COLLOID FACILITATED TRANSPORT
IN NATURAL POROUS MEDIA

PHENAMENA AND MODELLING

Daniel Grolimund microXAS Beamline Project d;@ I
anle ro Imun SWISS LIGHT SOURCE (SLS) PAUL SCHERRER INSTITUT

Inorganic, Analytical, and Soil Chemistry,
Michal Borkovec Applied Chemistry, Kurt Barmettler  Swiss Federal Institute
University of Geneva of Technology, Zurich

PAUL SCHERRER INSTITUT




OVERVIEW

e INTRODUCTION
® COLLOIDAL PARTICLES

® REACTIVE TRANSPORT IN POROUS MEDIA

® COLLOIDAL TRANSPORT PHENOMENA IN SUBSURFACE

SYSTEMS

® FUNDAMENTAL PHENOMENA
» RELEASE/MOBILIZATION
» TRANSPORT
» PERSISTENCE

® POLLUTION AND REMEDIATION
» COLLOID-FACILITATED TRANSPORT
» “AQUIFER-WASHING”

© CONCLUSIONS

—0

—e

—e

o MODELING

—e

1

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

OVERVIEW

PAUL SCHERRER INSTITUT




INTRODUCTION

Colloidal Particles in the Environment

TECHNOLOGICAL ATMOSPHERE
SYSTEMS —
O
ES<:)II-ES \\\\\\\\\..u'.u'-t'"-::-“.
AQUIFERS —

SURFACE
WATERS

O

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

INTRODUCTION
colloidal particles

PAUL SCHERRER INSTITUT




INTRODUCTION

Colloidal Phenomena in Natural/Technical Systems

TRANSPORT OF BIOCOLLOIDS (VIRUSES AND BACTERIA)
IN SOILS AND AQUIFERS ( — BIOREMEDIATION)

® TRACE ELEMENT CYCLING IN SURFACE WATERS

® FILTRATION / CHROMATOGRAPHY

® SOIL FORMATION / CLAY TRANSLOCATION

® WASTE WATER TREATMENT (FLOCCULATION)

®@ MIGRATION OF FINES IN AQUIFERS AND OIL RESERVOIRS

® BLOOD-CORPUSCLES IN ARTERIES/VEINS

COLLOID-FACILITATED TRANSPORT OF CONTAMINANTS
IN THE SUBSURFACE

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

OVERVIEW

INTRODUCTION
colloidal particles

COLLOQOID
PHENOMENA

MODELLING

CFT

STRUCTURAL
DAMAGE

PAUL SCHERRER INSTITUT




SN 22

INTRODUCTION

Colloid Facititated
Transport in
Porous Media

Particle Size Distribution Phenomena and
Modelling
Daniel Groli d
— COLLOIDAL PARTICLES aniel Brotmen
£ x+30 e SOIL .
—_ VERVIEW
> - e MARINE SEDIMENT
c|7_; e ROCK FRACTURE SOLUTION INTRODUCTION
E 420 ATMOSPHERE colloidal particles
=) 8
o
LL
a8 COLLOID
% x+10 PHENOMENA
=
O]
O
-
X MODELLING

-9 -7 -5 -3 CFT
LOG PARTICLE RADIUS [m] STRUCTURAL

DAMAGE

PAUL SCHERRER INSTITUT

e Borkovec et al. (1993) e Lerman (1978) e Degueldre et al. (1989) e Schiitz & Jaenicke (1974) -Esl-




LOG NUMBER DENSITY [m™]

SN 22

INTRODUCTION

Colloid Facititated

Transport in
Porous Media

Particle Size Distribution Phenomena and

Modelling

== CUM. NUMBER

COLLOIDAL PARTICLES . .
1430 — CUM. SURFACE AREA, D, = 2.0 pantel Grolimund

B ==+ CUM. SURFACE AREA, D, = 2.4
x+20 - — CUM. MASS OVERVIEW

'r..\\ COLLOIDAL PARTICLES b,
x+10 & 2o colloidal particles
®
% ‘i‘.‘. 1 .()
* T T T \\
-9 -7 -5 -3

0.75 COLLOID
LOG PARTICLE RADIUS [m]

pZd

)

F..

>

o0

C

P__

(£ PHENOMENA

QO

L

> 0.50

F..

<

-

) 025 MODELLING

> .

8 CFT

STRUCTURAL

O = DAMAGE

PAUL SCHERRER INSTITUT

LOG PARTICLE RADIUS [m] =



SN 22

COLLOIDAL PARTICLES IN THE ENVIRONMENT Colloid Facititated

Transport in
Porous Media

Phenomena and

Modelling
TECHNOLOGICAL ATMOSPHERE Daniel Grolimund
SYSTEMS 7
T O SURFACE
SOILS IS WATERS INTRODUCTION

colloidal particles

AQUIFERS — A/ -

® UBIQUITOUS

® BROAD SIZE DISTRIBUTION
> SURFACE AREA
> REACTIVITY

= BROWNIAN BEHAVIOR
> STABILITY — INSTABILITY

PAUL SCHERRER INSTITUT

> MOBILITY
(] [




INTRODUCTION

Pollution - Remediation Scenario

DRINKING
¢ ¢ WATER WELL

WIS YNNI IS IINI IS IS IS IS

SUBSURFACE

B e B L LN P

AQUIFER

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

INTRODUCTION

reactive transport

PAUL SCHERRER INSTITUT




INTRODUCTION

Pollution - Remediation Scenario

v

OBSERVATION
(' WELLS

/)

SUBSURFACE

S S S S S S S S S S s

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund
OVERVIEW

INTRODUCTION

reactive transport

COLLOQOID
PHENOMENA

MODELLING

CFT

STRUCTURAL
DAMAGE

PAUL SCHERRER INSTITUT




SN 22

INTRODUCTION

Colloid Facititated
Transport in
Porous Media

Transport Experiments Phenomens and
Modelling
Z [C] =f(SPACE) Daniel Grolimund
2 TIME
s
=
@
INJEGTION OBSERVATION O oo "0 INTRODUGTION

8 lo 000 00% %000

w [y [C] =f(T|ME, SPACE) DISTANCE reactive transport

'PROFILE’ / ‘'SPREADING’

/A

[C] = f(TIME)

AQUIFER SPACE

8%,
(€]

0
_4..". ..O—O—.—.-H—
TIME

CONCENTRATION

PAUL SCHERRER INSTITUT

'BREAK-THROUGH CURVE’ apPSi=




s“

Transport in
Porous Media
Phenomena and
Modelling
Daniel Grolimund
reactive transport
PAUL SCHERRER INSTITUT

T
(]
-
©
et
=
(3]
©
[T
=/
L)
o
&

INTRODUCTION

SL

SPACE

= f(TIME)

PORE VOLUMES
'BREAK-THROUGH CURVE’
[C]

[7/10ww]
NOILYHLNIONOD NOILNTO0S

,1.'& .)"ﬁ.)"b .)"b.)
..vl :-.l :v.l ..vl o

3 -
SRR T ORASNGRASTOR
" .l&o- Ka l&bn Al l&t- Ala l&t- 2

INTRODUCTION
Transport Experiments



INTRODUCTION

Colloid Facititated
Transport in
Porous Media

N 's C lexi
atU re S Om p eXIty Phenomena and
Modelling

Daniel Grolimund

COMPLEXING AGENT

—— CONVECTIVE— I DIFFUSIVE ——
LLHLHHHBN

N WATER
\\‘Q\VFLOW/ ‘\\\\\&
\\\ 0 \\ INTERFACIAL SPECIES

N\
\ X

N\ COMPETITION IN
O SOLUTION

p
\ g BIOLOGY

N
&a“ \\
XINTERFégkAAII;I’:II'EiRNARY’ I PHYSICS

NARSSRRRARSSNRRRNRSRNNAANN
&\ INTERFACIAL COMPETITION

\ DISSOLVED SPECIES

INTRODUCTION

reactive transport

CHEMISTRY

PAUL SCHERRER INSTITUT




INTRODUCTION

‘Classical’ Contaminant Transport Modelling

N
\\ VI\:’f‘CT)E\'? % COMPLEXING AGENT
Q\ \\\\\\ PHEEEE R R OIS
\‘C/ < CONTAMINANT BOUND TO

N
\ N
. < N

L

3\ COMPLEX IN

CX  SOLUTION

“\ N N ) "
CONTAMINANT \\
g~ IN SOLUTION

l
-
/8
\\\\\\\\\\\\\\\\\ N

COMPLEXING AGENT BOUND
\ TO IMMOBILE PARTICLE

13‘\\

\\\\\\\\\\\\\\\\\\\\\\\\
COMPLEX BOUND TO
IMMOBILE PARTICLE

N

LAY

2
OC, 1ot 0“Ci 1ot

=D

OC; tot 0Qq; OC,
—_ - \/ ) —_ R S .
ot OX° OX sz:ack ot

NON-LINEARITY
HETEROGENEITY

MULTI-COMPONENT
EFFECTS

KINETIC

MODELING

—L

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

INTRODUCTION

reactive transport

PAUL SCHERRER INSTITUT




SN 22

INTRODUCTION

Colloid Facititated
Transport in
Porous Media

WELLS Phenomena and
¢ ¢ 1 CONTAMINATION Modelling

SIS S ) S S SSSSSSS -

SUBSURFACE

[, OBSERVATION REMEDIATION

Daniel Grolimund

-
v

150

[l AQuIFER

© CONTAMINANT CONCENTRATION
100 INTRODUCTION

reactive transport
50

CONCENTRATION [umol/L]

LEAD

5 A ALUMINIUM

SODIUM

CONCENTRATION [mmol/L]
O o
o OO
I lapl1

0.2
01 CALCIUM
0 100 200 300 400

PORE VOLUMES PAUL SCHERRER INSTITUT




SN 22

INTRODUCTION

Colloid Facititated
Transport in
Porous Media

OBSERVATION REMEDIATION
[' WELLS Phenomena and
¢ ¢ { CONTAMINATION Modelling
SIS S| S S S S S —
NaCl 50 mM
SUBSURFACE PbCla 240uM Daniel Grolimund
- g 150 -
[ aquiFEr 2
=1
= © CONTAMINANT CONCENTRATION
& 100 INTRODUCTION
2
Voo o 2
E reactive transport
SIS SN NS S S S S o 50 -
’ prd
SUBSURFACE 8 LEAD
= 0 +e—e—o0—0 r r '
— -
> AQUIFER 15 -
= 10 A
S 5 - ALUMINIUM
E 0 -o—o—o r
& afe°°°
= 20
g 05 SODIUM
|_ 0 T T T T T
zZ
O
% 0.2
o 01 CALCIUM
0 Ot T T T
0 100 200 300 400

PAUL SCHERRER INSTITUT

PORE VOLUMES
(] [




SN 22

INTRODUCTION

Colloid Facititated
Transport in
Porous Media

OBSERVATION REMEDIATION
[' WELLS Phenomena and
¢ ¢ { CONTAMINATION GROUNDWATER Modelling
SIS SN — CaClp 0.15 mM
NaCl 50 mM
SUBSURFACE PbCla 240uM Daniel Grolimund
| v < 150
AQUIFER 2
3
= © CONTAMINANT CONCENTRATION
& 1004 INTRODUCTION
[y 5 == TWO-PHASE MODEL
o
¢ ¢ = reactive transport
SISISSSS SIS o 50
P
SUBSURFACE 8 LEAD
j 0 S O=O==0 ; —4
ﬂ -
> AQUIFER 15
iy 10 4
2 5 ALUMINIUM
E 0 to—o—o r
Voo ~ S 4
) =
v/ SN < 05 SODIUM
E 0 T T T v
[ 1 SUBSURFACE &
@)
- cz) 0.2
— o 01 CALCIUM
— 0 Omr . : :
0 100 200 300 400

PAUL SCHERRER INSTITUT

PORE VOLUMES
(] [




SN 22

INTRODUCTION

Colloid Facititated
Transport in
Porous Media

OBSERVATION REMEDIATION
[' WELLS Phenomena and
¢ ¢ { CONTAMINATION GROUNDWATER Modelling
SIS S NN — CaClp 0.15 mM
NaCl 50 mM
SUBSURFACE PbCla 240uM Daniel Grolimund
| v < 150 .
AQUIFER 2
3
= o e CONTAMINANT CONCENTRATION
2 1004 INTRODUCTION
= = TWO-PHASE MODEL
oy : :
E reactive transport
SIS SN W 50 - °
> e
e) ]
SUBSURFACE O ' LEAD
hd .
= . 0 o000 0000 :0-20-0-0=-0-0-00"00"0"0"
ﬂ -
— AQUIFER 15 A o
< 10 4 o
) 5 § ALUMINIUM
e 0 -
£
oo ~ 5 %
) =
v/ SN < 05 SODIUM
- S
SUBSURFACE &
@)
= % 0.2
(6] C
— © 01 oof°® CALCIUM
— 0 . . .
0 100 200 300 400

PAUL SCHERRER INSTITUT

PORE VOLUMES
(] [




SN 22

INTRODUCTION

Colloid Facititated
Transport in
Porous Media

OBSERVATION REMEDIATION
f' WELLS Phenomena and
{ { { CONTAMINATION GROUNDWATER Modelling
SIS NN — CaClp 0.15 mM
NaCl 50 mM
SUBSURFACE PbCla 240uM Daniel Grolimund
| T < 150 - o
AQUIFER g
=3
= ° ® PARTICULATE AND DISSOLVED
O 100 - INTRODUCTION
= o DISSOLVED
¢ ¢ [y = ° == TWO-PHASE MODEL
Z
’ L - °
SIS NN S 50 o colloid facilitated
o) ° transport
SUBSURFACE O Q LEAD
v .
= . 0 _M
ﬂ v
— AQUIFER 15 °
< 10 4 o
IS 5 - ALUMINIUM
€ 0 -CF4)——4)—(E§53O(KXX}4)OCK)3(X)(ﬁD(X)(X)(X)<I><£F<)—4I>
E
oy S 4
) =
v/ NN < 05 SODIUM
E 0 T T T
[ 1 SUBSURFACE m
@)
- % 0.2
@O
> o 0 .oo{‘o'o CALCIUM
— 0 . : :
0 100 200 300 400

PAUL SCHERRER INSTITUT

PORE VOLUMES
(] [




INTRODUCTION

IN-SITU Mobilized Colloidal Particles

r > ¥
‘ ' 1

m

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

OVERVIEW

INTRODUCTION

colloid facilitated
transport

COLLOQOID
PHENOMENA

MODELLING

CFT

STRUCTURAL
DAMAGE

PAUL SCHERRER INSTITUT




INTRODUCTION

Colloid Facilitated Transport

_ 10°F
=
S
Z
o 1r
<
0
Z 2
Z 107
O
Z
3

10 |

Si

Al
Fe

Pb

100 120 140
PORE VOLUMES

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

OVERVIEW

INTRODUCTION

colloid facilitated
transport

COLLOID
PHENOMENA

MODELLING

CFT

STRUCTURAL
DAMAGE

PAUL SCHERRER INSTITUT




sLs ||||||||

COLLOID TRANSPORT PHENOMENA

Colloid Facititated

Transport in

Mobile Colloidal Particles

\ \WATER . MOBILE PARTICLE

3 7% 00NN
R \\\\ CONTAMINANT BOUND TO
\ N

\ N N

IMMOBILE PARTICLE

%\\ YN
A LB AN 8
\\\\\\ IMMOBILE PARTlCLE

B NN
AR
\ CONTAMINANT \‘§
\ IN SOLUTION
,.&\\\ \\\\\\\\\\\\\\\\\\\\\ \

CONTAMINANT BOUND TO
MOBILE PARTICLE

N\ ¢
\\\? \\\\ﬁ

COLLOID FACILITATED PORE STRUCTURE
CONTAMINANT TRANSPORT and REACTIVITY

COLLOID
PHENOMENA




COLLOID TRANSPORT PHENOMENA

|. CONTAMINANT - PARTICLE INTERACTIONS

I1l. PERSISTENCE

Aggregation/
Il. GENERATION straining filtration
No
Colloids
Suspended Colloids
in Groundwater Physicochemical
collection
> No
Colloids
Transport
O

Water Flow

adapted from McCarthy & Zachara, ES&T, 1989

MOBILITY

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

PAUL SCHERRER INSTITUT




SN 22

COLLOID TRANSPORT PHENOMENA

Colloid Facititated
Transport in
Porous Media

http://www.psi.ch/~grolimund/list_of_publications.html

Phenomena and

l. GENERATION Modelling
e Grolimund, D.; Borkovec, M., Long term release kinetics of colloidal particles from natural porous
media, Environmental Science & Technology 1999, 33, 4054-4060. Daniel Grolimund

e Grolimund, D.; Borkovec, M., Release and Transport of Colloidal Particles in Natural Porous Media:
1. Modeling, Water Resources Res., 37, 559, (2001).

e Grolimund, D.; Barmettler, K.; Borkovec, M., Release and transport of colloidal particles in natural
porous media 2. Experimental results and effects of ligands, Water Resour. Res. 2001, 37, 571-582. INTRODUCTION

e Grolimund, D.; Borkovec, M., Release of Colloidal Particles in Natural Porous Media by Monovalent
and Divalent Cations, submitted 2005.

OVERVIEW

Il. PERSISTENCE

e Grolimund, D.; Elimelech, M.; Borkovec, M.; Barmettler, K.; Kretzschmar, R.; Sticher, H., Transport COLLgllltl)ENOMENA
of in situ mobilized colloidal particles in packed soil columns, Environmental Science & Technology
1998, 32, 3562-3569.

e Grolimund, D.; Elimelech, M.; Borkovec, M., Aggregation and deposition kinetics of mobile colloidal
particles in natural porous media, Colloid Surf. A-Physicochem. Eng. Asp. 2001, 191, 179-188.

MODELLING
lll. COLLOID FACILITATED TRANSPORT CFT
e Grolimund, D.; Borkovec, M.; Barmettler, K.; Sticher, H., Colloid-facilitated transport of strongly sorbing
contaminants in natural porous media: A laboratory column study, Environmental Science & STRUCTUSAAI\LAAGE
Technology 1996, 30, 3118-3123.
e Grolimund, D.; Borkovec, M., Colloid-Facilitated Transport of Strongly Sorbing Contaminants in Natural
Porous Media: Mathematical Modeling and Laboratory Column Experiments, Environmental Science FAUL SLREREL HS TITUT

& Technology, in press 2005. -Esl-




RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

IMMOBILE PARTICLE

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT

Dispersion Convection ‘Source’ ailE5ls




SLs ........

RELEASE of COLLOIDAL PARTICLES

Colloid Fac ttt d

Subsurface Systems: Disturbances

DISTURBANCE
» CHEMICAL (chromatographic fronts)

MMMMMM
PPPPPPPP

COLLOID
PHENOMENA

/

\\

¢ MOBILIZATION e RELEASE
e TRANSPORT
e PERSISTENCE




Transport in
Porous Media

T
(]
-
©
et
=
(3]
©
[T
=/
o
o
&

SLs Q) S|m=pA—

RELEASE of COLLOIDAL PARTICLES

SODIUM

Release Experiments

Phenomena and
Modelling

100

Daniel Grolimund

PHENOMENA

COLLOID

" o o
S S
° © ©
@
® o o
P — | Q Q
® < <
e o o
°
S S
* Y Y
)
N — o o0 00 ©°% g 4 o
o o
N N
T T T
o o o o o o o o o
o) © 1) o 0 ) 0
Al L ~—
[1/10ww] [/6w]

NOILVHINIONOD 1'IVS  NOILYHLINIONOD 310I11dvd

LR A FORASTLG
i.l&tni a D&tn*t SRl

@win/ = [0]

PAUL SCHERRER INSTITUT

TIME — PORE VOLUMES

'BREAK-THROUGH CURVFE’



SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Mobilization of Colloidal Particles Phenomena and

Modelling

Daniel Grolimund

PHYSICAL DISTURBANCE NON-RETARDED RETARDED
CHEMICAL DISTURBANCE CHEMICAL DISTURBANCE
OVERVIEW
V, > o© Vo=V Vo<V

INTRODUCTION
<
lc:) 0.50 - - Pe > o©
< Pe —» o©
o
z Pe =10
ég Pe =10 Pe — o0
o) 0.25 - E
S FOS L COLLOID
o PHENOMENA
=
o Release
o oA : : - : : . -

0 5 10 15 0 5 10 15 0 5 10 15
NORMALIZED TIME NORMALIZED TIME NORMALIZED TIME
MODELLING
aCO _ a CO — v aCO CFT
T 0
Ot 8 2 Ox STRUCTURAL

ac az a DAMAGE
= D2 %y D (s
o= Poz Vo TP 0)

PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

‘BaS|CS, Phenomena and

Modelling

Daniel Grolimund

PARTICLE CONCENTRATION  SALT CONCENTRATION

SODIUM l SODIUM l SODIUM
I I
iISTURBANCE i)ISTURBANCE
90 - i 100 { @ 100 { o
— ‘“““.7070*.70 o—0— ° OO0 O 000 @O
S 60 - ] l
2 1.0 1.0
£
30 -
@WOTwe 0 0-0— @000 © 0.01 - 0.01 COLLOID
o+ : , , , , ' , l PHENOMENA
200 0 200 400 600 Release
200 - :
o 100 | 100 { ©9° ¢ 4
150 A o ol ° | ®e
) . 10 4\ Feq, 10 - ;
S 100 ° ° ®e 0 e !
A=) 1.0 ® Qo o 1.0 ;
(0] . !
)
50 .'. 0.1 - ‘._ 0.1 -
0 —M‘-‘-O—.—oom r . T T T T : T T T
200 0 200 400 600 0 200 400 600 1 10 100 1000
TIME — PORE VOLUMES PAUL SCHERRER INSTITUT

@) O S ORE VOLUMES
PORE VOLUME P -F_EI-




PARTICLE CONCENTRATION

PARTICLE CONCENTRATION

SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Distribution of Populations SRRSE—

Modelling

Daniel Grolimund

10000 - %) o
o
< E z 1.0 A
1000 - = > lC:>
g G )
S 100 Zo Zm
£ 2 E OF 05 -
— = ==
10 2 So
s =3
3 3
1 A o < O T T T
1 10 100 1000 1 10 100 1000 0 5 10 15
COLLOID
PHENOMENA
>
10000 - @ 5 Release
< 20 1 Tz 02 1
1000 = z9O
g 3 whs
S 100 o Eo &2
£ < E 10 1 2E 011
10 - =) <o
s =3
3 5
1 i T T T T O 0 - T T T < O T T T
1 10 100 1000 1 10 100 1000 0 5 10 15
PORE VOLUMES PORE VOLUMES DIMENSIONLESS ENERGY E/RT

PAUL SCHERRER INSTITUT




RELEASE of COLLOIDAL PARTICLES

Distribution of Populations

LOG PARTICLE
CONCENTRATION

1000 -
100 %
é [
)
10 00.
o ° ® )
.0
1 - ®e o ®
().1 T T I
0 200 400 600
NORMALIZED TIME NORMALIZED TIME
oc d%c oc (rel) .. 00 (red)
5=Da7_v§ +Zkl- Q; with atl = - k0
l

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

OVERVIEW

INTRODUCTION

COLLOID
PHENOMENA

Release

MODELLING

CFT

STRUCTURAL
DAMAGE

PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

lonic Strength Dependence P lionormera and

Modelling

Daniel Grolimund

PARTICLE CUMULATIVE
CONCENTRATION MASS
=
o
E 10000 - "
%)

T < 40 - COLLOID
prd 1000 - = PHENOMENA
w W
od > 2 Release
CZ) g 100 = )
o= %é 20 A
L 10 7 =
O S
= 1 - O
E | | | | O -
o 1 10 100 1000 1 10 100 1000

PORE VOLUMES PORE VOLUMES

PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

lonic Strength Dependence P lionormera and

Modelling

Daniel Grolimund

AVERAGE COEFFICIENT OF

RELASE RATE COEFFICIENT VARIATION
Be O - 20 - .
j ~< L
— = 1 o>
g 1 =3
o 53 COLLOID
Q-2 OF 10 - PHENOMENA
OC L] o L = Release
L c
Z 8 -3 1 \ O S /.
o) L o ©)

- _9®
85 -« L - - : -
2 1.5 . 2 1.5 1
LOG SODIUM CONCENTRATION [M] LOG SODIUM CONCENTRATION [M]

{ KD o (1S)* J [ .................... J

PAUL SCHERRER INSTITUT




RELEASE of COLLOIDAL PARTICLES

lonic Strength Dependence

SODIUM

PARTICEL
CONCENTRATION CONCENTRATION

pH

mM NacCl 100 20 | 4020|180 | 20 |40 |
200 200
1000
i
= & ow
g 100 0% ‘ | =~ |
= e¢ce) | e}
— 0 Barcoaoad e em
I I I
100 1 Tooomeggy o e
i
> 1.0 -
; 1 { %
0.1 )
iy
° I .’l I h ®
7.0
7] :'Oooooo. ""‘o_" ”—.i
i ) ==
6.0 Teood i { 30'0'} .i'
| e} 0009,
5.0 1

100 200
PORE VOLUMES

e SODIUM
— MODEL

m  PARTICLES
— MODEL
— NO DEPOSITION

(©) pH
— MODEL

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
B Media

lonic Strength Dependence

2na and
lling

1000 -

[mmol/L]

100

SODIUM

10 A .
'olimund

10.0 A

1.0 1

[mg/L]

PARTICLE
CONCENTRATION CONCENTRATION

0.1 1

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in

Media

lonic Strength Dependence . e

SEo YT ling

%%E 100 ‘—.0.?

%Q 107 T rolimund

‘Instability’ Plot —
= \. Egg o-.1: I )
2 100 - \_\ | '
N
2 N\
= n %
LUl )
I<T: 1 - .\'.q!\ COLLOID
o Co— n % PHENOMENA
L © O\O\O\o N\ @ Release
n B @ .\
<C )
L LN *f -
o\ o X
E 0.01 .\\J; { k(rel) x(IS)
\
I I I I I
-1 0 1 2 3

LOG SODIUM CONCENTRATION [mmol/L] 2&‘%;;“




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

pH Dependence R ——

Modelling

Daniel Grolimund

PARTICLE CUMULATIVE
CONCENTRATION MASS
=z
)
= 10000 1 --- e pH6.25 0
i — e pHB5.25 < 20 -
> 1000 - = COLLOID
c;) o 100 g é” PHENOMENA
8 g Eg 10 4 Release
L 10 g
|
o T R . =
= 1 - > ©
I | | | | 0 -
<
o 1 10 100 1000 1 10 100 1000
PORE VOLUMES PORE VOLUMES

PAUL SCHERRER INSTITUT




RELEASE of COLLOIDAL PARTICLES

Particle Characterization

PARTICLE
CONCENTRATION

ELEMENTAL
RATIOS

LOG RADIUS
[nm]

10.0

1.0

0.1

1000
100
10

2.5

2.0

1.5

%o
Swen @ S

)
,.ro'
D)

[ [ [ e
— D e imang| LTI Si/Mn
— 00000 0000 QX0 000000 SifTi
— WYV WIV—— WWWwW—— v— Si/Mg

- o0 @ ...—--..- 'o’ 2 — SiFe

— AINAAIN-PANN—— WM—@MMM Si/Al

0 100 200
PORE VOLUMES

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




RELEASE of COLLOIDAL PARTICLES

Particle Characterization

VERMICULITE
X - RAY DIFFRACTION | |
ILLITE
Cu K, | |
KAOLINITE
|
QUARTZ
|
FINE CLAY FRACTION
MOBILE COLLOIDS
5 15 25

SCATTERING ANGLE

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




RELEASE

Ca dominated System

500 m- H,O bidest.

pH CALCIUM CONCENTRATION

PARTICLE CONCENTRATION

[mmol/L]

[mg/L]

1000 -
10
0.1 0..
® o o e © © o @ o
0.001+
0 200 400 600
8_
7_
1'."..q".!'.."".Q'Qd....l'.....‘..‘.q‘.
6_
5_
4
0 200 400 600
100 -
10 A
1
0.1 -
’ o® © Soe e ® g e
0.01 - e . o .
0 200 400 600
PORE VOLUMES

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Na versus Ca dominated System ERR——

Modelling
| SODIUM | CALCIUM Daniel Grolimund
100 E. 20 mM 500 m H,0 bidest.
|
~ DISTURBANCE _ DISTURBANCE
@) ) @
E - wowoe0e-0-0-0  ®0-0— E - 2
8% 10 8% 1oy,
Z zZ e
g = 3= | %,
F 0011 ~ 001 ®®e0o00 000 COLLOID
< l , l l 3 , , , , PHENOMENA
) %)
Release
pd =z
o o
ke ke
T 100 | 100 -
e ° =z
B 107 \ e B 10 |
Z D %0 o o Z D
3E 104 \ ® o oo SE 101
L_I'J 0.1 . E 0.1
O -1 ) @) A
E - I _gpm e |
E O 200 400 600 E O 200 400 600 PAUL SCHERRER INSTITUT

PORE VOLUMES PORE VOLUMES alPE5ls




RELEASE

Multi-Component
System: Na® Ca

NaCl 19.8 mM NaCl 0.8 mM
CaCl, 0.1 mM CaCl, 0.004 mM

NaCl 99 |
(3a(3b 0.5

NaCl 2.97 mM
CaCl, 0.015 mM

Ca CONCENTRATION Na CONCENTRATION

PARTICLE CONCENTRATION

[mmol/L]

[mmol/L]

[mg/L]

100 1

-
o

—_
o

o
a

500 1000 1500 2000 2500

10
1.0 -

0.1 ¢

500 1000 1500 2000 2500

0.01 A

500 1000 1500 2000 2500
PORE VOLUMES

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




CaCl, 12.5mM S J@5i=i—
Colloid Facititated

| microXAS Beamline
RELEASE | =
Transport in

100 - Porous Media

=z
Q
ﬁ
)
o

Multi-Component
System: Na® Ca

Phenomena and
Modelling

—_
o

Daniel Grolimund

&

Na CONCENTRATION
[mmol/L]
o

0.01

100 -

[mmol/L]
> o

©
—

COLLOID

0.01 | PHENOMENA

0 20 40 60 Release
100 A

[mg/L]

® @ Q OOOOOO

. o 7
Q@ !
0.01 1 ° :'

0 20 40 60
PAUL SCHERRER INSTITUT
PORE VOLUMES
=

PARTICLE CONCENTRATION Ca CONCENTRATION




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Importance of Interfacial Speciation R

Modelling

Daniel Grolimund

NaCl 19.8 mM NaCl 0.8 mM
CALCIUM CaClp 0.1 mM CaCl, 0.004 mM CaCl, 112.5mM
NaCl 99 NaCl 2.97 mM
500 mM Hzo bidest. Caac|2 05' | Ca?)lg 0.015mmM NaCl 100 . I NaCl 30 mM
I DISTURBANCE I I
Z 100 -
= i = E
E 100 = E 10
£ 5 o £
= Z3o ° o ]
88 101 aE me 10 COLLOID
& E & 3= 001 2= o4l PHENOMENA
o .O. (@) O ’
~ 001 e o000 00 °
2 ° ° 8 0001 °5 8 o014 Release
n T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 0 20 40 60
5 3 5
E E 100 ko 1007
o 100 - o o
= = = .
& z 10 | o b
o3 101 ohe od ,
Z Z% 101 2 000000
SE 10 3E 8E S e o nene
Y W 0147 L“ :
- - . -
0 014 ) 0 o 0 © j’
E T .. .| - = = T = ._ E 0.01+ T T T T T T E 0.01 - T ° T ' T T
o 0 200 400 600 o 0 500 1000 1500 2000 2500 o 0 20 40 60
PORE VOLUMES PORE VOLUMES

PORE VOLUMES
PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Multi-Component System: Na = Ca ERR——

Modelling
IONIC STRENGTH

Daniel Grolimund

. |
0.8 - 5 |
_5 -
0.6
10 S T T T
10 5 4 3 2 1
0.4 1 LOG IONIC STRENGTH
COLLOID
10° 15 PHENOMENA
0.2 - RELATIVE CALCIUM Release
SATURATION
O -20 +1 A ;g

-3.0

—

o
J
A

LOG DELTA RELASE
RATE COEFFICIENT Ak
(&)

RELATIVE CALCIUM SATURATION y

o
L

-2.5
-2.0
-1.5

LOG IONIC STRENGTH [M]

LOG DELTA RELASE
RATE COEFFICIENT Ak
[N

rel X
k( ) oC (l-y) i 0 Oiz 0i4 Oie 0i8 '1 PAUL SCHERRER INSTITUT
(] [

RELATIVE CALCIUM SATURATION




RELEASE

Multi-Component
System: Na= Cam CaCO,

mM NaCl 1 Ol 40 15 3 1

pH Ca CONCENTRATION  Na CONCENTRATION

PARTICLE CONCENTRATION

[mmol/L]

[mmol/L]

[mg/L]

H,0 bidest.
100 1
10 -
10 |
0.1
0 100 200 300 400 500
1.0 |

0.01 4

10.8

10.4 -

10.0 H

9.6 -

1000 H

10 -

0.1 -

160 200 300 400

500

100 200 300 400

500

100 200 300 400
PORE VOLUMES

500

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

CO' I On EffeCt Phenomena and

Modelling

Daniel Grolimund

CZ) ® MALONATE
E B CHLORIDE
< 10000 - m PHTHALATE
E 1000 - m AZIDE
1 p—
O d 100 -
Z O COLLOID
O é 10 | PHENOMENA
O Release
LLI 1 -
O
= 0.1 1
% [ [ [ [
[l
1 10 100 1000
PORE VOLUMES PAUL SCHERRER INSTITUT




SN 22

RELEASE of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

CompleX|ng AgentS (EDTA) Phenomena and

Modelling

Daniel Grolimund

DISTURBANCE DISTURBANCE

== EDTA COLLF?IEI%NOMENA
e CHLORIDE

Release

10000 - mm EDTA 10000 H

1000 - v CHLORIDE 1000 -
100 1 ® 100 dm—

10 4 — R DETECTION LIMIT

0.1 - Wy 0.1

PARTICLE CONCENTRATION
[mg/L]

1 10 100 1000 1 10 100 1000
PORE VOLUMES PORE VOLUMES

PAUL SCHERRER INSTITUT




RELEASE of COLLOIDAL PARTICLES

Reaction Limited Release

=z
©) o —> o
5
—
< i
= s
=z
LLl
|—
O
o
=z
O
l_
O
I
o
tu SEPARATION
=
= z
'6 o
- 5
<
o
E
<
INTERACTION ADVECTIVE AND
BOUNDARY DIFFUSIVE
LAYER TRANSPORT

— UNCERTAINTIES:

—— CHEMICAL HETEROGENEITY

MORPHOLOGICAL
HETEROGENEITY

NON - DLVO CHEMICAL
INTERACTIONS

SHORT-RANGE FORCES

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Release

PAUL SCHERRER INSTITUT




TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

MOBILE PARTICLE

AL

IMMOBILE PARTICLE

DEPOSITED PARTICLE <J COLLOID
PHENOMENA

Transport

oc o°c oc
2 V-
ot OX OX

Dispersion ~ Convection  Deposition ailE5ls




1
|

SLN

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling
Daniel Grolimund

Particle Transport Experiments

PHENOMENA

COLLOID

TSI T N SLIC
CUs o LR v ¥ l C v J

A - 9 s
v Jbvlavla
::U oﬂl& o'l& o'l&

o?‘b_.‘"t .‘.1‘b .‘"b.‘
p ¢ ’. ‘. s
..Ja.lb CINCIE Ok

A RS EORS QRS TLC
ISR ARSI l&o- A A @ DA

PAUL SCHERRER INSTITUT




SN 22

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Particle versus Chemical Tracer Phenomena and

Modelling

Daniel Grolimund

Pz Pz
o o
= 8| Z 8
= =
= = TRACER
L TRACER o
Z 2 r Z 2 r
O O
o @) COLLOID
B a PHENOMENA
NI SOIL N 4L CM LATEX
:5% F)/a\F:{-[-I(:;l..EEfE; ég; F’IA\F:{-I-|(::I_.E5555 'Tiﬁer5[)<>rt
= %
O O

o 05 1 15 2 25 o 05 1 15 2 25

PORE VOLUMES PORE VOLUMES

PAUL SCHERRER INSTITUT




SN 22

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Pore Water Velocity Dependence R ——

Modelling

Daniel Grolimund

>_
= 2+ -1 | V CMLATEX PARTICLES
8 — @ SOIL PARTICLES
E
- = ® TRACER
> g o 0-ofenf— -
- =
= o1 T 5 e o o o 28
T a o ev © ‘]3'_'_
< 5 ;
Ll a) & ® COLLOID
g o ./. PHENOMENA
= O .
< V CM LATEX PARTICLES — e T
I O - ® SOILPARTICLES 3L ransport
m | | | | | |
™ 4 3 5 -4 3
LOG PORE WATER VELOCITY [m/s] LOG PORE WATER VELOCITY [m/s]
2

oc ~ 0°C ~ OC (dep)

T — D _2 — v D _ k C PAUL SCHERRER INSTITUT

ot OX OX apPSis




SN 22

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Pore Water Velocity Dependence R ——

Modelling

Daniel Grolimund

. 1 F V CMLATEX PARTICLES
=, @ SOIL PARTICLES
LLl P
I<_E v/V
o V/ s
= | 2
C_) v/ /./
I: 0 / ./.
(@p)] e
o P
5 S COLLOID
i / PHENOMENA
Q)
9 1 Transport
5 -4 -3

LOG PORE WATER VELOCITY [m/s]

= 2 ~
[ @ — D @ — V @ — k(dep)(v,"_) C j PAUL SCHERRER INSTITUT

ot OX? OX apfSis




TRANSPORT of COLLOIDAL PARTICLES

Double Porous Media

'solid’

MECHANICAL
DISPERSION

Dispersivity oc (v,)°

Deposition Rate oc (v )"

dead-end
regions

permeable
regions

'HOLDUP DISPERSION’

Dispersivity oc (v,)’

Deposition Rate « (v,)’

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Transport

PAUL SCHERRER INSTITUT




TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

DOUble POI’OUS Medla Phenomena and

Modelling

Daniel Grolimund

WATER WATER WATER
FLOW FLOW FLOW

COLLOID
PHENOMENA

Transport

‘ MOBILE COLLOIDAL PARTICLES

+—— DISSOLVED CHEMICAL SPECIES

PAUL SCHERRER INSTITUT




TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

‘Fl|trat|0n TheOI’y, Phenomena and

Modelling

Daniel Grolimund

-
APPROACHING FLUID

‘POROUS
MEDIA’

COLLOID
PHENOMENA

00000

Transport

SOLID SPHERE

‘ LIQUID ENVELOPE

@® GRAVITY
e BROWNIAN
® INTERCEPTION

PAUL SCHERRER INSTITUT




SN 22

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Concentration Dependence ——

Modelling

Daniel Grolimund

Z
O
> 3 r ® 32ug
o O 63 g
% ¢ 128 ug
& ¢ 258 g 4 A2
% 2 @ — D_@C _
O ot X°
0
de
N \ k(@Pw,...) c
—
=
oc L
2 M
Z 0 . .

0 0.5 1 1.5 2 2.5

PORE VOLUMES PAUL SCHERRER INSTITUT
aplESls




SN 22

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Chemical Dependence ERR——

Modelling

Daniel Grolimund

’
;5 DEPOSITION
O
=
= O AAA"A : g
@) g 4
™ A @
m AL “ e
- -1 F AAA ". k(dep) — f([Na+]’ [C32+], -
A/ \
% / CALCIUM / SODIUM
:,I 2 T Transport
O
O
O] i
@) -3 ‘
-J | | | | |

4 3 2 1 0
LOG SALT CONCENTRATION [M]

PAUL SCHERRER INSTITUT




SN 22

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Reaction Limited Deposition SRRSE—

Modelling

Daniel Grolimund

e

=z
5
2 — UNCERTAINTIES:
d b
=
L —— CHEMICAL HETEROGENEITY
o
% COLLOID
= | — MORPHOLOGICAL PHENOMENA
% B - HETEROGENEITY
W SEPARATION Transport
c
< &
s 5
oc
2
INTERACTION ADVECTIVE AND
BOUNDARY DIFFUSIVE
LAYER TRANSPORT

PAUL SCHERRER INSTITUT




TRANSPORT of COLLOIDAL PARTICLES

TOTAL INTERACTION POTENTIAL

TOTAL INTERACTION POTENTIAL

REPULSION ATTRACTION REPULSION

ATTRACTION

J

o 4— o &
' SEPARATION

INTERACTION ~ ADVECTIVE AND
BOUNDARY DIFFUSIVE

LAYER TRANSPORT

o —P o 1

| SEPARATION
INTERACTION ADVECTIVE AND
BOUNDARY DIFFUSIVE

LAYER TRANSPORT

DEPOSITION

RELEASE

LOG PARTICLE
CONCENTRATION [mg/L]

LOG COLLISION EFFICIENCY «

—

1
N

1
w

i AME o
,AA’AA Pad
e 5@’)
n A /A/ 80
AAE Va
/ CALCIUM SODIUM

A © CHLORIDE
A ® AZIDE

4 3

-2 -1 0

LOG SALT CONCENTRATION [M]

© CHLORIDE
@ AZIDE

0 1

2 3

LOG PORE VOLUMES [-]

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Transport

PAUL SCHERRER INSTITUT




SN 22

TRANSPORT of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

DEPOSITION sz 1 Phenomena and
é . . z-) Modelling
| — Z
2 SV
E (L,—f A‘A, @‘5 Daniel Grolimund
; L / /
O ; -1 fé/A OO
(E ) ?/\ / SODIUM
E SEPARATION 0 CALCIUM
z . 4 27
< 2 o)
5 g @) A O CHLORIDE
E 8 -3 r A ® AZIDE
INTERACTION ADVECTIVE AND | . . . . .
BOUNDARY DIFFUSIVE
LAYER TRANSPORT -4 -3 -2 -1 0
LOG SALT CONCENTRATION [M]
COLLOID
PHENOMENA
- RELEASE
o) °
2} —
= 5 = .
= 1 S 2 O CHLORIDE Transport
o
5 Wy = ® AZIDE
= 06 4
o ==
[ o <
2 <L r
o o |_
m SEPARATION o= 0
Z ouw
2 8 -8
5 = pd
[ % 8 -1
L:( i H
INTERACTION ADVECTIVE AND , , , ,
BoLLJAr\J{%ARRY Tgl;;gﬁg/; 0 1 5 3 PAUL SCHERRER INSTITUT
=

LOG PORE VOLUMES [-]




AGGREGATION of COLLOIDAL PARTICLES

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Aggregation

PAUL SCHERRER INSTITUT




AGGREGATION of COLLOIDAL PARTICLES

Analogy Aggregation - Deposition

LOG COLLISION EFFICIENCY o

LOG INVERSE STABILITY RATIO W™

1

AAAA o
,"’A‘ o
A /s'
A
Ve 8°®

A.A.A_“_
LS
oA (4
o o
s ¢
AN

/ s
/ cacum ./
/

4 3 2 1 0
LOG SALT CONCENTRATION [M]

DEPOSITION

AGGREGATION

STAGNANT
WATER

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

COLLOID
PHENOMENA

Aggregation

PAUL SCHERRER INSTITUT




SLN 25

AGGREGATION of COLLOIDAL PARTICLES

Colloid Facititated
Transport in
Porous Media

Analogy Aggregation - Deposition A——
Modelling
3 1
z—) DEPOSITION Daniel Grolimund
o o JAAME—ap—
©)
i /M" ®
N 5 s
o As
® / \CALCIUM / SODIUM % 0
3 27 =
Q S 2
© 2z —_
S 3t 2o A Y
= o |<T: ‘\’\
Or ‘\ COLLOID
= <5 e PHENOMENA
< 1 O i 2 L
o A cacum  AGGREGATION EQ o0
— ¢ X=0.33 o
ke B X=0.10 Aoa O 8 ¢ DATA
- O v x-0033 o :\r‘_ 0} -3 | — PREDICTION Aggregation
- ® SODIUM A4 o
% 1 A’A‘Q" '/ /v '/ 3 2 -I1 6 1
= ' l/v o
0 RN . LOG MOLAR [Ca2*] TO [Na*] RATIO
LuJ A%, =
g 2 i/ []]
g .
Z 4 / ® (dep) __ ( + 2+ )
s s ALIIT kP = f(Na"], [Ca™ ], ..
9 I I I I I PAUL SCHERRER INSTITUT

-4 -3 -2 -1 0 -Esl-

LOG SALT CONCENTRATION [M]




SN 22

MODELLING

Colloid Facititated
Transport in
Porous Media

1. Reactive Solute Transport (incl. contaminant - particle interactions) [[RENS——

Modelling

Daniel Grolimund

® NON-REACTIVE SPECIES
oc; 0°c, oc;

-V

ot ' ox? Ox

c; = concentration of species i
D, = dispersion coefficient
v = pore-water velocity

® REACTIVE SPECIES

2 .

oc; 0g; 0“c; oc; ‘ g, = sorbed concentration
+ = D, —y e
of species i

ot or ' ox? O

g, o aqii oc,
5 =ZZ 5 ’ P competitive
¢ o) Ci t) sorption

I- CONTAMINANT = PARTICLE PAUL SCHERRER INSTITUT
INTERACTIONS alP5is

MODELLING




MODELLING

2. Particle Transport

¢ = mobile particle
concentration

. 2~ ~
@ — DQ — va—c + ];rel)(X,f) - J;dep)(xst)

ot ox? ox C
< lll. PERSISTENCE

Il. GENERATION

~ 2~ ~ N
@ = D_a c _ v@ +z k(rel)Q _ k(dep)é O = immobile particle
ot ox* ox 5 i concentration
N
o0 1 d
Y _ k(re) 4 k(ep)E‘

[k(rel), f(%ep) 74 const. = f(ci’qi’ )j

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

MODELLING

PAUL SCHERRER INSTITUT




MODELLING

H PARTICLE TRANSPORT

— RELEASE — 1 population O

release CONSTANT ™

—— DEPOSITION deposition CONSTANT K(4ep)

— AGGREGATION —

B REACTIVE TRANSPORT

— SORPTION

1 site, immobile

universal affinity
CONSTANT K,

SN 22

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

OVERVIEW

INTRODUCTION

COLLOID
PHENOMENA

MODELLING

CFT

STRUCTURAL
DAMAGE

PAUL SCHERRER INSTITUT




SN 22

MODELLING

Colloid Facititated
Transport in
Porous Media

Phenomena and

Modelling
B PARTICLE TRANSPORT el Grolmung
—— RELEASE — 1 population 0 distribution p(Q) OVERVIEW
release CONSTANT #“* release COEFFICIENT
— k(rel)(chemistry, .e) 'szizglcpzfzges
— DEPOSITION deposition CONSTANT £“?”  dep. COEFFICIENT esctive transpor
(e (chemistry, ...) frgl.lgs facilitated
— AGGREGATION — —
COLLOQOID
PHENOMENA
«3S I COUPLING ! Release
B REACTIVE TRANSPORT p
—— SORPTION 1 site, immobile distribution p(K) MODELLING
universal affinity immobile —
CONSTANT K, mobile STRUCTURAL
MULTICOMPONENT RAMACE

... 40 (!) reactive species

PAUL SCHERRER INSTITUT




COLLOID FACILITATED TRANSPORT

Colloid Facititated

Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

\\WATER MOBILE PARTICLE

CONTAMINANT BOUND TO
IMMOBILE PARTICLE

AL

IMMOBILE PARTICLE

CONTAMINANT
IN SOLUTION

CONTAMINANT BOUND TO
MOBILE PARTICLE

PAUL SCHERRER INSTITUT

D. Grolimund, K. Barmettler, M. Borkovec, H. Sticher, Environ. Sci. Technol., 1996, 30/10, 3118-3123
=




SN 22

COLLOID FACILITATED TRANSPORT

Colloid Facititated
Transport in

Porous Media
NaCl 50 mM

OBSERVATION PbCl2 240uM Phenomena and

| | ( WELLS Modelling
NaCl l> 0.15mM
VIS SN —

Daniel Grolimund

SUBSURFACE 3
= g
A 8 +2
—_— - =
g g
— AQUIFER 2 200 8 1
< o o
o O 0
= — 150— (@]
z -
)
O E -1 e T T T T 1
Z 3 100 100 150 200 250 300
Q- PORE VOLUMES
NaCl 50 mM o
PbCI2 240uM m)
<C
=
2 0 100 200 300 400 500
g 0.154
=
<"'Z_'>'§ 0.10 - 4-
E CZ> >
8E = 9000 E
(5) 0.05- é o % 3
: z :
0- prd (__l) 5
. 80. (Uj — 6000 - =
o) —
2 60 Z O s
& 40 Q£ o 11 o
E — 204 O 9 T T T T ° 1
Hs L_I|J 30004 100 150 200 250 300
ZE
SE ool @) PORE VOLUMES
= =
- :
3 ol 080 Q PAUL SCHERRER INSTITUT

0 100 200 300 400 500
PORE VOLUMES 0 100 200 300 400 500 -E’El-




LEAD CONCENTRATION [umol/L]

LOG PARTICLE CONC. [mg/L]

LOG CATION CONC. [mmol/L]

SN 22

COLLOID FACILITATED TRANSPORT R
L e Transport in

Porous Media
LSS SIS S| A

Length uncontaminated zone

Phenomena and
Modelling

Daniel Grolimund

ry ry
1001 3.5cm 3 1) 12 cm 3 100 25cm
= =
80+ = 801 = 80
o o
60 ° £ 60 £ 60
o ® o
. = = H
40 ° i 40 s i 40 ®
&) &) ®
g g
20+ 8 201 8 204 A
a a
W
0-! .x T 1 E 0- E 0-
— —
54 T 5 i
(=] (=]
£ £ 8
41 s 4 g 4
=z e
o) o)
3 (&] 34 O 3
w w
- -
0 0
2 E 2 £ 2 °
[t ° 2:(
& &
14 ° 8 14 8 H e @
T T 2 T 1 — T T T L T 1 — —e T T T 1
T o r
é +2 L apd, A g +2 | aaa
£ +14 ? £ +1q ‘i
= A G 3
(6] A o A
Z 01 I z 09 HAaa
(o] TA-Aa—A— (@] A AA—p A
O 4 ~f-a—8—8—8 O 4] = ::\‘
pd A P
5 B T 5 .
E 21 : . - E -2 \
3 NG S ‘\ s Va
S ol_ang N s S almms Snl 4/ PAUL SCHERRER INSTITUT
o) o)
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

PORE VOLUMES PORE VOLUMES PORE VOLUMES




COLLOID FACILITATED TRANSPORT
|

SIS S|,

LOG PARTICLE CONC. [mg/L] LEAD CONCENTRATION [umol/L]

LOG CATION CONC. [mmol/L]

Flow Velocity Dependence

200

150

100

50 4

2.5 m/d

+2 4

+1

2]

-34

100

200 300
PORE VOLUMES

400

500

LOG PARTICLE CONC. [mg/L] LEAD CONCENTRATION [umol/L]

LOG CATION CONC. [mmol/L]

200 -
7.5 m/d
150 4
100 4
o
)
50 4
0.
4]
[§)
3
2
[§)
O\g 8 [¢)
14 ) °
T T T T T 1
+2 4
-AA-AA—)
+1
A
0 i
A
K AAA“

4

1 "l-

A l g —E—EE

A A

0 100

200 300 400 500
PORE VOLUMES

LOG PARTICLE CONC. [mg/L] LEAD CONCENTRATION [umol/L]

LOG CATION CONC. [mmol/L]

200

150

100

50 4

OBSERVATION
WELLS

AQUIFER

25 m/d

+2

+1

‘ sy TEE—Es—E - p

100 200 300 400 500
PORE VOLUMES

SN 22

Colloid Facititated
Transport in
Porous Media

Phenomena and
Modelling

Daniel Grolimund

PAUL SCHERRER INSTITUT




SLs Q) S|m=pA—

COLLOID FACILITATED TRANSPORT

Colloid Facititated
Transport in
Porous Media

OBSERVATION Phenomena and
CaCl> 0.15mM .

l
NaCl NaCl 20 mM l |

Daniel Grolimund

y
500 £
=z o
@) 400 £
o
I 300] =
o ©
£ 200{ 9 :
s 2800 2300 9000 8100
% g 100; PORE VOLUMES
NaCl50mM  CaCl 0.15mM 8 - 40
[m)
NaCl NaCl 20 mM
=T 2
|
z g ’ 0- T
2 sl £ 0 500 1000 1500 2000 2500 3000 3500
< - g 0
§% o10{ g ¢ ) 41
8 E 2800 2900 3000 3100 % E 3
5 0.05+ PORE VOLUMES |: 8000 A (Z) T
S < o)
<< m O
° O‘0 500 1000 1500 2000 2500 3000 3500 l_ L_IIJ 21 ..
Z 6000 - @)
1] —~ 'n—: o
> 80 od < 1
e} Z O p °
g O E 4000 e} °
E O - - T T T © T
(E)% Ii'J 2800 2900 3000 3100
§ E @) 2000 - PORE VOLUMES
= =
3 E:E PAUL SCHERRER INSTITUT
a
3 B o 0 b—o—o——cro——o—o- =
1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 =

PORE VOLUMES




SN 22

COLLOID FACILITATED TRANSPORT

Colloid Facititated
Transport in
Porous Media

NaCl 50 mM Phenomena and
PUMPING PbCl, 240uM CaClz 1.5 mM Modelling

WELL
OBSERVATION
\ | | f WELL NaCl l2 0.15 mM

W4 VP20 IR SIS E

Daniel Grolimund

SUBSURFACE

A4 g +2
v [=}
4 pd g
v Q o +14
= 150 Z
—_— AQUIFER E._.‘: c
E — o
Z < 8
3 100 S .
(2) E 50 100 150 200 250
5= PORE VOLUMES
NaCl 50 mM O
PbClp 240uM  CaClz 15mM et 50 4
<
NaCl > 0.15 mM L_IIJ @
®
0 m&)@.@o@m—q—o—o—o—t—l
> 0 100 20 300 400
Q
E 0.8
(= f—
& T 06 _BI) 431
23 Z E
SE o4 Q 900 g °
s = % o0
2 0.2 < O +2 1 °
Q = o W °
< [ a °
S} 0.0 - = ('i) ° o
0 100 200 300 400
w — _ o
e > E .
; o 22 8
(e} T T T 1
g " o= ~ s 100 150 200 250
g ]
s - 300 ele PORE VOLUMES
6% 204 (@)
SE i e
3 < ®o00o o PAUL SCHERRER INSTITUT
g 0.3 o 0 T ~ T © -8 —,
8 ol e®o ecq o oo 0 100 200 300 400 =
0 100 200 300 400

PORE VOLUMES




COLLOID FACILITATED TRANSPORT

Colloid Facititated
Transport in
Porous Media

Complexing Agents - “Aquifer Clean-up” e e

Modelling

Daniel Grolimund

COMPLEXING AGENT

CONTAMINANT BOUND TO
IMMOBILE PARTICLE

COMPLEX IN
SOLUTION

CONTAMINANT
IN SOLUTION

COMPLEXING AGENT BOUND
TO IMMOBILE PARTICLE

COMPLEX BOUND TO
/ IMMOBILE PARTICLE

> COLLOID FACILITATED TRANSPORT
» AFFECTED HYDRAULIC PROPERTIES
> REDUCED CHEMICAL REACTIVITY apSls




SN 22

COLLOID FACILITATED TRANSPORT

Colloid Facititated
Transport in
Porous Media

EDTA - ReaCtIVG Transport Phenomena and

Modelling

Daniel Grolimund

o) NO\,; Inert Tracer o NOS' Inert Tracer

2.0 - — Model 1 — Model
o 10mM EDTA ] o 10mM EDTA
15 e 5mMEDTA e 5mMEDTA
: e 2mMEDTA e 2mMEDTA
e 1mMEDTA e 1mMEDTA

NORMALIZED CONCENTRATION
NORMALIZED CONCENTRATION

1.0 0.1 -
0.5 -
# -
O'O 0.01 i L] L] 1 L] L] *
0 1 2 3 4 5
PORE VOLUMES PORE VOLUMES

PAUL SCHERRER INSTITUT




SN 22

COLLOID FACILITATED TRANSPORT

Colloid Facititated
Transport in
Porous Media
LEACHATE CONTAMINATION LEACHATE EDTA
Phenomena and
Modelling

“Aquifer Clean-up”

0.005 -
0.004 -
0.003 -
0.002 -
0.001 - &

O Daniel Grolimund

PUMPING

WELL
OBSERVATION

| (" WELL

W4 VISP 0S SIS

0.00006 A

0.00003 A

LEAD CONCENTRATION [mol/L]

SUBSURFACE

0 500 1000 1500 2000 2500 3000
- PORE VOLUMES

AQUIFER

200 4

100 - s

0 T T T T T 1 PAUL SCHERRER INSTITUT

0 500 1000 1500 2000 2500 3000
PORE VOLUMES -E’El-

PARTICLE CONCENTRATION [mg/L]




SN 22

COLLOID FACILITATED TRANSPORT

Colloid Facititated

Transport in
Porous Media

“AC]UIfer Clean'up” Phenomena and

Modelling

@ LEAD © PARTICLES

. i)
c — MODEL, TOTAL Pb ks,
; -1- ---- MODEL, COLLOIDAL Pb 1000 £
o) — . MODEL, AQUEOUS Pb i -
O o

I<T: e o O
T -3- >
- L 100 @C
Z 4 — =
W " T Z
o |/ femm-- LLJ
Z 5. @)
o L 10 <£
O 4. O
A " 1.--- @)
< LLI
W -7 A —
— L1 O
O g , — MODEL, COLLOIDS —
o y o
-l T rrrr T rrrrn v orrrrm rr rrrrm <

0.1 1.0 10 100 1000 o

PORE VOLUMES apPS5i=




SN 22

COLLOID MOBILIZATION

Colloid Facititated
Transport in
Porous Media

Structural Damage during “Aquifer Clean-up” P lionormera and

Modelling

Daniel Grolimund

CZ) e BEFORE MOBILIZATION
LEACHATE CONTAMINATION LEACHATE EDTA —_— 2 | o AFTER MOBlLlZATlON
oo R T
i 0
é 0.003 IZ
% 0.001 m
(6]
s | S)
2 0.000083 4 ‘ ‘ Z
-0 0 560 1600 1500 2000 2500 3000 O 1 —
- PORE VOLUMES O
£
o
N
§ 100 . _l
3 <
% 0 0 500 1000 1500 2000 252)0 3000 2 N OOO
PORE VOLUMES I O ] ® o §Wo o
O STRUCTURAL
2z | | | DAMAGE

0.0 0.5 1I.O 1|.5 2|.O 2.5
PORE VOLUMES T




SN 22

COLLOID MOBILIZATION

Colloid Facititated
Transport in
Porous Media

Structural Damage R

Modelling
g 3. Daniel Grolimund
pa . i m
O 3. 3 5%
'<_t -------- TRACER 8"
g o e 80mM g | m_j kmmm
el I © 40mM gL
5 e e, e 5OmM zZ e 20mM o 00 05 10 15 20 25
= AN L 5 P PORE VOLUMES
@ 1000 - oo O\ O . : -
% /o o\o\o\. Z
% 100 o .\"°\. \O\o.\ O
(u_j ‘o\.\\ O
3 °~
: TR
5 1 3 10 30 N
PORE VOLUMES ]
— =
TRACER PULSE o 0
EXPERIMENTS @) )
Z I I T

0.0 0.5 1.0 1.5 2.0 25 i
PORE VOLUMES

PAUL SCHERRER INSTITUT




CONCLUSIONS and OUTLOOK

COLLOIDAL PARTICLES ARE UBIQUITOUS AND REPRESENT THE
REACTIVE PHASE IN MOST NATURAL AND TECHNICAL SYSTEMS

(GENERATION AND PERSISTENCE OF MOBILE COLLOIDAL
PARTICLES IS STRONGLY COUPLED TO SOLUTION AND
SURFACE CHEMISTRY (-> REACTIVE TRANSPORT PHENOMENA)

KINETICS = NON-LINEARITIES = HETEROGENEITIES

ENHANCED CONTAMINANT MOBILITY BY /N-SITU MOBILIZED
COLLOIDAL PARTICLES

PARTICLE RELEASE RESULTS IN 'STRUCTURAL DAMAGE’

EMPIRICAL DESCRIPTION OF THE CENTRAL PHENOMENA
» PROCESS-ORIENTED, MECHANISTIC CONCEPTS

INTERFACIAL PHENOMENA ARE CRITICAL LQUID

» MOLECULAR LEVEL UNDERSTANDING 77 souP
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