT

Cd

Pb
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Cd PROFILES during Pb ADSORPTION

Cd

Pb

Pore Volumes

One profile for

each pore volume Cd concentration along column
length in the liquid phase
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CONCLUSION

Transport of heavy metals through a natural aquifer material: investigation by
an optimized column set-up allowing to perform mono-component and
competitive transport experiments in well controlled conditions

Competition between heavy metals strongly affects their dynamic
transport behavior with formation of peaks of concentration

Representation of behavior by an appropriate modelling of interactions
but no possible prediction by simple mono-component isotherms (such
as Langmuir or Freundlich-type isotherms)

Assumption of two adsorption sites (cation exchange and surface
complexation sites) where both metals adsorbed with competitive
mechanism

Modelling of reactive transport
in saturated medium:

Principles, methods and perspectives

Part of Ph.D. work of Jérôme Carrayrou (2001)

PhD supervisor: Philippe Behra & Robert Mosé

- Carrayrou, J., Mosé, R. & Behra, Ph., 2002. A new efficient algorithm for
solving thermodynamic chemistry. AIChE J. 48, 894-904.

- Carrayrou, J., Mosé, R., Behra, Ph., 2003. Modélisation du transport réactif
en milieu poreux : schéma itératif associé à une combinaison d’éléments
finis discontinus et mixtes-hybrides. C. R. Mécanique 331, 211-216.

- Carrayrou, J., Mosé, R., Behra, Ph., 2004. Comparison of mass balance
errors in operator-splitting procedures for reactive transport. J.
Contaminant Hydrol. 68, 239-268.
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Overview

Processes

Solving methods

 Coupling chemistry and transport

 Solving operators

Perspectives

Processes

Transport of solutes

Chemical processes
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Transport of solutes

u

Advection

u Dispersion

Advection / dispersion
L
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zt
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Pure advection
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c
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zt
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Advection and dispersion
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Advection - dispersion - reactions

u

Advection

u Dispersion

Liquid-gas exchange

Aqueous 
reactions

Dissolution

Precipitation

Sorption

Leaching

Biology

 
   

 
2

2


 
   

  
cinU D f

t z z

Cc Cc
Cc Cc

7 species

t = 0 t = t1

t = end t = t2

Kinetic changing in time

Kinetic reactive transport
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7 species

Kinetic reactive transport

Formulation of reaction kinetics

Rate laws are very diverses

Large range values of characteristic times 

Sharp differential system
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Example: consumption of 
oxygen and organic susbtrate 
by micro-organisms
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t t

 
 

 
 

Td Tf L Td

   dfTd T

   ffTf T Fixed components

Dissolved components

3 components 7 species

t = t0

t = t0

t = t0 ’t = t0

Instantaneous
equilibrium

Reactive transport at equilibrium
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Reactive transport at equilibrium
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Formulation of thermodynamic 
equilibrium

Nx

i, j j i

j 1

b X C


 Reaction 2 3 3

2
2 3 3

H OH

H H CO HCO

2 H H CO CO

 

 

 



 

  

    i , j
Nx

a

i i j

j 1

C K X


 
Law of

mass action
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Species
Components

Nc species Ci
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Theory Example
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Law of mass action

Activity coefficient

Mass balance
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A unique way
for equilibrium reaction

Mobile term
Non mobile term
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Processes:
Some conclusions

A unique transport equation for a solute

Important difference between 
kinetics and instantaneous 

equilibrium
Very different rate laws 

Necessity of using each species

Sharp differential equations

Writing of all processes in a 
unique way

Possibility of using components 
only

Algebric equation system

Reactive transport

Transport
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Solving methods
for coupling chemistry

and transport

Global approach

Operators splitting

Coupling Transport - chemistry

Transport
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Global approach

Short inputs…

Global approach

Leading to very large systems of equations:

Solving together the set of transport and
chemical equations

 Cell number x  Species number

 Cell number x  Component number
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Example of transport – kinetics:

1 1
1 1 2 2

2 2
1 1 2 2

Cc Cc
U k Cc k Cc

t z

Cc Cc
U k Cc k Cc

t z
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1 2
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Spatial and temporal discretisation
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Rewriting terms

1 2Cc Cc

Pore velocity U

Reaction :

Example of transport – kinetics:

1 1
1 1 2 2
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U k Cc k Cc

t z
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t z
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Transport – equilibrium (1)

Differential and algebric system:

i ,k

i, j i i, j i

species mobiles

a

i i k

components

b C L b C
t

C K X

    
       

 


 



For each component

In each cell

Non linear system
Species number x  cell number

Substitution – discretisation:

i ,k i ,k

i ,k i ,k

a a

i, j i k i, j i k

species mobilescomponents components

a a

i, j i k i, j i k

species mobilescomponents components

b K X L b K X
t

b K X b K L X
t

   
     

    

    
       

      

  

  

Non linear system
Component number x  cell number
No mass balance

Transport – equilibrium (2)
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Discretisation – substitution :
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U t
                                          b K X
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,k n,i

j

components

T

Non linear system
Component number x  cell number
Mass balance

Transport – equilibrium (3)

Global approach:
Some conclusions

Very large system of equations

Not easy to code

Set up of very difficult and specific methods

Improvement due to development of new 
mathematic methods
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Operator splitting

Understanding methods

Operator splitting

COUPLING
Errors

of operator
splitting has to be

minimized

TRANSPORT
OPERATOR

CHEMICAL
OPERATOR
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Non Iterative (NI) Standard
Scheme
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Non reactive transport over half a time step
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Chemistry in closed system over a time step
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Non reactive transport over half a time step
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Closed system

Time step
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Time step
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TRANSPORT
Non reactive

Half a time step
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Non reactive

Half a time step
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I Standard Scheme
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Sink-source term

   
1, 1,n k n k

k C T
C

t

 





C
R

C

Solution after convergence
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Transport – chemical kinetics splitting

Transport

Exact solutions

Exact solution for non-reversible reaction

(1 species)
   tk

EX e1
k

tM 




Exact solution for reversible reaction

(2 species)
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21 cc 

 

i
i i i j j

0
i i

dM
k M k M

dt

M t 0 M







    

 

Reaction

Mass balance

   

2

i i i
i i j j2

0

i i

C C C
D u k C k C

t x x

C t 0, x C x
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Errors and adimensional numbers

Nos 1OSN k t   2 1 2OS TN k t k k t    

Scheme Non reversible reaction Reversible reaction 

 1
1

k t

SS k t

e
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e

 

 

 
 


 

1
1

21

T

T

k t

ST Tk t

e t
E k

e

 

 

 
 


 

I Standard 1
1

IS k t

k t
E

e 


 


 1

1 T

T
IS k t

k t
E

e
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Numerically verified:

- for mass balances

- for concentration profiles

Errors on mass balance for steady state condition
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Errors on concentrations for steady state condition
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Application
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h 2 h

Sub 12 B 2 B
cin 2 2 11 2

h h 2
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K O K Sub
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f O

K Sub K O

 
 

 
 


  

  

   
  

Sand bed (100 m)
Aerobic bacteria
Oxygen (3 mg/L)

Water flow (1 m d-1)
Oxygen (3 mg L-1)
Organic Substrate (10 mg L-1)

60 m

Consumption of oxygen 
and substrate until
exhausting oxygen

Final substrate 
concentration:

Sub = 8.5 mg L-1
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Transport and biological kinetics

Transport - instantaneous equilibrium 
splitting

Transport
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NI standard scheme

Non constraint
for implementating

Important 
numerical diffusion

TRANSPORT
Non reactive

CHIMIE
Closed system

Time step
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Time step
n + 1
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I standard
scheme

Necessity of implicite
formulation of
transport operator

Low numerical 
diffusion

TRANSPORT
Reactive

Time step
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Time step
n + 1

CHIMIE
Closed system
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Conditions for test example

 Reaction Equilibrium constant pK 

 OHOHH 2   14,0 

   332 HCOHCOH  6,3 

   2
33 COHHCO  10,3 

   2
3

2
3 COCa)s(CaCO  8,42 

   2
3

2
3 COSr)s(SrCO  9,03 

   2222

ff SrCaSrCa  -0,021 

Injection (2 t) 
    M10071 5

32
 ,COH

 ; 
    M10157 52   ,Sr

 ; 
  02 Ca

 

Leaching (10 t0) 
    M10071 5

32
 ,COH

 ; 
  02 Sr

 ; 
   M10634 32   ,Ca

 

 

from Lefèvre et al. 1993

Precipitation of calcite and strontionite

Ion exchange between Ca and Sr

Length: 12 cm

References: 1 200 cells
Test : 120 cells
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Strontium breakthrough curves

Pecomp = 1,6

Peref = 0,16
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Methods for solving
operators

Transport operator

Chemical operator

Transport Operator

Transport
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Solving methods
i 1 i 1C CC

z 2 z

 


 
Finite differences (centered)

   i i

elements

C z C z  Finite elements

Discontineous finite elements

  iC z   et   discontineous

Discontineous finite elements

Controlling numerical diffusion

No oscillation

Allowing profiles with discontineous

concentration

Well adapted for sharp and non 

diffuse fronts
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Operator splitting and DFE
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 (Lefèvre et al. [5])

 Traceur référence
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 Traceur différences finies

 Sr
2+

 schéma I Standard et différences finies

 Traceur EFDM

 Sr
2+

 schéma NI Standard et EFDM

 Sr
2+

 schéma I Standard et EFDM

Pecomp = 1,6

Peref = 0,16

Chemical operator at equilibrium

Transport
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Chemical system

1
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i, j j i
j

b X C
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2
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H H CO CO
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Law of

mass action

   

     

     

3

2
3

1

1

3 2 3

2
2
3 2 3

OH

HCO

CO

OH K H

HCO K H H CO

CO K H H CO








 


 


 

 

  

  

 
1

Nc

j i, j i
i

T b C



     
Mass

balance  
2 3

2
3 3

2
2 3 3 3

2
H

H CO

T H OH HCO CO
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Species
Components

Nc species Ci

Nx component Xj
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OH 
2 3H CO 3HCO 2

3CO 
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2 3H CO

Theory Example

Objective function
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Newton-Raphson method
Jacobian of objective function

1st order development
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X1

Y1

X3

Y3

X2

Y2

X4

Newton-Raphson Method: simple scheme

Newton-Raphson: no convergence

Divergence: non-sense values

Ring pathway!
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Acceptable chemical domain
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Positive contineous fractions

 Raw and fast convergence

Very fast approach of solution

Newton-Raphson
 Far from solution: uncertain convergence

 Very fast and precise convergence close to solution

Acceptable chemical
domain

 Few calculations

 Increasing stability

Positive contineous fractions

 Slow but precise convergence

 Always convergence

SPECY: a combined algorithmus

Gallic
Acid



105

0 5 10 385 390 395 400

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

 Newton-Raphson

 SPECY

 Positive contineous fractions

 H
3
L Equilibrium

 Max (H
3
L)

 Newton-Raphson Relaxation by secante

C
o

n
c
e

n
tr

a
ti
o

n
 H

3
L

 (
M

)

Calculation time (u. CPU)

-12.00 -11.00 -10.00 -9.00 -8.00 -7.00 -6.00 -5.00 -4.00 -3.00

log (Al+++)

-12.00

-11.00

-10.00

-9.00

-8.00

-7.00

-6.00

-5.00

-4.00

-3.00

lo
g
 (

H
3
L
)

1.00

10.00

20.00

50.00

100.00

150.00

200.00

250.00

300.00

500.00Non Convergence

Temps
de

Calcul

Newton Raphson

-12.00 -11.00 -10.00 -9.00 -8.00 -7.00 -6.00 -5.00 -4.00 -3.00

log (Al+++)

-12.00

-11.00

-10.00

-9.00

-8.00

-7.00

-6.00

-5.00

-4.00

-3.00

lo
g

 (
H

3
L
)

1

10

20

50

100

150

200

250

300

500
Non Convergence

Temps
de

Calcul

NR + Secante

-12.00 -11.00 -10.00 -9.00 -8.00 -7.00 -6.00 -5.00 -4.00 -3.00

log (Al+++)

-12.00

-11.00

-10.00

-9.00

-8.00

-7.00

-6.00

-5.00

-4.00

-3.00

lo
g
 (

H
3
L
)

1

10

20

50

100

150

200

250

300

500
Non Convergence

Temps
de

Calcul

SPECY

-12.00 -11.00 -10.00 -9.00 -8.00 -7.00 -6.00 -5.00 -4.00 -3.00

log (Al+++)

-12.00

-11.00

-10.00

-9.00

-8.00

-7.00

-6.00

-5.00

-4.00

-3.00

lo
g
 (

H
3
L
)

1.00

10.00

20.00

50.00

100.00

150.00

200.00

250.00

300.00

500.00Non Convergence

Temps
de

Calcul

Calculation
time



106

Pyrite
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 Processes

 Transport : advection – dispersion

 Chemical kinetics

 Instantaneous equilibrium

Modelling of processes

 Basic description

 Possible application to other scientific domains

 Solving methods

 Coupling chemistry and transport

 Solving chemical and transport operators

Some free softwares
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For chemical speciation, in aqueous solution, precipitation-dissolution, gas
exchanges, solid-liquid interfaces, dedicated for natural waters:

Vminteq or Visual MINTEQ 3.1 - Site : http://vminteq.lwr.kth.se/

For chemical speciation, in aqueous solution, precipitation-dissolution, gas
exchanges, solid-liquid-gas interfaces, natural waters and effluents, with high
ionic strength (developed for US Geological Survey)

PhreeqcI Version 3.3.7-11094 (April 21, 2016)

Site : http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqci/
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Conclusions

Integration of interface knowledge
into trace contaminant transport models?

Chemodynamics of compounds
Methods for studying chemical behavior in heterogeneous complex 

systems: flux study, scaling (in space and time) and inter-disciplinary approach

(from Behra Ph., 2000, book, COST 67, COST, EUR 19248)

Terrain

FIELD

MODELLING LABORATORY

Parameter
estimation
Calibration
Validation

Concepts & mechanisms
Tool for knowledge,
Tool for forecast

System
approach, 
Questions?

ANALYSES - MEASUREMENTS

Experiments
with model systems

Analytical and physical-chemical chemistry
In situ dynamic sensor development

Speciation - (Micro)biology
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Conclusions

Some questions for discussion:

From batch or column studies of pollutant migration through
solid phases, adsorption often assumed as a very fast mechanism
whereas desorption more often assumed kinetically limited

However, is this assumption so trivial?

Conclusions

- i: is the law of mass action usable for each case?

- ii: at which scale do we have heterogeneity?

- iii: is it necessary to get more information

on the surface reactivity and at which scale?

- iv: Meccano® game vs. validation

of assumed mechanisms?

- v: meaning of up-scaling?

- vi: role of kinetics and temperature?

- vii: what about the “true” aqueous speciation?

- viii: what about colloid transport?

- ix: applicability of mechanisms

to the real “field” natural systems?
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Why such interest:
to get a better credibility of models
which have to be predictive

The limits:
(i) the up-scaling (what does it mean?), the detection of
compounds at solid-liquid interfaces by surface
spectroscopy techniques and their characterisation, the
exchange reversibility
(ii) the kinetics of the different mechanisms and the
temperature effects

CONCLUSIONS

CONCLUSIONS

Objective: “Field” application

Considering the spatial and temporal variations of
exchanges and heterogeneity of complex systems (no
need of purification of solid phases or fractionation of
organic matter) by taking into account the true
speciation both in the aqueous solution and at the
surface (plus the gaseous phase if necessary), the
effective hydrodynamics and the effective surface
reactivity
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CONCLUSIONS
Attention: with dynamic system, the concentration varies from 0 to a concentration 

corresponding to the source of contamination, range non completely covered by isotherms 
obtained from batch reactors

a: surface complexation => Langmuir-type isotherm
b: surface precipitation => BET-type isotherm
c: precipitation-dissolution (after Stumm, Wiley, New York, 1992)

Gtot

total surface
site density
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