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m Basics of Environmental Scanning Electron Microscopy
(ESEM)

a Set-up for in-situ Microsocpy of Hydration Experiments
m Results
= Hydration of Febex-Bentonite (raw-material, < 2 um)
a Anisotropic swelling behavior of bentonite films
m Atomic Force Microscopy colloid probe technique
a Tests on montmorillonite
a Step back to kaolinite

a Further Experiments and Outlook
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Motivation: Bentonite Erosion Experiments ﬂ("'
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What happens within the clay during hydration and
swelling (into the aperture)?
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The Scanning Electron Microscope ﬁ("'
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Principles

Gun
m Electron source produces é-beam (High

vacuum: < 10 Pa ) (Acceleration voltages:
1-30 kV)

Apertures & Lenses @ Beam is finely focused on the specimen by
(condenser and objective) lenses

m Lenses: magnetic fields

t* SE-Detector g Focused spot is scanned across the
specimen
Specimen m Interaction beam - sample
S —+— Chamber )
igh Vacuum m Emitted and scattered electrons (and

raln. 1™ Jor photons, X-rays) are collected by detectors

m Sample preparation (complex) drying
procedures, conductive coating (Au, Pt,...)
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Limitations of High-Vac SEM ,_\\J(IT

ttttttttttttttttttt f Technology

m Insulating specimens have to be covered with conductive material this
avoids electrical charge effects

m High vacuum (< 103 Pa) destroys sensitive samples e.g. hydrated or
Intercalated clay minerals

m Gas in the column interferes with the beam destroys the sensitive high
vacuum system

m Detectors can only be used in high vacuum electrical breakdown In
elevated pressure environments

| |

Special designed microscopes operated under variable (H,O-)pressures
Chamber pressures between 100 and 2600 Pa

|

Environmental Scanning Electron Microscope (ESEM)
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The Environmental Scanning Electron
Microscope (ESEM) AT

arlsruhe Institute of Technology

ESEM-Mode (low-Vac Mode) K
Beam 10" Pa — 50 - 200 Pa

— Imaging of beam sensitive samples

Column

Wet-Mode 130 - 2600 Pa
— Peltier-Stage

— GSE-Detector

— Precise adjustment of water vapour
pressure (= relative humidity) around the

I I Pa

Pumps<—;:_r"_ —:l—__:lz—> Pumps

Buidwngd jenuaiayiq

I , sample
o i { — Even imaging of liquid water is possible!
5 = GSED
(/)] V4 i
(72} \
g \/ .
o 10" Pa
2
< N 130 - 2600 Pa
§ Pe"(ﬁ;g‘r’_"c'gg:it)age (water vapour) e
11 10" Pa
Chamber III 60 - 2600 Pa
Pump

INSTITUT FUR NUKLEARE ENTSORGUNG (INE)



ESEM: Imaging of sensitive materials QAT
e.g. cation exchanged bentonite samples

Morphological
Differences
for FEBEX

bentonite
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Adjustment of Water Vapour Pressure AT
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Phase Diagram of Water

o
=
|

Ice

Pressure / Mpa

Vapour

10 |~

0.0098°C 100°C
Triple point Boiling point
Temperature

ESEM Wet-Mode (130 - 2600 Pa)
- Peltier-Stage (control of sample T)
- GSE-Detector
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Adjustment of Water Vapour Pressure ﬂ("'
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Phase Diagram of Water P/T-range in ESEM
1000 = iquid

(I)QS% RH (862 Pa)
© L
‘E:_ Liquid E 800 \00°/°RH c|>?5% RH (771 Pa)
- 01 P~ - O75% RH (680 Pa)
o @ 600
3 | § 055% RH (499 Pa)
8 ce o Vapour
E o 400

Vapour 035% RH (317 Pa)
107 [~ 200 |
015% RH (130 Pa)
| | : : : ' :
0.0098°C 10 2 3 4 . ., . 8
Triple point Boiling poin Temperature / °C
Temperature
— Precise adjustment of water vapor

ESEM Wet-Mode (130 - 2600 Pa) pressure (= relative humidity)
- Peltier-Stage (control of sample T) around the sample

- GSE-Detector

— Even imaging of liquid water is
possible!
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Bentonite Hydration

Hydration of (Febex-) bentonite

(raw-Febex, Fraction < 2 pum)

15% RH

95% RH

AT

Karlsruhe Institute of Technology

75% RH

>97% RH
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Bentonite Hydration ﬂ(".

15% RH

95% RH
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Hydration of (Febex-) bentonite
(raw-Febex, Fraction < 2 pum)

75% RH
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Bentonite Hydration _\\J(IT
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Data Evaluation with digital image analysis (open source software ImageJ)

~
Image onalysis>
7

HV det WD | mag [ | pressure | vacMode
20.00 kV|GSED [9.5mm | 4 000 x | 130 Pa

Process:

Defining an area of interest

Selection of gray scale threshold

Calculation of area

Calculation of swelling rate (%) or (linear) coefficient of expansion
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Febex Bentonite Hydration / Dehydration Results _\g("'

Karlsruhe Institute of Technology

Hydration vs. Dehydration Cycle

A--—--A Dehydration
B—M Hydration
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Dehydration path at higher swelling percentages

- Hysteresis: typical for plate-like particles with slit shaped pores

14  Sing et al. (1985) Pure and Applied Chemistry, 57, 603. INSTITUT FUR NUKLEARE ENTSORGUNG (INE)



Febex Bentonite Hydration / Dehydration Results _\Q(IT

Iog Swelling
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Logarithmic representation (15t order kinetics):

9
-
¢  Hydration
- y(Hyd) - '3232+0066*X =
i @) Dehydration |
— Yoy = -0.294+0.036"x
10 20 30 40 50 60 70 80 90

100
Realtive Humidity / %

Water adsorption >> Water desorption

Due to geometrical factors (changes in particle arrangement and interlayer distances)

15
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Febex Bentonite Hydration Results AT
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Influence of Interlayer Cations

35 ] : ; . . . :
30 L ¢ —¢ raw-Febex o _ )
®—@ Li300-Febex Similar behavior for
H—N Sr-Feb
Bl & een Na-, Sr- and raw-Febex I
=S [ +—+ Na-Febex
=200k i
o)
£
® 15 i
3
()
10 | 1
5T / 5/ 2
L [ ] ‘//4-————". . 4
———

20 40 60 80 100
Relative Humidity / %

Raw-Febex contains mono- and divalent cations in interlayer spaces
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Behavior of divalent interlaver cations ﬁ("'

arlsruhe Institute of Technology

10 T T T T T T T T | .
B—MB Sr-Febex /
- |
+—+ Na-Febex
8t j |
_ Sr-saturated bentonite: ; .
X higher swelling at low
< & relative humidity. m/ i
o)) /+
.E /,/" B
s 4 |
(7
2 -+ I

60 | 70 80 90 | 100
Relative Humidity / %

- due to higher hydration energy of divalent cations
(e.g. Sr*: - 1415 kJ/mol, Na*: - 390 kJ/mol)

—> increase of hydration force within the clay interlayers
—> resulting in large water spheres around the cations

17 . . INSTITUT FUR NUKLEARE ENTSORGUNG (INE)
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Bentonite “flacs” => Bentonite Film ﬂ("'
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Clay particle

i

N
COT Hydration >

Swelling contribution along ab-axis?
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Textured Bentonite Films

Clay film preparation Sample preparation

é-beam

clay film film parallel to beam

19
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Imaging

ESEM image
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Textured Bentonite Films _\\J(IT
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15% RH 35% RH 55% RH

—J4

O | pressure e’} ' 11| Be—

317 Pa KIT

75% RH

INSTITUT FUR NUKLEARE ENTSORGUNG (INE)




Textured Bentonite Films _\\J(IT
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15% RH 35% RH 55% RH

a) EXpanSilon " C_aXi_S INSTITUT FUR NUKLEARE ENTSORGUNG (INE)
b) Expansion L c-axis




22

Textured Bentonite Films

AT

Karlsruhe Institute of Technology

50 g | . | g | y | ! | g | | ! |
€ [Expansion || c-Axis
—— 0.071"x+0.001*e”0.117*x)
40 1 B Expansion L c-Axis )

Swelling / %
(Coefficient of Expansion)

Relative Humidity / %

100
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Textured Bentonite Films ﬁ("'
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Logarithmic representation
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Anisotropic behaviour of bentonite during hydration!
—Strong swelling along c-axis (high gradient)
—Low swelling perpendicular to c-axis
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Outlook

a Hydration Experiments on

compacted samples (correlation of

swelling rate to pressure data of erosion
experiments possible?)

m Correlation of ESEM-data with:
= Water content measurements

.p e ( ",5. ,‘ >

R '\( " e by e
on powdered (+ compacted?) - %—* i
samples S

a XRD-measurements on e 3

hydrated textured samples
Measure hydration isotherms

Go to water film conditions/ g
colloid release mechanism ¥ e

- 3
AccV  Spot Magn DtWD Exp 1 50um

measurable? -300kV30 500x GSE 103 1 \SGTO

ey
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Quantification of interaction forces between
clay particles and crystalline surfaces using
AFM colloid probe technique
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Montmorillionite particle on AFM cantilever tip ﬂ("‘

Attempts were made to attach
montmorillonite to the end of an
AFM cantilever and measure
forces in an electrolyte.

Glue soaks into the clay aggregate

The difficulty was the particle
disintegrates and changes its shape

Due to swelling changes its size
The Gel layer is sticky at the interface

Undetermined roughness of the probe
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Kaolinite colloid probe

m In continuation to probe the clay
edge/face site forces, kaolinite was
chosen

a Now the question is which face is
projected to the measurements (Al-
OH'’s or SIO- are dominating at the
point of contact)?

27
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Kaolinite vs Al,O5; & Sapphire ﬂ("'

Kaolinite vs Al O, particle Kaolinite vs Sapphire prism

14

= pH4 = pH4
6 e pH5 12 e pH5
A pHG6 10 A pHG6
2 v pHS8 v pHS8
¢ pHY 8 ¢ pHY
= <4 pH10 s, < pH10
6 -|
g L J s

Further experiments to come: Kaolinite Vs mineral surfaces
as function of Ca (Eu) under GGW conditions.

T L T L T L T % 1 I L T L] T L T L T ¥ T L) 1
0 200 400 600 800 0 50 100 150 200 250 300
Separation distance, nm Separation distance, nm

« Forces of adhesion between Kaolinite particle and a) Al,O; and b) sapphire
substrates in 1 mM NacCl as function of pH

« PZC of Al,O5 is pH~8-9 and for sapphire is pH~5-6. This fits very well that
the Al-OH functional groups are dominating at the contact point of Kaolinite
particle.
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BELBaR Training course & WP meetings _\\j(IT

ttttttttttttttttttt f Technology

a When: 12-16.0ctober 2015 @KIT-INE

m 2 days Training course ,,Swelling Clays: From compacted
bentonite to clay colloids in the context of nuclear waste disposal*

Max. 20 intern. students
Lectures given by BELBaR experts on analytics used
Invited presentations

Hands-on Training (e.g. LIBD, FFF- ICP-MS, PCS, zeta/streaming potential,
ESEM, TRLFS, Synchrotron techniques @ ANKA)

Students poster session with finger food
Optional: One day field trip (Clay mines, Westerwald region)

m WP 2-5 meetings in preparation for synthesis report (1-2 days)

30
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