
 

Nature Reviews | Earth & Environment

Manuscript number NREARTHENVIRON-19-253 Kleber Review 11|03|21

Fig 1

b

a

Tier 1 Compartmentalization Tier 2 Physiochemical
constraints

r 5orptive fiZation
• Substrate dilution

Substrate localization

Tier 3 Molecular-level processes

2referential diȭusion
and transport
pathways

e– donation or
acceptance

Production
of ROS

5caȭolding

Catalysis

Mobility filter

%onstraining
decomposer size
 composition and
metabolism

1rganic
matter

Habitat definition

4edoZ reactants

Mineral-bound
organic matter

CO
2

Depolymerization

Cell
death

Dissolved
organic matter

Reduced
carbon

1Zidi\ed carbon
(aSueous, gaseous)

Uptake
Desorption

Sorption

Micobes and
other live biomass

Polymeric
non-soluble

organic matter

Habitats

Catalysts

5caȭolds

/inerals may modulate the phase, transformation, and turnover of organic 
matter by acting as scaȭolds, catalysts, redoZ reactants, and habitats�



Nature Reviews | Earth & Environment

Manuscript number NREARTHENVIRON-19-253 Kleber Review 11|03|21

Fig 2

OH

OH

O

OH

O
OH

OH

OH

OH
HO

OH

OH

OH

OH
HO

O

OH

O

OH

OH

NH2

OH

OH

OH
HO

O

NH2

O

OH

H2N
O

HO

OH
N N

H O SH

H
N

O

OH

Sensitivity to pH:

Aliphatic/aromatic moiety with minor funtionalization

Functionality:

Mechanism of
attachment:

pH
independant

Nonpolar

Napthalene

Inherently polar moieties with additional funtionalization 

Compounds equipped with all major functionalities
(usually N-containing)

Glucose

Phenylalanine

Polypeptide/
protein

Gluconic acid

Glucosamine

Catechol

Hexane

Hexanol

Benzoic acid

Hexanoic acid

Hydrophobic
exclusion

±

± ±

±

± ±

±±

± ±

±

± ±

±

±

±

± ±

H-bonding Coulombic
attraction

Coulombic
attraction

Entropy
gain

Polar but
neutral

Ability
to unfold

(–) charge (+) charge

pH dependant



Fig 3

Nature Reviews | Earth & Environment

Manuscript number NREARTHENVIRON-19-253 Kleber Review 11|03|21

Phyllosilicates

Metal oxides

Mn oxides
Birnessite >
Todorokite >
…

Al oxides
Gibbsite >
Boehmite,
Al oxide gels

Fe oxides
Goethite >
Hematite ű
Ferrihydrite >
…

Crystal structureMineral type

Plane of siloxane O atoms

Sheet of
corner-sharing
tetrahedra

Strips of islands
of inverted
tetrahedra

Chains of edge-sharing
octahedra linked by
corner-sharing

Chains of edge-sharing
octahedra linked by
corner-sharing

Pairs of face-sharing
octahedra linked by
corner and edge-sharing

Tetrahedra and clusters of
edge-sharing octahedra
linked by corner-sharing

Sheet of edge-
sharing octahedra

Sheet of edge-
sharing octahedra

Amorphous

Sheet of
edge-sharing
octahedra

Oxide surface (plane of
surface >M–OH groups)

Charge
(σ, mmol

c
 g–1)

Area
(a

s
, m2 g–1)

2:1 layer type
Illite ű Smectite ű
Vermiculite ű

Smectite:
–0.7 to –1.2

0.94 nm

0.71 nm

Smectite:
740 to 780

Illite:
–0.16 to –0.22

Illite:
20 to 200

Kaolinite:
0 to –0.02

Kaolinite:
7 to 80

Imogolite:
0.1 to 0.5

Imogolite:
600 to 900

Allophane:
0 to –1.0

Goethite:
0 to 0.15

Goethite:
40 to 90

Hematite:
0 to 0.02

Hematite:
10 to 35

Ferrihydrite:
0 to 1.3

Ferrihydrite:
200 to 800

Birnessite:
–1.3 to –2.8

Birnessite:
1200

Todorokite:
–0.15

Todorokite:
~1200

Gibbsite:
0 to 0.02

Gibbsite:
1 to 100

Allophane:
700 to 900

1:1 layer type
Kaolinite

Modulated 
phyllosilicates
Imogolite, Allophane

Goethite
(FeOOH)

Hematite
(Fe

2
O

3
)

SiO
4 

tetrahedron MO
4 

tetrahedron (M = Al, Fe) MO
6 

octrohedron (M = Al, Fe, Mg, Mn) 

Ferrihydrite
(Fe

10
O

14
(OH

2
))

Birnessite
(MnO

2
)

Todorokite
(MnO

2
)

Gibbsite
(Al(OH)

3
)

Al(OH)
3 

gel:
0 to 0.4 

Al(OH)
3 

gel:
>200 

Al-hydroxide
gel



Fig 4

Nature Reviews | Earth & Environment

Manuscript number NREARTHENVIRON-19-253 Kleber Review 11|03|21

2:1 Layer type phyllosilicates

1:1 Layer type phyllosilicates

Modulated phyllosilicates

Fe oxides

Mn oxides

Al oxides

Mineral

Illite/mica

Smectite

Vermiculite

Chlorite

Kaolinite

Gibbsite

Fe-oxides

SRO phases
(mostly allophane)

Other
(mostly framework
silicates, such as
quartz, feldspar)

25%

15%

8%

5%

28%

4%

3%

0.5%

11%

Abundance

Illite/mica

Solvated
cations

Solvated
cations

Non-solvated
cations
(mostly K)

~50–1,000 nm

~50–100 nm

~6–35 nm

Ű��� Şm

Ű�� Şm

~200 nm–>1 Şm

~50–
100 nm

~50–
100 nm

~3–5 nm

~5–20 nm

~7–100 nm

~2 nm

100–300 nm

Solvated
cations

Smectite: irregular-platy 
or lath-shaped 2:1 
particles (1 nm thick) 
forming stacks of up to 
tens of layers with 1, 2 or 
3 layers of interlayer 
water.

Goethite: rod-shaped crystals 
in roughly ordered clusters (also 
observed as oblong particles 
3–5 nm in diameter, possibly 
stabilized by Al impurities).

Hematite: roughly rhombohedral 
crystals (tending towards a platy 
shape with increasing Al 
impurities).

Ferrihydrite: aggregates 
composed of nanoparticles 3–5 nm 
diameter.

Birnessite� ȯaMe�shaped 
particles (0.7 nm thick) 
forming weakly ordered stacks 
with 0 or 1 layer of interlayer 
water.

Gibbsite: rectangular crystals 50 to 
100 nm long; larger crystals form 
pseudohexagonal plates or rods 
with dimensions up to ~200 Şm.

Al-oxide gels: amorphous 
polymeric network forming ~2 Şm 
particles with internal porosity on 
lengths scales of ~20 nm to sub-nm.

Todorokite� platy or fibrous particles formed of intergrown hollow needles�

Illite: roughly hexagonal 
particles formed of stacked 
2:1 layers with anhydrous 
interlayers. 

Kaolinite: roughly hexagonal 
particles formed of stacked 1:1 
layers (0.7 nm thick) with 
anhydrous interlayers. 

Imogolite: hollow tubules
with inner and outer
diameters of 0.7 and 2 nm.
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Complexity: structure and persistence

Adsorbates partition out of solution to 
form multilayer assemblages on the 
mineral surface.

The structure and distribution of these 
assemblages are unknown. 

Adsorbates compete during 
sorption amongst each other, 
and with inorganic ions.

The duality of compounds as 
UEaȭoldU and inhibitors is not 
well understood. 

Critically, how susceptible 
adsorbates are to biotic and 
abiotic degradation - 
particularly across bond 
types - has not been 
parameterized

Organic compounds can desorb from 
the mineral surface, although oȎen 
with conformational changes.

Little is known about desorption 
selectivity and kinetics.
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