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All life on Earth is supported by the fragile skin of the planet defined from the
outer extent of vegetation down to the lower limits of groundwater
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This volume has been recently labelled the Critical Zone because of its
essential role in natural and managed ecosystems.
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Climate Forcing Anthropogenic Forcing Tectonic Forcing
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Climate Forcing Anthropogenic Forcing Tectonic Forcing

- X X
] Critical Zone

;‘ Biological

5 / Weathering
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2 Weathering < Weathering
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Atmospheric Soil/Sediment

Response

Response Response

Interpreting the Record
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The soil system
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Parent minerals

| solL |

weathering

N

Clay minerals
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Parent minerals

2:1 phyllosilicate

| solL |

weathering
Buliayleam

1:1 phyllosilicate

N

_ oxide
Clay mlnel’als (oxi)hydroxide E

<
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Modified from Pedro (1968)
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Weathering patterns in amphibole crystals

Optical microscopy
Cross-polarized light
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courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006
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Weathering patterns in amphibole crystals

Optical microscopy
Cross-polarized light

[ v o ..“ J g

SEM microscopy

courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006
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Weathering patterns in amphibole crystals

SEM microscopy

courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006
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Weathering patterns in amphibole crystals

f Crystallization sites \
> Saponite on (110) planes

» Montmorillonite on (001) planes

» K-S on amphibole sawtooth (001)
\E Halloysite on K-S or amphibole )

courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006
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Weathering patterns in amphibole crystals
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f Crystallization sites \
> Saponite on (110) planes

» Montmorillonite on (001) planes

» K-S on amphibole sawtooth (001)
\E Halloysite on K-S or amphibole )

courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006
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Weathering patterns in amphibole crystals
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Crystallization sites
> Saponite on (110) planes

» Montmorillonite on (001) planes

» K-S on amphibole sawtooth (001)
\E Halloysite on K-S or amphibole )

courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006
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exchange »
acidification
v alteration

Clay minerals
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Cation exchange capacity of clay minerals
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Cation exchange capacity of clay minerals

- Is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral (cmol/kg)
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Cation exchange capacity of clay minerals

- Is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral (cmol/kg)

- corresponds to the property to exchange cations from the
surface of mineral by cations in solution
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Cation exchange capacity of clay minerals

- Is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral (cmol/kg)

- corresponds to the property to exchange cations from the
surface of mineral by cations in solution

-Is issued from the structural charge of mineral which is the sum
of 2 types of charges:
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Cation exchange capacity of clay minerals

- Is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral (cmol/kg)

- corresponds to the property to exchange cations from the
surface of mineral by cations in solution

-Is issued from the structural charge of mineral which is the sum
of 2 types of charges:

- pH-dependent charge by (de)protonation of species at edges
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1:1 and 2:1 phyllosilicates — edge surface charge

surface-OH,* surface-OH surface-O-

=>
pH<PZC pH=PZC pH>PZC

O oxygens

Hydroxyls

© Awminums
B O Sitcons

nH,0 . . ___O_Al

O ongens Hydroxpls @y Aluminum, fron, magnesium

Quod @ SrZ’r'a_an, ocecasionally olumingm 1 1 St r U C t U re

ex: kaolinite

2:1 structure edge charge:
ex: smectite pH- dependent «variable charge »
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Cation exchange capacity of clay minerals

- Is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral (cmol/kg)

- corresponds to the property to exchange cations from the
surface of mineral by cations in solution

-is issued from the structural charge of mineral which is the sum
of 2 types of charges:

- pH-dependent charge by (de)protonation of species at edges

- pH-independent permanent negative charge due to heterovalent
Isomorphous substitutions
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Cation exchange capacity of clay minerals

- Is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral (cmol/kg)

- corresponds to the property to exchange cations from the
surface of mineral by cations in solution

-is issued from the structural charge of mineral which is the sum
of 2 types of charges:

- pH-dependent charge by (de)protonation of species at edges

- pH-independent permanent negative charge due to heterovalent
Isomorphous substitutions

for smectites: CECperm>>CECvar
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Smectite — permanent charge

® (IV): Si4+, A3+, Fe3", ...
® (VI : Al3, Fe3* , Mg?t, Fe?*, Li+,
e OH

o O
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Smectite — permanent charge

® (IV): Si4, A3+, Fe3+, ...
® (VI : Al3, Fe3* , Mg?t, Fe?*, Li+,
e OH

°© O Heterovalent substitution
Si“t [ R%*  R3* = Al3, Fe3, ...
R3+ | R2+ R2+ = Mg?*, Fe?, ...
R2+ | R* R*=Li*
R2+ /[ [
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Smectite — permanent charge

® (IV) : Si%t, AR, Fe3, ...

® (VI : Al3, Fe3* , Mg?t, Fe?*, Li+,

e OH

°© O Heterovalent substitution

Sit [ R3*  R3* = Al3*, Fed+, ...
R3+ | R2+ R2* = Mg2*, Fe?*, ...
R%* [ R* R*=Li*

Rt/ 0
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Smectite — permanent charge

® (IV) : Si%t, AR, Fe3, ...

® (VI : Al3, Fe3* , Mg?t, Fe?*, Li+,

e OH

°© O Heterovalent substitution

Sit [ R3*  R3* = Al3*, Fed+, ...
R3+ | R2+ R2* = Mg2*, Fe?*, ...
R%* [ R* R*=Li*

Rt/ 0
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Smectite — permanent charge

® (IV) : Si%t, AR, Fe3, ...

® (VI : Al3, Fe3* , Mg?t, Fe?*, Li+,

e OH

°© O Heterovalent substitution

Sit [ R3*  R3* = Al3*, Fed+, ...
R3+ | R2+ R2* = Mg2*, Fe?*, ...
R%* [ R* R*=Li*

Rt/ 0

(Si4-xR3+x) (R3+aR2+bR+ch) Olo (OH)Z M +z

Tetrahedral charge per half unit cell = - x
Octahedral charge per half unitcell=(3a+2b +c)-6=-y
Permanent charge per half unitcell=z=x +vy

@+b+c+d=3) | .
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Role of clay minerals in soll
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Role of clay minerals in soll
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Role of clay minerals in soll

VEGETATION
A
o Control of the
RAINFALLS Q cations flux
© (plant nutrients)
exchange 7 |
acidification | Organisms
v alteration
Neutralisation of acidification l l TON
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leaching gl Clay minerals <«— QM
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Role of clay minerals in soll

| VEGETATION

A
o Control of the
RAINFALLS ‘H+ 5 cations flux
S (plant nutrients)
exchange | 7 |
acidification | Organisms
v alteration | | .

Neutralisation of acidification Role in the preservation
" or biodegradation of OM?

leaching gl Clay minerals <«— QM

© O
SOIL | L\P
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Role of clay minerals in soll

| VEGETATION

A

Control of the

RAINFALLS | i cations flux

uoije)

(plant nutrients)

Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals ?
v alteration | | | |

Neutralisation of acidification Role in the preservation
" or biodegradation of OM?
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S
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Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals
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Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

- Study the natural soil system:

- complex and the process is not necessarily understood
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Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

- Study the natural soil system:

- complex and the process is not necessarily understood

- Experimental studies - laboratory experiments
- minerals alteration mimicking natural weathering

- clay syntheses to better determine the link between
conditions of formation of clay minerals and their
crystal — chemistry and physico-chemical properties

« Collogue Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

- Study the natural soil system:

- complex and the process is not necessarily understood

- Experimental studies - laboratory experiments
- minerals alteration mimicking natural weathering

- clay syntheses to better determine the link between
conditions of formation of clay minerals and their
crystal — chemistry and physico-chemical properties
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Example : Vertisol of Suelli, Sardinia (Italy)
Righi et al. Clays &Clay Minerals, 167-177, 1998

Ap <0.1 pm

<0.1 um fraction

B'ss2 <0.1 pm Sample CEC var. perm. IV acces. VIacces.
Ap 71 18 53 33 20
z Bss2 70 18 52 34 18
‘: Ck 68 16 52 24 29
(cmol /kg)

Ck <0.1 pm

0.335

10 20 30 26

XRD patterns — EG solvatation
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Example : Vertisol of Suelli, Sardinia (Italy)
Righi et al. Clays &Clay Minerals, 167-177, 1998

Ap <0.1 pm

<0.1 um fraction

intensity

B'ss2 <0.1 pm Sample CEC var. perm. IV acces. VIacces.
Ap 71 18 53 33 20
Bss2 70 18 52 34 18
Ck 68 16 52 24 29
(cmol /kg}

Ck <0.1 pm

0.335

10 20 30 26

XRD patterns — EG solvatation
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Example : Vertisol of Suelli, Sardinia (Italy)
Righi et al. Clays &Clay Minerals, 167-177, 1998

L ' ]
shallow eroded soil i <01 IJm fraction

AlLOH |
| Sample CEC wvar. perm. IV acces. VI acces.
AlFe3*OH | Ap 71 18 53 33 20
Bss2 70 18 52 34 18
Ck 68 16 52 24 29
g (cmol /kg)
E

| Vertisol

95I0 900 850 ‘
~ wave number cm’! ]

FTIR spectra for the Vertisol and shallow eroded soil fine clay (<0.1 pm) fracticns.
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Example : Vertisol of Suelli, Sardinia (Italy)
Righi et al. Clays &Clay Minerals, 167-177, 1998

L ' ]
shallow eroded soil i <01 IJm fraction

AlLOH |

| Sample CEC wvar. perm. IV acces. VI acces.
AlFe3*OH | Ap 71 18 53 33 20
Bss2 70 18 52 34 18
Ck 68 16 52 24 29
g (cmol /kg)
E

Sample SiO, Al,O, Fe,0, MgO K,O ... LOI

| Versisol Ap 51.2 184 98 25 29 ..134
| Bss2 514 180 96 26 28 ..136
Ck 50.9 188 88 32 24 ..143

(cmol /kg)

95I0 900 850 ‘
~ wave number cm’! ]

FTIR spectra for the Vertisol and shallow eroded soil fine clay (<0.1 pm) fracticns.
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Example : Vertisol of Suelli, Sardinia (Italy)
Righi et al. Clays &Clay Minerals, 167-177, 1998

<0.1 um fraction

Bss2

Ck

0 50 100 150 200 250

internal surface area (m2 g'l)

Layers with a tetrahedral charge <0.24 mol/O,,(OH),
] Layers with a tetrahedral charge >0.77 mol/O,,(OH),
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Example : Vertisol of Suelli, Sardinia (Italy)
Righi et al. Clays &Clay Minerals, 167-177, 1998

<0.1 um fraction

Increase of high-charge

Bss2 (illitic-like) beidellitic layers

Ck

0 50 100 150 200 250

internal surface area (m2 g'l)

Layers with a tetrahedral charge <0.24 mol/O,,(OH),
] Layers with a tetrahedral charge >0.77 mol/O,,(OH),
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Example : Vertisol of Suelli, Sardinia (Italy)
Righi et al. Clays &Clay Minerals, 167-177, 1998

<0.1 um fraction

Increase of high-charge

Bss2 (illitic-like) beidellitic layers

Ck

What is the process?

0 50 100 150 200 250

internal surface area (m2 g'l)

Layers with a tetrahedral charge <0.24 mol/O,,(OH),
] Layers with a tetrahedral charge >0.77 mol/O,,(OH),
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

Na-saturated samples
Samples : (250 mg)

- Suelli C horizon ll
Wetting

(10 ml distilled water)

3 series of samples :

<0.1 f '
(<0.1 pm fraction) 10, 50, 100 W/D cycles

- SAz-1 (<0.2 um fraction) ll
Drying

(60°C in an oven)

Last cycle
Freeze-drying
Storage in glass bottles under vacuum
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

SAz 3300

Absorbance

3650 3500 3350 140 1100 800
Wavenumber (cm™)

FiG. 6. IR spectra of the samples SAz and Suelli, initial stage and after 10, 50 and 100 WD cycles. Qz: quartz.
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

Carbonate

precipitation %

Na, (Mg) leaching

SAz 3300

Absorbance

3650 3500 3350 140 1100 800
Wavenumber (cm™)

FiG. 6. IR spectra of the samples SAz and Suelli, initial stage and after 10, 50 and 100 WD cycles. Qz: quartz.
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

OH Carbonate
recipitation
(Hydroxy-Al polycation) P P %

5 S \3300

Na, (Mg) leaching

Al leaching /\i_\ WD
i cycles
™\ 50
; 10
3 Suelli ;
e
< %
10
3650 3500 B0 140 1100 80

Wavenumber (cm™)

FiG. 6. IR spectra of the samples SAz and Suelli, initial stage and after 10, 50 and 100 WD cycles. Qz: quartz.
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

SUE Ca EG SUE 50 cycles Ca EG

10 12 14
*20 (Co-Ka) °20 (Co-Ka)

=

SUE 10 cycles Ca EG SUE 100 cyles Ca EG

8 10 12 14 8 10 12 14
*26 (Co-Ku) *20 (Co-Ka)

F16. 2. Decomposition of the XRD pattern of Suelli (SUE) samples (Ca-saturated and cthylene glycol solvated) in
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

SUE Ca EG SUE 50 cycles Ca EG
IS (70%l)

smectite

8 10 12 14
*20 (Co-Ka) °20 (Co-Ka)

SUE 10 cycles Ca EG SUE 100 cyles Ca EG

8 10 12 14
*26 (Co-Ku) *20 (Co-Ka)

F16. 2. Decomposition of the XRD pattern of Suelli (SUE) samples (Ca-saturated and cthylene glycol solvated) in
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

SUE Ca EG SUE 50 cycles Ca EG
IS (70%l)

smectite

8 10 12 14 14
*20 (Co-Ka) 20 (Co-Ka)
“ smectite Aillitic layers
SUE 10 cycles Ca EG SUE 100 cyles Ca EG

*26 (Co-Ku) *20 (Co-Ka)

F16. 2. Decomposition of the XRD pattern of Suelli (SUE) samples (Ca-saturated and cthylene glycol solvated) in
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

234 g 2184
0.6 Eq/unit O,,(OH), :

‘  Initial 30%S+70 %S
':;.. !";7”"!.'.!;”.1'1' 13 15i 3 7 § 1" 13 15 |
°28 {Co-Ma) i °26 {Co-Ka) i
N 1
‘ 19.6 A 2054 ;
i
| J\ 30%S+70 %S
|
:'i ; '; 9 1'1 1'3 15
' °26 (Co-Ka) '
- |
208 ‘
0.5 Eq/unit O,((OH), 2SR i
50 WD | \/\ 20 % S +80 % IS
:;_'7.5 T ] 1" ;STr 15 ';"';"‘_;"';"‘1'1"'1'3"'15
\ *26 {Co-Ka) 3 o L *20 (Co-Kux)
21.8A
21.84
0.6 Eq/unit O,,(OH),
100 WD 10%S+90%0LS !
I
;""5"";.”;)”'1'1".1'3”'15 :;”1;'”“;”';.’I1'1”'1'3”‘15 I
Li _ 20(Co-Ka) 20 [Co-Ha) i

Fic. 4. Experimental (a) and simulated (b) XRD pattern of Suelli samples after intercalation with the
alkylammonium cation (#C = 12). S: smectite pure phase. [-S: mixed-layer smectite-illite.
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

W/D Accessible permanent charge BET surface area
cycles (cmol/kg) (m?3/g)
0 48 178
10 43 194
50 41 181
100 33 216
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

W/D Accessible permanent charge BET surface area
cycles (cmol/kg) (mZ/g)
0 48 178
10 43 194
50 41 181
100 33 216

Decrease of the accessible permanent charge :
Relative increase of illitic layers

Non exchangeable hydroxy-Al cations in the interlayer
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

W/D Accessible permanent charge BET surface area
cycles (cmol/kg) (mZ/g)
0 48 178
10 43 194
50 41 181
100 33 216

Decrease of the accessible permanent charge :
Relative increase of illitic layers
Non exchangeable hydroxy-Al cations in the interlayer

Increase of the external surface areas:

% Decrease of particle size
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Experimental alteration of smectites
Ramirez et al. Clays Minerals, 15-24, 2005

W/D Accessible permanent charge BET surface area
cycles (cmol/kg) (mZ/g)
0 48 178
10 43 194
50 41 181
100 33 216

Decrease of the accessible permanent charge :
Relative increase of illitic layers
Non exchangeable hydroxy-Al cations in the interlayer

Increase of the external surface areas:

% Decrease of particle size

Apparent mineralogical change : Acidic decomposition of the structure in
part (preferentially « low charge » montmorillonitic layers) and relative
increase of illitic (beidellitic) layers
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Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

- Study the natural soil system:

- complex and the process is not necessarily understood

- Experimental studies - laboratory experiments
- minerals alteration mimicking natural weathering

- clay syntheses to better determine the link between
conditions of formation of clay minerals and their
crystal — chemistry and physico-chemical properties
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Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

- Study the natural soil system:

- complex and the process is not necessarily understood

- Experimental studies - laboratory experiments

- minerals alteration mimicking natural weathering

- clay syntheses to better determine the link between
conditions of formation of clay minerals and their
crystal — chemistry and physico-chemical properties
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Clay synthesis
The starting material
Requirements:
- minimize the variables of the system
- reproducibility

- homogeneous and definite chemical composition
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Clay synthesis
The starting material
Requirements:
- minimize the variables of the system

- reproducibility

- homogeneous and definite chemical composition
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Clay synthesis
The starting material
Requirements:
- minimize the variables of the system
- reproducibility

- homogeneous and definite chemical composition

Use an amorphous gel with the clay stoechiometry :
Decarreau (1983) 's protocol
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Clay synthesis
Protocol

Basis reaction :

Gel coprecipitation

silica source: SiO2NazO

metal source: salt (chlorides, nitrates, sulfates)
equilibrated agent: HCI, NaOH, .....

Ex: kaolinite Si, Al, Os5 (OH)4

2 SIO2Na0 + 2 AlICI; + 2 NaOH
—> 6 NaCl + H,O + Si, Al, O
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Clay synthesis
Protocol

The coprecipitate is:
- centrifuged and washed

- dried and crushed
(or frieze dried)
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Clay synthesis
Protocol

The coprecipitate is:
- centrifuged and washed

- dried and crushed
(or frieze dried)

The starting material is ready to use.
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Clay synthesis
Temperature and ageing time

Aim : Reproduce in laboratory clay formation
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Clay synthesis
Temperature and ageing time

Aim : Reproduce in laboratory clay formation

Problem: we cannot use geological times !

« Collogue Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Clay synthesis
Temperature and ageing time

Aim : Reproduce in laboratory clay formation

Problem: we cannot use geological times !

Rayner [1962] calculated a half-reaction time of 16.10% years at

20°C from kaolinite syntheses performed at several temperatures
(180 - 300°C).
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Clay synthesis
Temperature and ageing time

Aim : Reproduce in laboratory clay formation

Problem: we cannot use geological times !

Rayner [1962] calculated a half-reaction time of 16.10% years at
20°C from kaolinite syntheses performed at several temperatures
(180 - 300°C).

The rate constant of an heterogeneous chemical reaction in
aqueous phase is given by :

C k = A.exp - (AE/RT)

Ageing time of clay synthesis can be minimized by an
Increase of T.

« Collogue Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Clay synthesis
Experimental conditions

From ambiant to 100°C : PFA reactors
(copolymer of ethylene tetrafluor)

From 100 to 240°C : bombs with metal bodies
and removable Teflon liners

From 240 to 300°C : bombs in titanium

Starting material

Teflon (300+mg)
\ . .
distilled water
(30 cc)
Metal (+ HCI or NaOH)

; E
3 .- E
& 2
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Clay synthesis
Kaolinite

Influence of conditions of formation

Al-Fe3* substitutions
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Kaolinite Syntheses
Influence of experimental conditions

Kaolinite were synthesized under these conditions :
- Temperatures and Pressures :
150 - 300 °C (equilibrium water pressure)
200 - 400 °C P =1.5to 3 kbar
- ageing time : 2 days to 6 months
- pH;,; 1to 13 (pH;,1to 8)

- from gel*, glass, poorly crystallized kaolinite***, metakaolin***

* Fialips et al. (1999) C.R.Acad.Sci., 328, 515-520.

** Fialips et al. (2000) Clays & Clay Min., 48, 173-184.

*** Fialips et al. (2000) Clays & Clay Min., 35, 559-572.
Fialips (1999) PhD Thesis.
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Kaolinite Syntheses
Influence of experimental conditions

Kaolinite were synthesized under these conditions :
- Temperatures and Pressures :
150 - 300 °C (equilibrium water pressure)
200 - 400 °C P =1.5to 3 kbar
- ageing time : 2 days to 6 months
- pH;,; 1to 13 (pH;,1to 8)

- from gel*, glass, poorly crystallized kaolinite***, metakaolin***
Crucial role of pH in kaolinite characteristics

* Fialips et al. (1999) C.R.Acad.Sci., 328, 515-520.

** Fialips et al. (2000) Clays & Clay Min., 48, 173-184.

*** Fialips et al. (2000) Clays & Clay Min., 35, 559-572.
Fialips (1999) PhD Thesis.
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Kaolinite Syntheses
Influence of experimental conditions

Coprecipitated gel
Si,AlLO,
220°C (23 bar) - 14 days
< spontaneous pH: 5

partially kaolinitized gel

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.

« Collogue Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Kaolinite Syntheses
Influence of experimental conditions

Coprecipitated gel starting material
S1oAlLO; f 21 days
220°C (23 bar) - 14 days 220 °C - 23 bar
< spontaneous pH: 5 PHy : 1-13
. o (pH;, : 1 - 8)
partially kaolinitized gel

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.

« Collogue Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Kaolinite Syntheses
Influence of experimental conditions

Scalebar: 0.4 um
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Kaolinite Syntheses
Influence of experimental conditions

(b)

Scalebar: 0.4 um
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Kaolinite Syntheses
Influence of experimental conditions

Scalebar: 0.4 um
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Kaolinite Syntheses
Influence of experimental conditions

Scale bar : 0.4 um . pH 7 *

L
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Kaolinite Syntheses
Influence of experimental conditions

g y Scale bar : 0.4 um
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Kaolinite Syntheses
Influence of experimental conditions

FTIR (NH, - samples)

(Spectra normalized with SiO band)
V,NH,

AK‘.\/ (\ 1400

[

' \
ﬁﬂ%i
H
,@ 01
|
| /ff | g
i 3
£ / | ?
=] ~
§ ©
P R? = 0.9989
O |
0 1 2
g |(vaNHa) (AU)
3750 3650 3550 1500 1400 1300

R -1
TATEAMEER ) Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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Kaolinite Syntheses
Influence of experimental conditions

DTA - TGA
pPH Tmax % Kaol
1 5;16 > 90
2 ? ; > 90

8 \//\/K./LW,V 20
start. mat. \/f ~ 50

0 200 400 600 800 1000

Tempeérature (£5°C)
Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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Kaolinite Syntheses
Influence of experimental conditions

Hi R,

0.99(5) u.65(5Mle |
0.90(4) 0. 42(5M >
’]\ 0. 85(8MPM4QW\MS|\;Z?.'

T 1 IIII]IIII]IIII]I

10 15 20 25 30 35 40
°20Cuka

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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Kaolinite Syntheses
Influence of experimental conditions

Hi R,

0-90(4) 0.42(5M .
) N N S vy SN
oss® MM o) [

| | | | | |
T T T T | T T T 1 [ T 1T 1T T [ T T T T [ T T T T [ T T T T 7T

i

e

All these kaolinites have thermodynamical functions similar to
natural kaolinites  Fialips et al. Amer. Miner., 86, 304-311, 2001

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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Kaolinite syntheses
Fe *t Al substitutions

Si, Al, O (OH),
Si2 A|2-X Fe3+x 05 (OH)4

admixture

V.4

o

L 0
O\.I-:

—C
( ; =t
by NTX

Ao ZR\VS e

substitution
AN
Fe3+ status

L\
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Kaolinite syntheses
Fe *t Al substitutions

Si, Al, O (OH),
Si2 A|2-X Fe3+x 05 (OH)4

admixture

\ A Petit & Decarreau (1990) Clay Min., 25, 181-196 :

- It is possible to synthesize Fe3+-kaolinite ( X < 0.3)

- Fe3*-Al substitutions are well evidenced by FTIR
(AlFe3*OH band)

substitution
VAR A
R

=

C
AN
) .
- 4 “~ s ] .\..‘
N8N 7 ek
A \\
,

Fed* status
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Kaolinite syntheses
Fe *t Al substitutions

FTIR spectra (NIR region)
Si2 AIZ-X F63+X 05 (OH)4

2vAl,OH (v +9) ALLOH
o -
g 2vAlre OH (v + 8) AlFe*OH
Z / I'¢ 4466
< X
0.2
Q

\ \

| \
4600 4400

Wavenumber (cm1)

| |
7200 /7000

Petit et al. (1999) Clays & Clay Min., 47, 103-108.

« Collogue Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Kaolinite syntheses
Fe *t Al substitutions

Si, Al, O (OH),
Si2 A|2-X Fe3+x 05 (OH)4

admixture

\ A Petit & Decarreau (1990) Clay Min., 25, 181-196 :

- It is possible to synthesize Fe3+-kaolinite ( X < 0.3)

- Fe3*-Al substitutions are well evidenced by FTIR
(AlFe3*OH band)

substitution
VAR A
R

=

C
AN
) .
- 4 “~ s ] .\..‘
N8N 7 ek
A \\
,

Fed* status
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Kaolinite syntheses
Fe *t Al substitutions

Si, Al, O (OH),
Si2 A|2-X Fe3+x 05 (OH)4

admixture

\ A Petit & Decarreau (1990) Clay Min., 25, 181-196 :

- It is possible to synthesize Fe3+-kaolinite ( X < 0.3)

- Fe3*-Al substitutions are well evidenced by FTIR
(AlFe3*OH band)
- There is no correlation between iron content
and kaolinite crystallinity

substitution
£ N
ST TAN

9

L=} ,'L“—V

SR o TANEw == o
b AKX &0
;. i L
? WAD N L)
b SN 47 ek
p— i ¥ 4

Fed* status
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Kaolinite syntheses
Fe *t Al substitutions

Si, Al, O (OH),
Si2 A|2-X Fe3+x 05 (OH)4

admixture

\ A Petit & Decarreau (1990) Clay Min., 25, 181-196 :

- It is possible to synthesize Fe3+-kaolinite ( X < 0.3)

- Fe3*-Al substitutions are well evidenced by FTIR
(AlFe3*OH band)
- There is no correlation between iron content
and kaolinite crystallinity

substitution
£ N
ST TAN

A
S

LTRSS S : :
>* / Iriarte et al. (2005) Clays & Clay Min., 53, 1-10 :

- It is possible to synthesize kaolinite with a higher
level of Fe3*-Al substitutions (x = 0.28, 0.42, 0.55)

Fed* status
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Kaolinite syntheses
Fe *tAl substitutions

Sig A|2_X F63+X 05 (OH)4
X =0.28, 0.42, 0.55

7.2A

AD

AD

AD

(001)

(131)
(1-31

=

X

. 0.55

0.42

0.28

pH, =5, 60 days, 225 °C

(060)

r

225272

-

22523

22521

5 7 9 11 13 1y 7 12 17 22 27 32 37 42 47 52 57 62 61

(060) LiF
1.4973 A

°20 Cu

Iriarte et al. (2005) Clays & Clay Min., 53, 1-10.
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Kaolinite syntheses
Fe *tAl substitutions

Siz A|2_X Fe3+x 05 (OH)4

pH, =5, 60 days, 225 °C
x = 0.28, 0.42, 0.55

8.99

* Iriarte et al. (2005)

208 - @ Helil and Decarmeau {190

[} Matural

=
o
=i

b parameter (A)
=
2
—

e e i o

==
]
th
ass 7.%

0 0.1 02 03 04 05 08
Al,.Fe, 20 Cu

Iriarte et al. (2005) Clays & Clay Min., 53, 1-10.
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Kaolinite syntheses
Fe *tAl substitutions

Siz A|2_X F83+X 05 (OH)4

pH, =5, 60 days, 225 °C
x = 0.28, 0.42, 0.55

8.99

* Iriarte et al. (2005)

208 - @ Helil and Decarmeau {190

[ Matural

=
o
=i

b parameter (A)
=
2
—

R e 1

o2
=]
ch
1%

TR
o 01 02 03 04 05 08
Al,.Fe, 20 Cu

Why Fe contents are so low in natural kaolinites ?

Iriarte et al. (2005) Clays & Clay Min., 53, 1-10.
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Kaolinite syntheses
Fe *tAl substitutions

Siz A|2_X F83+X 05 (OH)4

pH, =5, 60 days, 225 °C
x = 0.28, 0.42, 0.55

4.99
* Iriarte et al. (2005)

808 2 Polit and Dwecarmeay {199 i
i [ Matural
E 8.87
8
£
L 806 -
g8
° ‘!

4.95 :hﬁ

a4 |

¢ 01 02 03 048 05 08

Ala. °26 Cu
Why Fe contents are so low in natural kaolinites ?

Study the kaolinite-iron experimental system versus pH

Iriarte et al. (2005) Clays & Clay Min., 53, 1-10.
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Ternary diagram of octahedral
compositions for natural dioctahedral smectites
(after Giiven, 1988)

Mgz (Theoretical)
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Ternary diagram of octahedral
compositions for natural dioctahedral smectites
(after Giiven, 1988)

Mgz (Theoretical)

g-ﬂ
.-'j“t‘
Tetrahedral charge
1“-.
A
%
A
1
CELADONITES
.-"r“
he S — Fe Fe
] ] . . . 1.0 1.2 1.4 1.6 1.8 2.0 ]
Beidellite (Al Fe) Nontronite
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Ternary diagram of octahedral
compositions for natural dioctahedral smectites
(after Giiven, 1988)

Mgz (Theoretical)

g-ﬂ
Tetrahedral charge
Octahedral charge
___________,___________i‘ 10 (Fe Mg
CELADONITES
= N G'E N N
Montmorillonite ) Fe3*-Montmorillonite
EA 0.4
i " 0.2
— ‘1'-;{ . S X Fe e
. . 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Beidellite (Al Fe) Nontronite
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Smectite synthesis
Chemical series studied

saponite
3Mg

£

S.

o
N ?
> o)

& ' 0.6 &:g
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t?fq;:ﬁ >
Al Al fen . — b Fe e
. . 1.8 2.0 ]
beidellite nontronite
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Smectite synthesis
Chemical series studied

saponite
3Mg

< ?
> o)
é} 0.6 &:g
$ S
G e
< %
¥
Al Al - S — N ; Fe e
) _ 02 04 06 08B 1.0 12 14 16 1.8 2.0 _
beidellite (Al Fe) nontronite
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Smectite synthesis
Chemical series studied

Mg
2.0

]
FERY

(Al Mg)

02 04 06 08 10 12 1.4 16 1.8 2.0 _
{Al Fe) nontronite
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Smectite synthesis
Chemical series studied

Mg
2.0
.".' \"-
f;’ ‘. Decarreau et al., Clays Clay Min., 322-337, 2008
%
£
.-"r I"‘
F %
£ %
s A
+ %
r
.-'jl Hl"'
..'III "'L
Fa kY
I LY
& Y
(Al Mgy 1.0 e L0 e Mg)
CELADONITES
Fe3*- nontronite
. i 3+ 3+ +
= (Si 5,5 FE&¥45) Fe’*, 09 (0H), M*; 45
) - " -I'r'.'
AL AL As e

02 04 06 08 10 12 1.4 16 1.8 2.0 _
{Al Fe) nontronite

« Collogue Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Synthesis of Fe™ -nontronite

Decarreau et al., Clays Clay Min., 322-337, 2008

- High-charge Fe3*- nontronites were synthesized from 75 to 150°C.

(Si 5,5 FE** ,5) Fes*, O (OH), M*) o5
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Synthesis of Fe™ -nontronite

Decarreau et al., Clays Clay Min., 322-337, 2008

- High-charge Fe3*- nontronites were synthesized from 75 to 150°C.

(Si 325 FE%7 75) Fe’", 014 (OH), M*g 75
- The range of synthesis pH is narrow (12 to 12.5)
- at lower pH hematite or hisingerite are formed
- at higher pH and for temperatures >180°C aegirine

Is formed o oreau et al., Eur. J. Min., 85-90, 2004
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Synthesis of Fe™ -nontronite

Decarreau et al., Clays Clay Min., 322-337, 2008

- High-charge Fe3*- nontronites were synthesized from 75 to 150°C.

(Si 325 FE%7 75) Fe’", 014 (OH), M*g 75
- The range of synthesis pH is narrow (12 to 12.5)
- at lower pH hematite or hisingerite are formed
- at higher pH and for temperatures >180°C aegirine

Is formed o oreau et al., Eur. J. Min., 85-90, 2004

- The expandability of the nontronites is linked to their « crystallinity »
(Tsynth) and ranges from smectite to vermiculite-like behavior

T EG - Na EG-Ca Alkylammonium Perm. charge
(°C) (A) (A) (12C) (A) (half unit cell)
75 15.3 (17) 23.8 0.75
90 15.8 16.53 23.8 0.75
100 16.54 16.17 23.8 0.75
110 14.86 16.04 23.8 0.75
125 12.54 15.83 23.8 0.75
150 12.54 15.48 23.8 0.75
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Smectite synthesis
Chemical series studied

Mg (Theoretical)
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Smectite synthesis
Chemical series studied

Mg (Theoretical)

2.0
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Smectite synthesis
Chemical series studied

Mg (Theoretical)
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FeCl Time .
N° 3 H, H T(°C Crystallized product
Many trials .... and errors ! rect, [ P[P ] e T
Gel Si,AlFeO,;
FeCl Time ) 24 Fe2* 12.8* 10.17 200 75 Analcime+aegerine+zeolite
N° 3 H H T(°C Crystallized product
/FeC|2 p i p f ( ) (days) y p
25 Fe2+ 8.4* 7.72 200 14 Smectite
Gel Si,Aly,Fe; g0,;
1 Fes 105 | 1082 | 150 30 Smectite 26 e o e 14 smectite
2 Fes 105 | 1081 | 170 30 Smectite Gel Si Al gFe, ;04
3 Fes3+ 10.6 10.68 200 13 Smectite 29 Fe3+ 95 10.38 220 30 Zeolite
4 Fes+ 104 10.28 220 13 Smectite + aegirine
.................................................................................. 30 Fe2+ 97 110 220 13 Smectite + ZeOIite
5 Fe2+ 10.7 11 150 75 Smectite + analcime
6 Fe2+ 10.9 10.78 170 75 Smectite +analcime +aegirine 81 Fex 74 93 220 & Smectite
7 Fe2+ 10.7 10.66 200 75 Smectite +analcime +aegirine 32 Fez+ 11.9* 7.3 220 75 Smectite + analcime
Gel SiAly Fe1c0u 33 Fe2+ 7.4 9.5 240 14 Smectite
8 Fes+ 10.4 10.12 170 13 Hisingerite
. - 34 Fez+ 6.6 5.0 220 75 Kaolinite
9 Fes+ 10.5 10.23 200 13 Hisingerite
10 Fes3+ 105 10.23 220 13 Hisingerite 35 Fez 12.4* 7.7 220 75 Smectite + kaolinite
11 Fe2+ 10.9 11.59 170 13 Smectite +zeolite Gel Si,Al, Fe,0,,
12 Fe2+ 10.7 11.27 200 13 Smectite + analcime .
36 Fes+ 4.7 3.0 150 13 Akaganeite
13 Fe2+ 111 10.81 220 13 Smectite+analcime+ aegirine
) 37 Fe3+ 4.8 2.5 200 13 Akaganeite + kaolinite
14 Fez+ 10.3 10.71 200 75 Smectite
15 Fe2+ 6.0 5.26 200 75 Akaganeite 38 Fe3+ 12.3* 10.2 200 13 Akaganeite
16 Fe2+ 11.7* 8.30 200 75 Akaganeite 39 Fe2+ 10.2 105 150 13 Smectite
Gel Si,AlFeO,; ] ]
40 Fez 10.2 10.2 200 13 Smectite + analcime
17 Fes+ 10.6 10.74 200 30 Zeolite
18 Fe2 10.9 11.51 200 13 Smectite + analcime Gel SigAlooFe;0y
19 Fez+ 8.4 10.39 200 75 Smectite 41 Fe2* 8.7 9.7 200 13 Smectite
20 Fe2+ 6.1* 10.42 200 14 Smectite 42 Fe2+ 8.7 9.3 220 13 Smectite
21 Fe2 6.9* 10.88 200 14 Smectite
Gel Si; AlygFe; 4Oy,
22 Fe2+ 9.2 8.65 200 14 Smectite
2+ i
23 Fe2+ 6.3 6.73 200 75 Smectite 43 Fe 9.8 10.8 200 13 Smectite
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Successfull smectite syntheses

Sample gel Temp. (°C) | Time FeCl, pH; pH;
(Si/Al/Fe) (days) | /FeCl,
S1 4/0.2/1.8 150 30 Fe3* 10.5 | 10.8
S2 4/0.2/1.8 170 30 Fes* 10.5 10.8
S3 4/0.2/1.8 200 13 Fe3* 10.5 | 10.7
S9 3.6/0.4/2 150 13 Fe?* 10.2 | 105
34 4/0.4/1.6 200 75 Fe?* 10.3 10.7
S10 3.4/0.6/2 200 13 Fe?* 8.7 9.7
S11 3.4/0.6/2 220 13 Fe?* 8.7 9.3
S12 3.6/0.8/1.6 200 13 Fe2* 9.8 10.8
S13 3.6/0.8/1.6 220 13 Fe?* 9.8 9.9
S5 4/1/1 200 75 Fe2* 8.4 10.4
S6 4/1/1 200 75 Fe?* 6.3 6.7
S8 4/1.8/0.2 220 75 Fe?* 7.4 9.3
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XRD powder patterns
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Successfull smectite syntheses

Sample gel Temp. (°C) | Time FeCl, pH; pH;
(Si/Al/Fe) (days) | /FeCl,
S1 4/0.2/1.8 150 30 Fe3* 10.5 | 10.8
S2 4/0.2/1.8 170 30 Fes* 10.5 10.8
S3 4/0.2/1.8 200 13 Fe3* 10.5 | 10.7
S9 3.6/0.4/2 150 13 Fe?* 10.2 | 105
34 4/0.4/1.6 200 75 Fe?* 10.3 10.7
S10 3.4/0.6/2 200 13 Fe?* 8.7 9.7
S11 3.4/0.6/2 220 13 Fe?* 8.7 9.3
S12 3.6/0.8/1.6 200 13 Fe2* 9.8 10.8
S13 3.6/0.8/1.6 220 13 Fe?* 9.8 9.9
S5 4/1/1 200 75 Fe2* 8.4 10.4
S6 4/1/1 200 75 Fe?* 6.3 6.7
S8 4/1.8/0.2 220 75 Fe?* 7.4 9.3

1.53 A

1.49 A
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FTIR data (NIR)
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Relevance of clay synthesis in environmental studies
Conclusion

- To determine the experimental conditions which led to
mineral crystallization (in very simplified systems)

L, to constrain possible conditions of formation for
those minerals
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Relevance of clay synthesis in environmental studies
Conclusion

- To determine the experimental conditions which led to
mineral crystallization (in very simplified systems)

L, to constrain possible conditions of formation for
those minerals

pH conditions strongly control crystal-chemistry of synthesized clays

- To obtain good reference minerals with monitored
crystal chemistry

t} to use them for spectroscopic fingerprints

k to use them for laboratory experiments
(redox, sorption ...)

b to use them for in situ experiments
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