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Montmorillonite state/phase diagram

“attractive” gel
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Behaviour of montmorillonite at
low Ionic strength

decreasing salinity

>
montmorillonite
attractive gel sol (liquid)
yield strength ViScosity
withstand flow break due to flow transport by flow
no erosion erosion
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Swelling Pressure (MPa)

The problem of erosion due to sol formation

Erosion @ 1ml/min
(filtert=2mm 2/10pm)

6
Wy-Na montmorilionite —VWhaz2u 100 mL circulating solution
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Sodium montmorillonite
disperses easily

Filter pore size of 2 um not
enough to hinder erosion
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Swelling pressure (MPa)

No erosion with Ca-montmorillonite

'Erosion @ 1ml/min lon correlation important
(filter t=2mm 40/100um) . .
for divalent counterions
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Cartoon adapted from
No loss of Ca-montmorillonite even when pore size = 100pm Evans & Wennerstrom

Ca-montmorillonite is not sol forming even in DI water

CCC for Ca-montmorillonite is not a meaningful concept
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Mixed Ca/Na clays with excess ions

lonic strength 25 mM

Wyoming type montmorillonite . .
26 1= More complicated phase diagram
s e CCC is not a good variable
20 i Needs both sodium and calcium
~ T .
i e, concentration
fﬁ Possible Sd Formation Zo0% i ]
ER /"<’ lon-exchange equilibrium key concept
— . ~
? T ’///\ Note that chloride is the anion
/
!
’ 0 1 5 ] 4 (]_ X) lCa2+J
[Ca™"] {mM} [N ] GT

90% calcium in exchange position
assuming K51=4.5
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The experimental sol formation zone

Wyoming type montmaorillonite
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Motivation for a large part of CT’s work
Map the thermodynamic equilibrium states
before investigating the dynamics
Exchange equilibrium between monovalent
and divalent counterions essential

Small SFZ ->Possible to control ionic strength

using 1:1 salt e.g. NaCl
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Birgersson et al. SKB TR-09-34
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Focus on Na- or Ca/Na-montmorillonite

Montmorillonite from MX-80

Dl water, NaCl solution, NaCl + ~yM CacCl,
Sometimes NaOH added to give pH 9-10
No effect of pH on erosion or formation of attractive gel

Phase diagrams Na-mmt, NaCl(aq)
MX-80 (Wy-Na)
Asha 505 (Ku-Na)
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Erosion In artificial fractures

inflow

~_ compacted
/’ sample

L -V-Vf.r//,,-t
artificial _/ __——
fracture ) -—-._;:::::::;_:?V[_:::”::::7:::: —

outflow

Schatz et al. POSIVA 2012-44.

The amount of montmorillonite in the
effluent is determined from its turbidity
Lower limit 0.1 mg/I
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Results 120um aperture

Erosion Wy-Na, 120 um aperture
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Salinity from low to higher

Eventually erosion stops
at 15 mM NacCl

Never any erosion for 20 mM
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Comparison of erosion rates

Erosion Wy-Na, 120 um aperture

0.0080
_0.0070 ® 5 mM Nacl (1)
[
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When coming from higher to lower concentrations (2), no erosion at 10 mM
Hysteresis effect: There is more to erosion than CCC
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Results 240um aperture

Erosion of Wy-Na, 240 um aperture
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Salinity from low to higher
No difference between DI and 5 mM.
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Comparison: 120 and 240um aperture

Erosion of Wy-Na
0.0160
® 5mM NaCl, 240 um

__ 00140 ¢ fracture
§= ° °
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Y fracture
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At 5 mM erosion rate is higher for the wider fracture
At 10 mM erosion rates are the same if flow rate is converted to velocity
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Comparison: 120 and 240um aperture

Erosion of Wy-Na
0.0160
® 5mM NaCl, 240 um
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Unit erosion rate (normalized to area) for the lowest flow rate at 5 mM
120 um:23 kg/m?/yr
240 um: 4-6 kg/m?/yr
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Unit erosion rates: CT;B+Tech; UJV Rez
CT: 23 kg/m?/yr: Wy-Na, 5 mM NaCl, 120 um
CT: 4-6 kg/m?/yr: Wy-Na, 5 mM NaCl, 240 uym

B+Tech: 3.2x10° kg/m?/s: Wy-Na, Grimsel GW, 45° slope angle, 1 mm(D2.5)
B+Tech: 1000 kg/m?/yr: Wy-Na, Grimsel GW, 45° slope angle, 1 mm (D2.5)

UJV Rez : 0.4-55 kg/m2/yr: B75 bentonite, DI, velocity 200-9000 m/yr, 0.15-2 mm (D2.5)
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Comparison:B+Tech; UJV Rez (D2.5)
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1.0E-03

Wy-Na, WyNa/Ca 1 mm

B75 bentonite 60% mmt
Lower CEC than Wy-mmt
Significant content of Ca/Mg

sKp
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Comparison:B+Tech; UJV Rez (D2.5)
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Wy-Ca/Na (50/50) 120 aperture

Erosion Wy-50/50, 120 pum slit
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Increasing ionic strength: NaCl (mM) + CaCl, (uM)

ZI: LAY ~ ' 7
ECHNOLOGY AB »\@ —Furon —


http://www.skb.se/BELBa

Wy-Ca/Na (50/50) and Wy-Na; 120 aperture

Erosion Wy-50/50, 120 pum slit

¢ 1 mMNaCl1uMCacCl2

B 2 mMNacCl1uMcCacCl2

A 3mMNaCl 2 uM CaCl2

0.020
0.018
|
0.016
__ 0014 A
'% 0.012 Y A
£
g 0.010 N ‘ ..~ oy
'g 0.008 %
* 0.006 A
|
0.004 - *
] o ® ® <
0.002 R % 2 £
0000 fe L Coe v 08 M Al
0.00 0.20 0.40 0.60 0.80 1.4 %
Flow rate (mL/min) §
S
Unit erosion rates 8
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500 m/yr
6 kg/m?/yr Wy 50/50 4 mM
600 m/yr
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Hysteresis effects

Increasing NaCl conc. Decreasing NaCl conc.

25 mM NaCl No erosion 5 mM NaCl limited erosion starts

Wy Na with NaCl solution
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Hysteresis effects

Preparation
0.05 g Wy-Na in 10 ml 100 mM NacCl
The whole vial is put in 500 ml DI water

Gel is still there after 5 years albeit NaCl
concentration is only 2 mM
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Hysteresis effects
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Wy-Na phase diagram

Wyoming-Na

m Gel
® Paste

A Sol
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0 20 40 60 80 100 120 Hansen, Hedstrém 2014 to be submitted

Clay conc. (g/L)

Under increasing salinity conditions
erosion stops at the paste/gel border as expected
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Edge-face interaction gives attractive gel
effect of pyrophosphate

Yield stress in 7 wt% bentonite slurry

7wt% Bentonite clay slurries

dwb% (PO,),,
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Both edge and face negatively charged
gel - sol

Goh etal. (2011).
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House of cards or overlapping coin?
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(a) Card-house structure
edge(+)-face(-) interactions

Goh R., Leong Y.-K. & Lehane B..
Rheol. Acta. 50, 29-38 (2011).
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Possible interactions

Hypothetical gel structures edge(+) - face(-)
van der Waals

(b) Band-like structure
“overlapping coin” interactions

Branched band-like

sKp

structure
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House of cards or overlapping coin?

Hypothetical gel structures
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(a) Card-house structure
edge(+)-face(-) interactions

Goh R., Leong Y.-K. & Lehane B..
Rheol. Acta. 50, 29-38 (2011).

LAY
I ECHNOLOGY AB

(b) Band-like structure
“overlapping coin” interactions

Possible interactions
edge(+) — face(-)
van der Waals

I

Update: AH ~4-5kT
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Branched band-like
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Rheology of “attractive” gels

Preliminary tests using “cleaned” Asha 505 20g/l in 20 mM NaCl

Kutch-Na

L ] W Gel
'-Pd‘:lt’i.'
S0l

0 20 40 Gl g0 100 1.4

Clay conc. {g/L)
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Rheology at relevant boundary conditions

Preliminary tests using “cleaned” Asha 505 20 mM NaCl

Sufficient yield strength

——towithstand expected shear
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Observations in the context of gel/sol
properties

Mechanical properties
—  Attractive gel — yield strength — no erosion
—  Sol — viscosity — erosion

Without the formation of gel erosion rates may be high
—  4-20 kg/m?/yr Wy-Na, 0.4-55 kg/m?/yr B75 (Divalent ions)
— 6 kg kg/m?/yr Wy-Ca/Na (50-50) | =4 mM

Role of gravity (B+Tech) 1000 kg/m?/yr!

Hysteresis — coming from higher to lower salinity gives lower
erosion rates
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Observations

 Including edge-face forces crucial for

— attractive gel
— hysteresis effect (most likely)

« Na-montmorillonite still difficult to understand
« Mixed Ca/Na system — CCC is not a defined quantity

— Caused too optimistic view on the erosion problem
— “CCC’” becomes at least 2-dimensional “sol-formation zone” SKB-TR 09-34
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