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Transport properties of colloidal particles in algat bed of collector beads are affected by hydrody-
namic and colloidal interactions between partieesvell as between the particle and the colledtbe
colloidal interaction depends on the surface clmgrgif collectors and particles. While many researgh
have studied on the colloid deposition and trartspgvorous media as a function of ionic strengttper-
imental investigations examining the effect of aad charge are scarce. To figure out the effestidéce
charge on the colloid transport in porous media,haee performed colloid transport experiments in a
packed bed of spherical beads. In the present iexget, we used sulfate latex with a constant negati
charge and carboxylate latex having pH-dependeageitivee charge as colloidal particles. Zirconia beads
with pH-dependent charge and an isoelectric poiourad pH 7 were adopted as collectors. Colloid
transport experiments were carried out in 1 mM K€ function of pH and breakthrough curves oball
were obtained. The experimental breakthrough cumese analyzed by a convection-dispersion equation
including colloid deposition, where colloid filtiah and dynamic blocking are considered. The reflt
experiments and analysis show that the maximunasertoverage of sulfate latex on the collectoraserf
is constant against pH change. On the one handndxénum coverage of carboxyl latex decreases with
increasing pH, indicating that the lateral partigaticle repulsion increased by high charge enésinc
blocking in later stage of deposition. The resuifgasts that electro-hydrodynamic interaction aféects
the maximum coverage.
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1. INTRODUCTION physicochemical interactions between particles and
between particles and collect®$*:68) The phys-
Transport of colloidal particles in porous media igcochemical interactions are generally given by the
important in many industrial and environmentalDerjaguin-Landau and Verwey-Overbeek (DLVO)
fields, e.g., contaminants transport in subsurtase force, which is the superposition of electric daubl
vironments and deep bed filtration in solid-liquidlayer and the van der Waals forces and is influénce
separation et®:?¥45) Transport behaviors of col- by the surface charge, ionic strength, and thetisolu
loidal particles in porous media are reflected g t pH, etc?®9. In the early stage of deposition, the pro-
hydrodynamic and colloidal interactions betweercess is determined by the collision of a colloii-
particles and/or between particles and collector mdicle onto a collector in porous media. So-callett ¢
terials making porous medid:9® For the better loid filtration theories, based on the trajectonaly-
understanding on these interactions, many expe$is calculating the colliding path of a colloidarp-
mental and theoretical studies have been carried otle or the convective-dispersion equation evalgatin
for simple systenis®9.6).1.8) the colliding flux, have been develoged The col-
Colloid transport in granular porous media dedoid filtration theory evaluates the single-coliecef-
pends on the kinetics of particle deposition ohi t ficiency that is the ratio of the number of pag&to
surface of collectors composing porous media. Thee attached on the collector to the number ofaolli
theoretical treatment of deposition consists of thég particles passing through the projected areheof
transport process of colloidal particles as welihes  collector. The colloid filtration theory nowadays
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takes account of the effect of surrounding collecto dendritic polyelectrolytes on planar surfaées),
on flow field around a collector bead, the colldida Also, the maximum surface coverage in the deposi-
and hydrodynamic interactions, and Brownian diffution in granular porous media qualitatively follows
sion. the RSA model with double layer force in terms of
The validity of the colloid filtration theory has the dependence of surface coverage on salt concen-
been experimentally examined in many particles anttatior’’®. However, while the electric double layer
model porous medig’®®) The results verify the force is dependent on the surface cha3®)®) the ef-
usefulness of the colloid filtration theory. Thatthe fect of surface charge on the later stage of dépaosi
theory quantitatively predicts the single-colleatdr has not yet been studied for the deposition in goro
ficiency in the absence of electrostatic forceireal media of packed collector beads.
at high salt concentrati®f?. Also, the theory quanti-  The success of the RSA model indicates that the
tatively works in the wide range of salt concerigrat blocking is mainly controlled not by the interactio
when the attractive electric double layer force bebetween collector and colloidal particle but by ltite
tween oppositely charged particles and collectors keral interaction between colloidal particles. Never
dominan®®. On the one hand, in the presence of retheless, in some cases, the maximum coverage is
pulsive double layer force between similarly chdrge higher than that expected by the RSA with double
surfaces, the colloid filtration theory underestiesa layer forcé®*%. This increase of the maximum cov-
the single collector efficien®?). This discrepancy erage is attributed to the increased attractivesfoe-
has been recognized as a classical shortage of ttvezen the adsorbate and the collector enhancdukeby t
DLVO theory. Similar conclusions have been achighly charged surface of the collector. At this-mo
cepted for the aggregation kinetics of colloidattipa ment, however, systematic studies on such enhance-
cles)101) ment have been scarce for the deposition in granula
As the deposition of stable colloidal particlesmnt porous media. Thus, the effect of charging of both
the surface of oppositely charged collector prosgedcollectors and colloidal particles on the colloid
the collector surface is covered with depositedipar transport in porous media should be systematically
cles. The lateral repulsion between a depositimg paexamined.
ticle and a previously deposited particle redubes t  In this context, to figure out the effect of sudac
chance of further deposition. This phenomenon isharge on colloid transport in porous media, weshav
called a blocking®. The blocking dynamics needs to performed the experiment on the transport of colloi
be quantitatively understood to describe the cdlloidal sulfate or carboxyl latex particles in a packed
transport in porous media in addition to the singl®f spherical zirconia beads. In the system, thiatul
collector efficiency®. Simpler model systems, the latex particles have a constant negative surface
deposition and subsequent blocking on planar sucharge densify'® and the carboxyl latex particles
faces, have been studied as ¥WelP19 1919 The out- bear pH-dependent negative ch&re On the one
comes from such simple systems provide importaritand, the collector beads of zirconia carry pH-de-
knowledge on the deposition in porous media. pendent surface charge with an isoelectric point of
Previous studies on the blocking have shown thaiH; the zirconia is positively charged at pH < dan
the random sequential adsorption (RSA) is an usefulegatively charged at pH 37 Thus, we can examine
model when describing the blocking proce¥s!®)  the influence of surface charge of the particles an
In the RSA model, depositing particles are sequerihe collector on the colloid transport in porousdiae
tially placed on the random position on the colect by changing the solution pH. Experimental data of
surface. The overlapping of deposited particlewis colloid breakthrough curve is analyzed by a convec-
allowed on the surface. Therefore, in the lategesta tive-dispersion equation including the depositign d
of deposition, the deposition is inhibited and fijpa namic with the single collector efficiency and the
no deposition can be realized. The maximum surfaagegamic blocking function. The main focus is the pH-
overage or the jamming limit by the RSA is arounddependent maximum surface coverage.
0.55 (0.546 or 0.547) for the deposition of hard
sphere&!21®) |n the case of colloidal particles, the2. EXPERIMENTAL METHOD
lateral double layer repulsion further reduces the
maximum surface coverage due to the increase of tlig) M aterials
effective radius. Thus, the maximum surface cover- We used two types of latex particles as model col-
age decreases with decreasing salt concentrati®n deidal particles. One is sulfate latex with a diaene
to the development of diffuse double |a79’é?’13)’l4.) 2a,=2.0 um and a surface charge density-0.084
The RSA model with electric double layer potentialC/n?. The sulfate latex particles can be considered to
successfully describes the maximum surface covemave a constant negative surface charge density be-
age of diffusional deposition of nanoparticles anctause their surface groups are strong acid. Ther oth
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is carboxylate latex with a diameter af,20.51um  ent from the colum€ was measured with a spectro-

and pH-dependent negative charge due to the depfahotometer.

tonation of carboxyl groups. The density of latex-p The procedure of colloid transport experiments
ticles is 1.055 Mg/rh These particles were used forwas as follows. The column was flushed with pure
colloid transport and electrophoretic mobility expe water, followed by background solution with various

iments. salt concentration and pH without latex particles,

In colloid transport experiments in porous mediatil the electric conductivity of effluent solution
we adopted a packed bed of zirconia beads with a dieached that of influent. The conductivity was
ameter 2.=326x8um and a density of 6.0 MgAin  checked with a compact conductivity meter. Then,
a column. The beads were washed by about 1 Khe latex suspension with a concentratiGs75
NaOH, rinsed with pure water, dried, heated at 60Mg/L for sulfate latex 0€o=100 mg/L for carboxyl
°C, cooled dowrand stored in a polyethylene con-latex was fed into the column with a flow régeof
tainer. For the measurement of electrophoretic obi0-15 cni/s. The direction of flow was upward to keep
ity, colloidal zirconia particles with an experimen Saturate condition in the column. The colloid
tally determined hydrodynamic diameter of 0jg4  (ransport experiment was carried out as a funaifon
obtained using dynamic light scattering. The celloi PH @t 1 mM KCI. The pH was changed by adding
dal zirconia particles were purified by dialysisan HCland NaHCQ The pH of effluent suspension was
Visking tube against pure water. measured by means of a combination glass electrode.

Salt concentration and suspension pH were adrrom the experiments, (_:0IIO|d breakthrqugh curves
justed by the addition of KCI, HCl and NaHg@ll ~ Were obtained as a function of pH. Experiments were

solutions and suspensions were prepared from puffonducted in an air-conditioned room at 20°C.

fied deionized water. /\j ~ Zirconia collector
Effluent colloid \ o
. . i . concentration C G\ °
(2) Electrophoretic mobility of colloidal particles I @. o
. . . °
To characterize the surface charging behavior of  ,.qropnotometer

Column ﬁ Latex particle

Packed bed of zirconia beads

used colloidal particles, we measured electropfworet
mobility of colloidal particles by using electropho
retic light scattering technique. The electrophioret Peristaltic pump
mobilities of carboxyl latex and zirconia were meas
ured as a function of pH in 1 mM (=mmol/L) KCI.
The mobility of sulfate latex was almost pH-inde
pendent and was measured as a function of KCI con-
centration to characterize the surface charge gensi
The particle concentrations at measurements we THEORETICAL CALCULATION

11, 135 and 31 mg/L for sulfate latex, carboxydiat

and zirconia, respectively. Samples were prepayed l(l) Electr ophor etic mobility

diluting stock suspensions by adding appropriate Vo ‘\Measured electrophoretic mobility was analyzed
umes of water, KCI solution, HCI solution or KOH py  glectrokinetic and electric charging models.
solution to change pH and KCI concentration. Theyhshima and Helmholtz-Smoluchowski theories can
pH of suspensions was measured by means of & COgs ysed to calculate electrophoretic mobilityfrom
bination glass electrode. All experiments were Calzeta potential that is the electric potential near the
ried out at 20°C. charged interfade™®. At higher magnitude of zeta
potential, the relaxation/polarization of diffuseud

ble layer reduces electrophoretic mobility and ¢her

of zirconia beads , _ fore the mobility vs. zeta potential relation shows
Experimental setup is shownhing. 1. Porous me- maximum/minimur®10171819.20 Such  reducing

dia were prepared by wet-packing of zirconia beadsgte is included in Ohshima’s equation. Ohshima’s
in an acrylic column with an inner diameter of 1.8

: ) equation for the electrophoretic mobilipym of a
ggbggfszéf\?g;: dbSVEiltc:f r\:\;?gi p;;gﬁ;\geﬁ_?‘éwﬁe;;g?%here with a radiug, immersed in 1-1 electrolyte
and porosityf of the packed bed were 3.1 cm an olution like KCI with ionic strengthis given by
0.37. Colloid suspension was flowed into the column o e k.T
through a silicone tube by using a peristaltic pump =—108B
The concentration of colloidal particles in thel@ff 3ue

Influent colloid
- concentration Cg

Colloidal suspension

Fig.1 Schematic illustration of experimental setup.

(3) Colloid transport experiment in a packed bed

E, (1)
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3: 3F side of Eq. (2) corresponds to Helmholtz-Smolu-
En :SQn(Z){EZ_ 1+F H chowski equation, which is only valid for low zeta
potential and high ionic strength.
+i[—18(t +£J K The Gouy-Chapman theory of electric diffuse dou-
Ka m ble layer provides the relationship between surface
P chargeo and surface potentid written as?192%
15F [ 7t 2 tm?’J
+ t, + +-M
1+F 20 9 ?) = 26:EkeTK sinh{ e, J (12)
-6(1+am)(1- expt{ /2)G e 2T
4+ 12F H+ ¥ (G +mH) With this equation, we can evaluate surface paenti
(1+ |:) 1+F from surface charge density. Zeta potential israbefi

as the potential at slipping plane, within whiaiuiid
_36F MmG2 + m H 2)}} moves with the same velocity as the that of satje-I

uid interface. The distance to the slipping plamanf
the interfacexs is around 0-1 nn?1911:18) Zeta po-

{ :F (3) tential{ can be calculated by the following equation
B
K= ErgokE;T @4 ¢-= T arctan exp-Kx;) tanh 20 || (19)
2N €1 e 4k, T
28, Ekg T P _ 25 &kgT J (5)
T VT 3ue from the Gouy-Chapman thedty?*")18) Using Egs.
) (1), (12), and (13) we can evaluate electrophoretic
A= N,€ (6) mobility of sulfate latex bearing constant surface
A charge density.
2 - The surface charge density of carboxyl latex and
F :H(l"' 3m ){ eXF(Z /3‘ } () zirconia in aqueous solutions depends on the soluti
P pH. The 1 K Gouy-Chapman (GC) model is availa-
1+ exp(—Z /% ble to model the charging behavior of carboxyl la-
G=ln| ——M* (8) tex?!9). The charge originates from deprotonated
2 sites on the surface carboxyl groups. Therefore,
H=In M 9) o =-¢-CO0 ] (14)
2
_ is given, wherg-COQ ] is the surface density of
t =tanh% (10) deprotonated carboxyl sites. The surface density of

the total chargeable sités is the sum of surface den-

25 sity of deprotonated and protonated S[t€O0H].

. _ Ka, -
=1 3(/(ap + 10) ex{ G(Kap - @(] -

where&& is the permittivity of wateks is the Boltz-
mann constantl is the absolute temperatuess the
elementary chargey is the viscosity of solutiori\a
is Avogadro’s number? is the Debye length which

is a measure of the thickness of diffuse doubleray 10™PH ex;{%j F COO ]
/i is the limiting molar conductance h ion spe- keT

cies; /M= 73.48<10* and 76.3% 10* m? S/mol for [-COOH]

K* and Cl at 25°c?). The values should be in-

creased by & /°Cas the temperature increases fronwherekK is the proton dissociation constant reflecting
25 °c2). m and i are for the counter-ion and the the affinity of proton to the carboxyl groups. With
co-ion, respectively. The first term of the rigetnid ~ 1PK-GC model with proper parametefs and (X,

I+ =[-COO ]+[-COOH] (15)

The balance of these sites is controlled by tHevgl
ing mass action law

=K =10 (16)
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one can calculate surface charge density and electtransport by diffusion, sedimentation, and intercep
phoretic mobility of carboxyl latex as a functioh o tion. Hydrodynamic and van der Waals attractive in-
pH. The above procedure can be used to evaluate steractions are also included, but electrostatierad-

face potential, which is needed to evaluate intevac tion is neglected. The single collector efficiency

potential between colloidal particles. n by Tufenkji and Elimelech is written as

(2) Colloid transport in porous media L. —o71 o5
Transport of colloidal particles in porous media N=2.4A3Ng " Npg * " N,g, ™

can be described by the following convection disper +0.55A N °°N 1% (20)

sion equation including the deposition of colloidal

particles onto collectors composing packed’l5&d

That is, the change of colloid concentrat©mt po-

sitionx and timet in porous media is governed by in which non-dimensional parameters are given as
follows:

+022\| R—O.24NG l.llNVdW 0.053

oC __ 0°C aC
E— hy_vp&_w[kpcB(g)-‘-kppgi‘C (17) & _ 2(1_ p5) (21)
2-3p+3p° - 2p°

B(6)=1- 4,35+6_f(ﬁ9)2
18 _ U3
3 37 N =2 (23)
99 k,.B(8) ma,’C (19) %
ot P N = 23, [br7a, i (24)
Pe — =
KT
The last equation describes the temporal change of A
the surface coverage of colloidal particles oneml| Ny = " (25)
tor @ In Egs. (17)-(19)B(8) is the dynamic blocking ol
function based on the random sequential adsorption N = A (26)
(RSA) model describing the reduction of available A 127'4uaf)U

area for deposition due to the increase of suidave )
erage,f is the blocking parameter and is related to _2a,(p, —pi)9
the maximum surface coverd@hnax as3=0.44/Bnax, "9 MU

Vp is the average interstitial velocitipn =avv, is the

hydrodynamic dispersion coefficient amd isthe \yhereA is the Hamaker constant being a measure for
dispersivity (here,ai =6.4x10* m from the experi- the van der Waals attractive interaction energy
ment of tracer breakthrough curve)= 3(14)/(fac) is  (A=4.3x10%° J for the interaction between zirconia
the surface area of collector per unit pore voluim®, 5,9 latex)g is the gravity acceleratiom, andpr are
porosity, ke = K'apc is the deposition rate of colloidal particle density and fluid density, respectiveljn
partiCIeS to collector SurfaCE)p:kfappiS the mUItlpIe these equationS, unknown parameters @XE Tpp,
deposition rate of colloidal particles to deposiped- andg

ticles on collector surfaceg. is the capture effi-  One can describe colloid transport in porous media
ciency of deposition between collector and collbidapy numerically solving Eq. (17). We tuned unknown
particle,appis the capture efficiency of colliding par- parametersx., app, and by trial and error method
ticles to deposited particlek=/;7U/4 is the fast rate to obtain the good agreement between the calculated
of depositionU is the approach velocity of suspen-preakthrough curve and the experimental break-
sion to the columny is single-collector efficiency through curve. In the present experimental condi-
describing the ratio of the number of particlebé tions, we expectr, =0 andap=1 for sulfate latex.
attached to the number of particles passing througthis is because electrostatic repulsion between col
the projected area of a collector bead withouttedec |oidal particles prevents aggregation and thus imult
static interaction. One can evaluate single callect ple deposition is negligibleng, =0). Also, the elec-
efficiency /7 from the Tufenkji and Elimelech corre- trostatic attraction between oppositely charged col
lation equatioP that takes into account the flow field |oidal particle and collector gives rise to thersig
around a collector bead in porous media by usingant enhancement of the deposition only at very low
Happel's cell model and consider the particlesalt concentratioh®2223:292% the enhancement of

N, (27)
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particle deposition on collector surface does ot o This expression indicates thétax is influenced by
cur at 1 mM adopted in this study and thus the valateral electrostatic interaction controlled by -
der Waals force is dominant as physicochemicatace potential of the colloidal particle, and thieae-
force (ap=1). Similar behavior is expected for car-tive interaction between the colloidal particle dhe
boxyl lateX)!9 except at low pH, where multiple dep- collector is negligible for determiningax. In the ad-
osition can occurdpp > 0) due to weak charge of car- sorption of dendritic polyelectrolytes, howevere th
boxyl latex. At pH > 7, zirconia has negative clearg charge of substrate/collector affects the maximum
and we suppose that the deposition does not oeeur ksurface coverag@'®. To confirm the effect of col-
cause of electrostatic repulsion between colloiddkctor charge oréhnax in colloid transport in porous
particles and collectors. The estimation ofmedia, we need experiments as carried out in this
[=0.44/Gnax provides the information on the ex- study.
cluded area and the maximum surface coverage of the
deposited particles on the collector surface. 4, RESULTSAND DISCUSSION

The boundary conditions used in this study were

(1) Charging behavior

C=C,atx=0 (28) In Fig. 2, experimentally obtained electrophoretic
aC mobilities of colloidal particles are plotted agstin
&:Oatx: L (29)  pH. The data were taken in 1 mM KCI for carboxyl

latex and colloidal zirconia and in 10 mM for stéfa

and the initial conditions were

C=0for0<x<L att< C (30) 6 L S
f=0for0<x<L att< G (31) ~ fee .‘/
s 2 .
(3) Maximum surface coverage T 095 *—
The maximum surface coveragexis 0.91 for the § -2 carboxyl @

regular hexagonal packing of hard spheres deposited 2 4 n1mM Sulfate
on the planar surface. However, the realization of = 61 o in 10 mM
such regular packing is not plausible in real situa 2 u ul e
tions. Instead, the random adsorption (RSA) malel i 8 u = - o
available for the analysis @ax In the RSA model, -10 J J ‘
particles deposit randomly on the collector and the 3456789101112
maximum surface coveragéksa is around 0.55 pH
7).12).16) Fig.2 Electrophoretic mobility of colloidal particles against

In the deposition of colloidal particles, the laler in KCI solution. Symbols and lines denote experimental
electrostatic repulsion prevents the depositingipar and theoretical calculation, respectively.
cle to be placed near previously deposited pasticle

Therefore,lnax decreases with increasing the latere 0
repulsive force. In the absence of hydrodynamic ir P>
teraction, the explicit equation taking accountiod = 2
surface potential of colloidal particles is avaitahs N§
follows®-26 E 4 A
2 ¢ -
(1+Ng)* 7
Hmax = HRSA (32) E
(1+ H*) S 8
=
1 1 10 P EY
" ‘a{'”(f )"”(“ g, "¢ )ﬂ 3 or 1 1 1w
P

KCI concentration (mM)

i= 4e, EokBTap tank? ay, (34) Fig. 3 Electrophoretic mobility of sulfate latex particles age
- 10€? KCI concentration. Symbols and lines denote experiments
and theoretical calculation, respectively.
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latex. The mobility values of zirconia are positate 1

pH <7 and negative at pH > 7; the zirconia has the 0.9 F

isoelectric point of pH 7. On the one hand, the ithob 08 |

ity of the carboxyl latex is pH-dependent negative 07 J

and shows the minimum. The appearance of the mo- 06 |

bility minimum demonstrates the existence of the re g 05 | -
laxation/polarization of the diffuse double 04 | ——nan-deposition
laye®1019).20 The mobility of sulfate is negative and 03 |

almost the constant irrespective of pH. From these 02 | pH7.68
charging behaviors, we can expect the attractive-el 01 [

tric double layer force between zirconia and ladéx 0 ‘ ‘

pH below 7. The dependence of the mobility of sul- 0 100 200 300
fate latex on KCI concentration is shownFRig. 3. t (sec)

The mobility shows the minimum at KCI concentra-
tions between 1 and 10 mM, indicating the significa Fig. 4 Breakthrough curve of carboxyl latex at pH 7.68. Sym-
effect of the double layer relaxatfdh’?”) There-  bols are experimental data. Line is drawn by assgrttiat nc
fore, the mobility of our particles is influencegdtne  deposition occurs, =0 andarpc =0.
deformation or relaxation of the diffuse doubleday
Thus, the Smoluchowski equation is no longer valid.
Instead, the theory taking into account the reiarat
like Ohshima’s equation, Egs. (1) and (2) must be
used. o
The lines irFigs. 2and3 are drawn by the mobility 0'6
equation by Ohshima and the charging model de- 0'5 oH6.43 —0-1
scribed in Sec. 3 (1). In the calculation of thebitity '
of the carboxyl latex, parameterk g 4.9,/7=0.52
/nm?, andxs= 0.25 nm are used. The values Kfand
Xs are identical to those used in the previous stud- o
ies?19) The site densityT is here a fit value and is '0 i , ,
in reasonable range compared to that used 8d%ar 0 2000 4000 6000
As for the sulfate latexs= 0.25 nm andr = -0.084 t (sec)
C/m?are adopted. As can be seeffrigs. 2 and3, the Fig. 5 Breakthrough curve of carboxyl latex at pH 6. 8gmbols
calculated mobility shows good agreement with theare experimental data. Lines are theoretically drawn by assum
experimental data. Therefore, we can now evaluatég app =0 andapc =1. Numbers in the figure indicate the block-
the charging characteristic, the surface poteatigl  ing parameter, i
the surface charge density, of the colloidal phasic
by using the charging model in Sec. 3 (1). Thetcalc

! ' 3o
@@
&&(((((((((
09 &
0.8

CICy

04 —0.15

0.3 —0.05
0.2

lated values of surface potential are availabletier
evaluation of the maximum surface coverage under
the influence of the lateral electrostatic repuidie-
tween colloidal particles deposited on the collecto s o5 |
using Egs. (32), (33), (34) . o 05 P — 08 pH4.9
(2) Colloid transport and the maximum surface 04T o7
cover age 03 f '
02 | — 05

Figs. 4-9 show typical breakthrough curves of la- 0.1 2
tex particles leaked from the packed bed of zirgoni 0 ' '
Figs. 4, 5, 6, and9 show the data for carboxyl latex, 0 2000 4000 6000
andFigs. 7 and8 are for the sulfate latex. The data in t(sec)

each graph were taken at different pH. From theseF' 6 Breakthrough curve of carboxyl latex at pH 4.9
figures, one can realize the significant influemée & ¢ Xy - £.9,

. Symbols are experimental data. Lines theoretically drawn b
pH on the transport of carboxyl latex in porous me-

. . . . assumingape =0 and apc =1. Numbers in the figure indicate 1
l(zl'agl 4Note that the range of the abscissa is naimow blocking parameter, &
ig. 4.
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1.0
09
0.8
0.7
0.6
05 | pH2.97
0.4
0.3
0.2
0.1

00 O
0 2000

C/C,

—0.06

—0.05

4000 6000

t(sec)
Fig. 7 Breakthrough curve of sulfate latex at pH 2.8ymbols
are experimental data. Lines are theoretically drawn by dsg
app =0 andapc =1. Numbers in the figure indicate the block
parameter, 13..

1.0
0.9
0.8
0.7

0.6
05 | pH5.69

C/C,

—0.06
0.4

0.3
0.2
0.1
0.0

—0.05

0 2000 4000 6000

t(sec)

Fig. 8 Breakthrough curve of sulfate latex at pH 5.89mbols
are experimental data. Lines are theoretically drawn synaisic
app =0 andapc =1. Numbers in the figure indicate the block
parameter, 1.

0.9 pH 2.9

CIC,

0 2000

t (sec)

4000 6000

Fig. 9 Breakthrough curve of carboxyl latex at pH Zgmbols

Fig. 4 shows that the effluent concentratiomap-
idly rises and theC/Co becomes larger than 0.99
within 50 s and reaches unity, demonstrating tleat n
deposition occurred. At pH > 7, both the zircomd a
the carboxyl latex are negatively charged and theis
electrostatic repulsion prevents the deposition of
carboxyl latex on the zirconia collector. As a a®ns
qguence, the theoretical curve by Eq. (17) withake
sumption of no-depositiomy=ap,=0 captures the
experimental data.

Figs. 5, 6, 7, and8 show a similar shape of break-
through curves; th€/Co increases with time and fi-
nally reaches unity. The curve reflects the blogkin
behavior. That is, in the early stage, the collbjxa-
ticles are deposited onto the collector beads. éher
fore, theC/Co is below unity because of the reduction
of C. As the deposition proceeds, the previously de-
posited particle interrupts the further deposition.
Once the collector surface is sufficiently covebgd
attached patrticles, the deposition no longer occurs
This results in the gain &@/Co to unity. Theoretical
curves inFigs. 5, 6, 7, and 8 are calculated by Eq.
(17) with the parameterg,=0, ap=1, and various
values of 15. From the fit value of 13, GnaxWwas de-
termined at each pH and the values are plottedhapai
pH in Fig. 10. Meaning ofapp=0 andap=1 is that
both the multiple deposition and the significant en
hancement of deposition rate by electrostatic attra
tion are not effective as mentioned above. That is,
electrostatic repulsion between colloidal particles
prevents aggregation and thus multiple depositon i
negligible (@, =0). Also, the van der Waals force is
dominant as physicochemical forag,£1). In these
situations, monolayer of deposited particles igted
as shown irFig. 11 a), where the distance between
particles is affected by the lateral interactiorcof
loidal particles.

The breakthrough curve of carboxyl latex at low
pH shown inFig. 9 is quite different. This figure in-
dicates the occurrence of ripening behaXidt low
pH, the repulsive force between carboxyl latexipart
cles weakens and thus the multiple deposition hap-
pens as shown iRig. 11 b). The dendritic structure
formed by the multiple deposition of particles effe
tively captures the next coming particle due to the
physical enmeshing and increased surface area. As a
result, theC/Co gradually reduces to lower values.
Theoretical curves qualitatively describe this heha
ior by using ap=1, very high values otr,, and
1/3=0.547/0.44=1.24 corresponding to the saturated
Bhax based on the RSA model. The assumption of
1/4=1.24 is because the lateral repulsive force be-

are experimental data showing ripening behavior. Lines are thgyeen carboxyl latex particles at low pH becomes so

oretically drawn by assumingA#1.24 @ha=0.547) andyc=1.

weak that the particles can deposit at closely @ack
configuration. As forapp, higher values ofr~30
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probably reflect the physical enmeshing and the irsulfate latex. This result suggests that the latera
creased surface area provided by the dendritic-strupulsive interaction between colloidal particlesnis
ture formed by the layer of multiply deposited part portant, rather than the attractive particle-catiec
cle? as illustrated irfFig. 11 b). However, the unam- interaction as a controlling factor ax. This sug-
biguous evaluation afyy is difficult at this moment. gestion is supported by the pH-depend@at of the
Symbols inFig. 10 are the experimentally deter- carboxyl latex; the tendency can be explained by th
mined énax from the fit of Eq. (17). While théhaxof  decrease of the lateral repulsion due to the léss o
the sulfate latex is constant, that of carboxydtade- negative charge at low pH.
creases with pH. Since the positive charge obzirc  The lines inFig. 10 are evaluated by Eq. (32) with
nia increases at low pH, one may expect the inereathe surface potential estimated by the chargingehod
of Omaxat low pH due to the strong attraction betweenising the tuned parameters. As shown in the figure,
highly charged zirconia and oppositely charged sukhe calculated values are much higher than therexpe
fate latex as found for the deposition of dendritidmental data. The RSA model with the lateral repul-
polyelectrolyte with nanometer si?e Nevertheless, sive force successfully describes #hax for the dep-
the expected pH-dependence is not observed for tlesition of nanoparticléd*®!% The success of the
RSA is because the transport of nanoparticlesvs go
erned by Brownian diffusion; the diffusion conteall

0.6 process matches the assumption in the RSA model.
05 - This study has used the micron-sized patrticles; the
‘ transport and particle-particle interaction arectiéd
04 x by hydrodynamic force. The effect of hydrodynamic
s o3 | © o interaction is illustrated ikig. 12. That is, the collid-
& O carboxyl ing particle is hydrodynamically scattered by tihe-p
0o | Sufate o viously deposited particle and cannot attach to the
downstream area in the back of the deposited partic
01 o) Such area, where colloidal particles cannot attisch,
0 oo o O called shadow area/regidtf?®) The shadow area
o 3 4 5 § 7 increases with increasing the particle size andh wit

increasing the lateral repulsion between collojdat
ticles. Therefore, the values of the maximum s@fac
Fig. 10 Maximum surface coverage against pH. Symbol:  coverage in this study are much lower than the pre-
experimental data. Lines are theoretically drawn by ugiaggz ~ diction of the RSA model assuming random deposi-
ing parameters tuned by the analysis of measured eleotetigh  tion. We need to develop theories that quantititive
mobility. predict the shadow area in the packed bed of gaanul
materials as future studies.

In the present study, we first demonstrate that the

pH

a) Monolayer deposition

Colloidal particle solution pH, that is, the surface charge of colbid
00 O / particles, strongly affects the blocking and calloi

. transport in porous media. The electro-hydrodynamic
OO é Lateral repulsion scattering significantly changes the colloid trasrsp

O phenomena in porous media. One has to keep in mind

Collector surface Electro-hydrodynamic scattering

b) Multilayer deposition
Colloidal particle O

d / S
) ] / e |/
\ / Shadow/area
' 7& /
) EDL I Colloidal particle
Excluded area
Collector surface Collector surface
Fig. 11 Schematic illustrations of the collector surfacesgerec Fig. 12 Schematic representation showing the effect of electro-
with deposited particles: a) monolayer depositiongigr0 . b) hydrodynamic interaction on the reduction of the maximum sur-

multilayer deposition for highemr, where the dendritic struc-  face coverage. The depositing particles cannot depositeon
ture formed by deposited particles effectively captures the ¢ shadow area behind the deposited particle. EDL stands for elec-
liding particle. tric double layer.
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the surface charging and the size of colloidalipa

are crucial factors when considering the transpor

process of colloidal particles in porous media.

5. CONCLUSIONS

10) Behrens, S. H., Christl, D. |., Emmerzael &hurtenberger,

t P., & Borkovec, M.: Charging and aggregation prtipsrof
carboxyl latex particles: Experiments versus DL\W@dry.
Langmuir, Vol. 16(6), pp. 2566-2575, 2000.

11) Ottewill, R. H., & Shaw, J.: Stability of monisgerse poly-

styrene latex dispersions of various siZeiscuss. Faraday
Soc., Vol. 42, pp. 154-163, 1966.
) Kleimann, J., Lecoultre, G., Papastavrou, &anderet, S.,

. . 1
We performed the experiment on the charging andz Galletto, P., Koper, G. J.. & Borkovec, M.: Depimsitof na-

transport of sulfate and carboxyl latex particlEise

nosized latex particles onto silica and cellulagdazes stud-

transport experiment was carried out in a packed be ied by optical reflectometryl. Colloid Interface Science, Vol.
of zirconia beads. The experiments were carried out 303(2), pp. 460-471, 2006.

as a function of pH to clarify the influence of e

charging on the colloid transport behavior in parou

13) Pericet-Camara, R., Cabhill, B. P., Papastav®u& Borko-

vec, M.: Nano-patterning of solid substrates byoaoisd den-
drimers. Chemical Communications, Vol. 3, pp. 266-268,

media. Experimentally obtained breakthrough curves 2007.
were analyzed by the convection dispersion equatiok#) Cahill, B. P., Papastavrou, G., Koper, G. JBdikovec, M.:

with the deposition of colloidal particles.

Adsorption of poly (amido amine)(PAMAM) dendrimesa
silica: Importance of electrostatic three-bodyaattion.Lang-

The results of experiments and analysis demon- ., ol (2), pp. 465-473, 2008.
strate that the maximum surface coverage of sulfais) Adamczyk, Z., Siwek, B., Zembala, M., & Weroisk : Ki-

latex is constant irrespective of pH. On the onadha

netics of localized adsorption of colloid particlesangmuir,

the maximum coverage of carboxyl latex decreasesVo!l- 8(11), pp. 2605-2610, 1992.

with increasing pH, indicating that increased laker
particle-particle repulsion enhances the blockimg i

16) Adamczyk, Z., Siwek, B., Zembala, M., & Belohsk, P.:
Kinetics of localized adsorption of colloid paréslAdvances
in Colloid Interface Science, Vol. 48, pp. 151-280, 1994.

later stages of deposition. Electro-hydrodynamic in17) Kobayashi, M.: Electrophoretic mobility of latspheres in

teraction also reduces the maximum coverage.
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