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Part A: Colloid Size-dependent dispersivity
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Previous studies

Early breakthrough of colloids as compared to conservative tracers

“Larger colloids are restricted by the size exclusion
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Effective dispersion in a uniform fracture

Infinitesimally
small particles
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Reference: James and Chrysikopoulos, J. Colloid and Interface Science, 2003.




Early work on particle size-dependent dispersivity
(Micromodel)
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Reference: Auset and Keller, WRR, 2004.

Early work on particle size-dependent dispersivity
(Column study)
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Question: Should dispersivity decrease or
increase with colloid particle size?

Another look
at
particle size-dependent dispersivity

Materials and methods

Columns: diameter = 2.5 cm
length =15 & 30 cm
packed with glass beads (d,=2 mm)
placed horizontally to minimize gravity effects

Colloids: fluorescent polystyrene microspheres
dp= 28, 300, 600, 1000, 1750, 2100, 3000, 5000 and 5500 nm
fluorescence spectrophotometry

Tracer: bromide in the form of NaBr (10-° M)
ion chromatography

Source: “instantaneous” pulse

dy/d;:  <0.00275
below the straining and wedging threshold of
>0.004 or
>0.003

Transport experiments were performed under unfavorable colloid
attachment conditions (pH=7, 1;.=0.1 mM).



Mathematical Model

Governing transport equation

_UaC(t,x)

(’)C(t,x)+pb aC’ (t,x) b 9°C(t,x)
s -

_ nPoce
pr pm R AC(t,x)-X eC(t,x)

X

Colloid attachment onto the solid matrix
&GC (t,X)
6 ot

-k C(t,x)-k, %c* (t,x)-x %c* (t.x)

Assuming that C*(0,x)=0

C(t,x)exp

C(tx)==2 —(k,iﬂx‘)(t—r)] dr
Py Py
0
Initial and boundary conditions
C(0,x)=0
aC(t,0) M.
-D, ——=—+UC(t,0)=M,0(t = M
e UC(10) =M (1) M- o
dC(t, ) _
X

Analytical solution

2 2
X +(H—A— v )t
) 4Dt 4D,

172
U X Ul t
exp| —+(H-A)t|erfc| ———— —
p|: L +( ) ] (D t)vz Z(DL)

M Ux 1
C(tx)= sz exp[ZD —HtHWexp

1 -x? u?

12
U Ux X Ul C
—+(H-A rf = d
2D1L/2 p|:2D|_ ( )(]e C ( LC)VZ Z(DL) } C]
A=k +A, B=oKK® KB 5
Py Po

I, = Modified Bessel function (first-kind, order-one)



CIM,, (1/mL)

0.08

0.06

0.04

0.02

0.00

cM,, (1/mL)

CM,, (1/mL)

0.08|

0.086]

0,04

0.02]

0.00
0.08]

0.06]

(@)

W=t tm
la=pma=a=a

»
SOEHERES ;

T T

& Tracer (Exp. 3)
Fitted model

O Colioid (Exp. 37) 4
—— Fitted model

© Tracer (Exp. 4)
Fitted model

© Colloid (Exp. 52)
~— Fitted mode! h

Time (min)

Figure Al. Early breakthrough

o d,=1000 nm (Exp. 37)
------ Fitted model

© d,=5500 nm (Exp. 52)
—— Fitted model

Time (min)

Figure A2. Breakthrough curves for two different colloids




_I v T M T v ] M L] v T v T
@ 15 cm column

@ 30 cm column

0.6| 24 Tracer (15cm) -

v Tracer (30 cm) i 9 ]
0.5 -

, e -:
o [ |
§ |

0.7

04

o (cm)

99 HIE

0.1

0.0

0 1000 2000 3000 4000 5000 6000
d, (nm)

Figure A3. Longitudinal dispersivity as a function of colloid diameter.
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Figure A4. Longitudinal dispersivity (averaged) as a function of
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Scaling of D, with Peclet number
(Delgado, 2007)

250 < Pe,, < 10°
Molecular diffusion is negligible.
Mechanical dispersion is the governing dispersion process.
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Figure A10. Scaling of the longitudinal hydrodynamic dispersion coefficients (circles for
colloids, and triangles for tracer) with Péclet number.



M, (%)

Mass Recovery

Zeroth absolute temporal moment

(Quantifies the total mass in the concentration distribution curve)
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Figure A8. Mass recovery as a function of particle size
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Figure A6. Longitudinal dispersivity as a function of interstitial velocity
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Figure A5. Schematic illustration of: (a) conservative solute and (b) colloid transport in water saturated
porous media.

The tracer can sample the entire velocity spectrum within the parabolic profile (green region). Colloids do not sample the
truncated portion of the parabolic velocity profile (red region). Also, colloids do not enter pore spaces with opening smaller
than d,, which essentially leads to reduction of effective porosity.

(Chrysikopoulos and Katzourakis, WRR, 2015)
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Figure A9. How “garbage” results are often produced.

Part B: Gravity effects
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Figure B1. Schematic illustration of a packed column with up-flow velocity having
orientation (-i) with respect to gravity. The gravity vector components are:

94)= 9 SINB i, and g(;= -9, COSP .

“restricted” particle settling velocity
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f, [-] = correction factor accounting for particle settling in granular
porous media
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Figure B2. Restricted particle settling velocity as a function of column orientation
and flow direction for colloids (clay: d,=2 um, p,=2.65 g/cm?3),
bacteria (P. putida: d,=2.2 um, p,=1.45 g/cm3), and
viruses (MS2: d,=25 nm, p,=1.42 g/cmd).

Mathematical Model
Governing transport equation
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Colloid attachment onto the solid matrix
(Sim and Chrysikopoulos, TiPM, 1998)

aC (t,x)
ot

P

=k C(tx) -k, %c* (tx)-x %c* (t.x)

Initial and boundary conditions
C(0,x)=0

uU,C O<tst
D aC(t,0) N U[mC(t,O) _ P < P
X 0 t>t,
dC(t,0) -0
aX



Analytical solution

(Sim and Chrysikopoulos, WRR, 1996)
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Figure B3. Simulations of normalized colloid break through curves for packed columns with various orientations
and flow directions under: (a) continuous, and (b) broad pulse inlet boundary conditions.



Materials & methods

Columns: diameter = 2.5 cm
length =30 cm
packed with glass beads (d, = 2 mm)
columns were placed horizontally (0°),
vertically (90°),
inclined (45°).

Clays: kaolinite (KGa-1b), specific surface area of 10.1 m?/g,
d,=843+£126 nm
montmorillonite (STx-1b), specific surface area of 82.9 m?/g ,
d,=1187+381 nm
C, =107 to 10*3 particles/mL
detection by UV-vis spectrophotometer

Tracer: bromide in the form of NaBr (10-5>M)
ion chromatography

Unfavorable to deposition transport conditions (pH=7, 1.=0.1mM).
Experimental data fitted with ColloidFit.
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Figure B4. Experimental setup showing the various column arrangements:
(a) horizontal, (b) diagonal, and (c) vertical.
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Figure C2. Schematic illustration of the various concentrations
accounted for in the cotransport numerical model

Three-dimensional cotransport mathematical model — (Transport of dense colloids)

Governing transport equation
(Katzourakis and Chrysikopoulos, AWR, 2014 & JoCH 2015)
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Colloid attachment onto the solid matrix
(Sim and Chrysikopoulos, 1998; Compere et al., 2001)
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(a) Horizontal flow

Figure C1. Schematic illustration of
the gravity vector components for:
(a) horizontal flow, (b) up-flow, and
(c) down-flow conditions. The angle B
(0°<B=<180°) is between the main
flow direction (x-direction) and the
direction of gravity.

Three-dimensional cotransport mathematical model — (Transport of viruses)

Governing transport equation
(Abdel-Salam and Chrysikopoulos, 1995; Vasiliadou and Chrysikopoulos, 2011; Katzourakis and Chrysikopoulos, 2014)
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Figure C3. Comparison of analytical (circles) and numerical solutions (solid curve).
Here the duration period of the source is t,= 8500 hr, the concentrations are
evaluated at x=60 m, y=15 m and z=15 m.

(a) 'C : : : : 3E-2 2E-3 9E-5 3E-6
v

£ 2000F 1 C, [pfurL]
'~ 1000
— (b)
§ 2000
N 1000F
S ( C) : , 4E-2 2E-2 9E-55E-9
e

2000}
At C,.[pfu/g]
N

1000+

7000 3000 5000 _ 7000 9000

X (cm)

Figure C4. Concentration contour plots on the x-z plane for: (a) viruses, (b)
colloids, and (c) virus-colloid particles during virus and colloid cotransport,
accounting for gravitational effects. Here t=6900 hr, and y=15 m.
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Figure C5. Contour plots on the x-z plane for: (a-f) viruses (solid curves) and colloid particles (dashed curves), and (g-)
viruses (solid curves) and virus-colloid particles (dotted curves) during virus and colloid cotransport in the presence of
gravitational effects.
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Figure C6. Contour plots on the x-z plane for: (a-f) viruses (solid curves) and colloid particles

(dashed curves), and (g-1) viruses (solid curves) and virus-colloid particles (dotted curves) during

virus and colloid cotransport in the absence of gravitational effects.
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Figure C7. Isosurface three-dimensional concentrations plots for viruses (blue surfaces) and virus-colloid particles (green

surfaces), along with a projected contour plot on the x-y plane at z=15 m for colloid particles (brown contour). Here
t=13000 hr.

Summary
A: Size-dependent dispersivity

» Colloid dispersivity is not only a function of scale, but also a function of colloid
diameter and interstitial velocity.

» Contrary to earlier results, colloid dispersivity increases with increasing colloid
diameter and interstitial velocity.

» Fitted dispersion coefficients based on tracer data should not be used to analyze
colloid data.

B: Gravity effects
» Flow direction influences colloid transport in porous media.

C: Cotransport with gravity effects

» The presence of dense colloids influence contaminant transport in porous media.
» Dense colloids can increase the vertical migration of viruses.
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