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Abstract

Interactions of chemicals with soil minerals are often studied in batch systems. Dynamic flow systems are often limited by the low hydraulic
permeability of the soil constituents, such as clays, when packed into columns. However, if clay minerals and organic matter can be immobilized
on an inert support, then dynamic flow experiments can be performed. In this study, we investigate the feasibility to produce porous media with
similar hydrodynamic properties, but different surface characteristics. Four minerals (ferrihydrite, kaolinite, illite, and smectite) and a humic acid
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ere coated on silica sand grains. Coated grains were packed into columns and the hydrodynamic properties of the media were dete
nionic tracers. The hydrodynamic properties of the various coated silica sands were similar, suggesting that porous media with sim
tructure, but different surface characteristics, could be produced. Coating of clay minerals was shown to cause anion exclusion of an
hen high surface charge clays or high clay loadings for the coating procedure were used. The specific surface area of the coating ma

he porous medium could be changed by varying the particle size of the silica grain support. Coating of different materials onto silica s
llows to study interactions of chemicals and colloids with dynamic flow experiments in a porous medium with defined structure.
2005 Elsevier B.V. All rights reserved.

eywords: Silica sand; Ferrihydrite; Smectite; Illite; Kaolinite; Humic acid; Breakthrough; Transport

. Introduction

Clays, organic matter, and iron- and aluminum-oxides, are
he most reactive solid constituents in soils and sediments. These
aterials play a major role in the fate and transport of contam-

nants. Studies with pure minerals have provided mechanistic
nsight about solid–liquid phase interactions of a variety of
hemicals with mineral surfaces[1]. Batch sorption experiments
re standard methods for studying interactions of chemicals with
oils and sediments, and to derive sorption coefficients and equi-
ibrium constants. An alternative approach to derive the latter
arameters are column transport experiments. Column trans-
ort experiments have certain advantages over batch sorption
tudies, i.e., the experimental conditions may be more represen-
ative of natural conditions in a flow-through column than in a
atch reactor. However, many solid materials are not suitable for
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column experiments, because of their small particle size w
may cause columns to clog up[2]. Coating of such materials o
an inert support, such as sand or glass beads, would allow
forming column transport experiments with a structurally st
and hydraulically conductive porous medium.

Iron-oxides have been successfully coated on silica san
ticles [3,4] and used for studying humic acid interactions w
iron-oxides[5] and the transport of heavy metals[6] and radionu
clides [7]. Similarly, humic acids have been immobilized
silica to obtain porous materials suitable for sorption stu
[8–11]. Humic acid can also be immobilized in a porous ma
using a soil-gel process, whereby a glassy matrix is prod
through a series of hydrolysis and polymerization reactions[12].
It has recently been shown that clay minerals can be coat
silica sand and glass beads[13,14].

The possibility to coat silica sands or glass beads with
oxides, humic material, and clay minerals offers the opp
nity to study the interactions of solutes with three major
constituents using dynamic column experiments. If the soil
stituents are coated on the same silica sand or glass bead m
927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2005.08.008
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then we can construct porous media which have similar struc-
ture, but different surface characteristics.

The objective of this work was to investigate the hydrody-
namic properties of porous materials (packed silica sand) coated
with different soil constituents. We hypothesized that we can
construct porous media with identical hydrodynamic proper-
ties, but different surface characteristics. Furthermore, we tested
whether we can modify the hydraulic properties without chang-
ing the surface characteristics of the medium. Our approach was
to coat silica sand with humic acid, ferrihydrite, or clay minerals,
and to compare the transport of anionic tracers through columns
packed with coated sand material.

2. Materials and methods

2.1. Silica sand and sand pretreatment

Silica sand (J.T. Baker, Phillipsburg, NJ; CAS No. 14808-60-
7) was fractionated by dry sieving to obtain particles between
0.25 and 1 mm diameter. The sand was treated with H2O2 to
remove organic matter[15] and with citrate-dithionite to remove
iron [16]. Then the sand was extensively rinsed with deionized
water and oven dried at 110◦C.

2.2. Humic acid coating of silica sand
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pH at which a homogeneous and extensive coating of silica sand
with ferrihydrite was obtained. Briefly, 40 mL dialyzed ferrihy-
drite suspension was mixed with 60 g silica sand, and shaken for
a total of 3 days. The pH of the initial solution was 6.5, and after
1 day of shaking, the pH was adjusted to 7.0 with 0.01 M NaOH,
and after another day to pH 7.5. Finally, the sand was washed
three times with 1 M HNO3 and 10 M NaOH. The amount of Fe
coated over the sand was determined by dissolution of ferrihy-
drite with 2 M HCl at 80◦C for 12 h, followed by quantification
of Fe by Atomic Absorption Spectroscopy (Varian 220 Flame
Atomic Absorption Spectrometer). The mineralogical stability
of ferrihydrite was verified with X-ray diffraction (Philips XRG
3100, Philips Analytical Inc., Mahwah, NJ).

2.4. Aluminosilicate coating of silica sand

Four clay minerals, Georgia kaolinite (KGa1), Arizona smec-
tite (SAz1), Texas smectite (STx1) (Source Clay Minerals
Repository, University of Missouri), and illite (No. 36, Morris,
Illinois, Ward’s Natural Science, Rochester, NY) were selected
to be coated over the sand. The clay minerals were treated
to remove organic matter using H2O2 [15] and iron oxides
using citrate-dithionite[16] and were then fractionated to obtain
particles <2�m in hydrodynamic diameter using gravity sedi-
mentation. The clay minerals were made homoionic by washing
with 1 M NaCl (KGa1), 0.5 M CaCl (SAz1 and STx1) or 1 M
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Humic acid was obtained from Aldrich (Lot No. 03130J
e coated the humic acid over the silica sand following
ethodology developed by Koopal et al.[10]. This procedur

nvolved modification of the silica surface with 3-aminoprop
riethoxysilane (APTS) (Aldrich, MI)[10,11,17]. We specifi-
ally used the incubation withN-(3-dimethyaminopropyl)-N′-
thylcarbodiimide hydrochloride (EDC) at room temperat
nd then followed by end-capping of the free amino group
escribed in Koopal et al.[10]. Multilayer-coating is obtaine
hen the APTS reaction is not carried out with a comple
nhydrous medium[11]. We did not use completely anhydro
onditions during the reactions of APTS with the silica, to ob
s much humic acid coating as possible. This resulted in m

ayer humic acid coatings in our samples.
The amount of humic acid coated on the sand was determ

y detachment of the humic acid in 1 M NaOH followed
uantification with UV–vis spectrometry (HP 8452A, Hewl
ackard) at a wavelength of 254 nm. The spectroscopic
urements were calibrated with a TOC analyzer (TOC 5
himadzu Corporation, Kyoto, Japan).

.3. Ferrihydrite coating of silica sand

Ferrihydrite (6-line ferrihydrite) was synthesized accord
o Schwertmann and Cornell[4]. For the synthesis, Pyrex gla
eakers were used. After synthesis, the ferrihydrite was dia
t room temperature (20–22◦C) until the electrical conductivit
f the solution was less than 5�S/cm.

We coated the silica sand with ferrihydrite using a slig
odified procedure developed by Scheidegger et al.[3]. We

arried out initial experiments to test optimal concentration
-

d

-
,
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2
Cl (Illite) [18]. Finally, the clays were dialyzed with deioniz
ater until the electrical conductivity of the solution was l

han 5�S/cm.
The clay minerals were coated over the sand surface

he procedures described in detail in Jerez et al.[14]. Briefly,
lay suspensions were flocculated with 50 mg/L polyacrylam
Superfloc C498, Cytec Industries, West Paterson, NJ). The
ure was then left to settle down, and centrifuged at 100× g for
min. Then, the clay–polymer complex slurry was mixed w

he silica sand and dried at 100◦C for 24 h. The coated sand w
hen washed with deionized water and dried again at 100◦C for
4 h. The washing removed all non-attached polyacrylam
he amount of clay coated over the silica sand was determ
y detaching the clays with 1 M NaOH, followed by clay qu

ification with UV–vis spectrometry at 230-nm wavelength.
We chose the different clay minerals to represent major t

f aluminosilicate clays. The two smectites differed with res
o surface charge. The cation exchange capacity (CEC) of
123± 3 mmolc/100 g) is around 40% greater than that of S
89± 2 mmolc/100 g)[19]. This allowed us to assess the eff
f surface charge on transport of anionic tracers.

.5. Surface characterization of soil constituents and
oated sands

Specific surface areas were determined with N2 adsorption
ASAP2010, Micromeritics, Norcross, GA) based on B
sotherms. We measured the surface areas of the minera
umic acid before coating onto the sands, and then mea

he surface areas of the coated sands. The isoelectric
IEP) for ferrihydrite and kaolinite was measured in a 1 m
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NaCl background with dynamic light scattering (Zetasizer 3000
HSA, Malvern Instruments Ltd., Malvern, UK). For kaolinite-,
ferrihydrite-, and humic acid-coated sands, the point of zero salt
effect (PZSE) was measured by the salt addition method[6].
About 20 g of the coated material was packed into a column,
and 20 mL of 0.01 M NaNO3 was recirculated at a rate of
four pore volumes per minute. The pH was monitored with a
flow-cell electrode. When the pH was equilibrated, 0.4 mL of
5 M NaNO3 was added to increase the salt concentration by a
factor of 10, and the pH change was monitored. This was done
with initial pH values ranging from 2 and 9. The PZSE was
obtained when no pH change was observed after the addition of
the high concentration salt solution. Although the IEP and the
PZSE are different and cannot be directly compared[20], they
give indication about the overall surface charge characteristics
of the particles. The surface morphology of the coated sands
was examined by scanning electron microscopy (Hitachi S520,
Hitachi Instruments, Inc., Tokyo, Japan).

2.6. Column transport experiments

Column experiments were performed in a borosilicate glass
column of 1.5-cm diameter and 12-cm length (Omnifit, Cam-
bridge, UK). The column end pieces consisted of Teflon frits
of 40�m pore diameter. The column was packed with clean
or coated sands under saturated condition. The solution back-
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ments was used to investigate the behavior of an anionic tracer
in ferrihydrite-coated sand, and two types of high-load smectite-
coated sands. The high-load coated sands were obtained by using
the polyvinyl alcohol methodology described by Jerez et al.[14].
Each breakthrough curve was repeated at least twice. Replicates
were reproducible (tracer concentrations deviated less than 2%;
porosity and flow rates deviated less than 3% between repli-
cates), and we therefore only show one breakthrough curve for
each experiment.

3. Results and discussion

3.1. Surface characterization of coated sands

Fig. 1shows images of coated silica sand surfaces. The clean
silica surface depicts an irregular topography (Fig. 1A). The
coatings covered the silica surface incompletely, there were
always some portions of the surface that were not covered by the
coatings. Based on screenings of the images, we estimate that
about 80% of the surface was covered by coatings. Incomplete
surface coating of iron-oxides was also observed by others[3].

Quantitative characteristics of the coated sands are listed in
Table 1. The amount of humic material and minerals that could
be coated onto the silica grains was in the range of 1–25 mg/g
of sand, except for the clay coating with the polyvinyl alcohol
method, which resulted in higher surface coverage. The coated
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round was chosen to mimic a soil pore water solution[21]
nd consisted of an electrolyte mixture with 4.45 mM Ca2,
.4 mM MgCl2, 0.4 mM KCl, 0.7 mM and NaCl, with an ion
trength of 18.55 mM. The background solution was pum
hrough the column from the bottom using a peristaltic p
Ismatec, Switzerland). At least 20 pore volumes were flu
hrough the column to equilibrate the system before the t
xperiment.

Column breakthrough curves were determined using n
0.2 mM NaNO3) or bromide (0.2 mM KBr) as tracers spik
o the background electrolyte solution. The tracer concentr
as measured online with a flow cell and a diode array s

rophotometer; NO3− was measured at a wavelength of 220
nd Br− at 202 nm. Calibrations of tracer standards follow
eer’s law. Tracers were fed into the column as pulses of tw

our pore volumes.
Column breakthrough curves were analyzed to determin

ore water velocityv and the hydrodynamic dispersion coe
ientD using the advection–dispersion equation (ADE) and
ode CXTFIT[22]. The Peclet number,Pe, was calculated a
e = vL/D, whereL is the length of the column.

Three different sets of experiments were conducted. A
tant flow rate of 1.2 mL/min was used for all experiments
he first set, we evaluated the hydrodynamic dispersion o
oated sands (humic acid, ferrihydrite, kaolinite, illite and Te
a-smectite-coated silica sands). The second set of experi
as used to evaluate the effect of grain size of the coated sa

he hydrodynamic properties of the porous materials. For
xperiments, we fractionated the Texas-smectite-coated sa
ieving into two fractions, with particle diameters from 255
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ands had a PZSE similar to that of the coating materials
pecific surface areas of the coated sands were about two
f magnitude smaller than the surface areas of the coating
ials itself, but considerably larger than that of the uncoated
he amount of coating per surface area was calculated fro
easured specific surface area and the amount of coatin
ass.
The amount of humic acid that we could coat onto the

as around 1 mg/g of sand (Table 1), which is similar to the
esult obtained using sol-gel immobilization[12]. Koopal et al
10] reported a surface coverage of humic acid of 56 mg/g
sed a much smaller-sized silica support than we did. On
urface area basis, our 26 mg/m2 compares with 1.1 mg/m2 from
oopal et al.[10]. The higher surface loading obtained in
xperiments is likely due to multilayer coverage (Fig. 1B), com-
ared to monolayer coverage in Koopal et al.[10].

The amount of ferrihydrite coating was 4.4 mg Fe/g, wh
s in the range reported previously[3]. The IEP for the ferri
ydrite mineral was pH 6.8, which is low for iron oxides
an be explained by inclusion of small amounts of silica[23].
he surface area of the coated sand was one order mag

arger than that of the clean sand, in agreement with publ
ata[6]. The specific surface area of ferrihydrite (65 m2/g) was
maller than that reported by Negre et al.[24] (301 m2/g). X-ray
iffraction measurements confirmed the presence and sta
f 6-line ferrihydrite before and after coating.

Aluminosilicate clays coated on silica sand using the p
crylamide method had similar specific surface areas a

ron-oxide-coated sand (Table 1). A one order magnitude larg
urface area was obtained for sand coated with polyvinyl
ol. For the aluminosilicate clays, the IEP was only determ
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Fig. 1. Scanning electron micrographs of (A) clean silica sand (control), (B) humic acid-coated sand, (C) ferrihydrite-coated sand, (D) kaolinite-coated sand (KGa1),
(E) illite-coated sand (No. 36, Morris), and (F) smectite-coated (STx1) sand. Note that the scale of the ferrihydrite micrograph is different than the other scales. The
“uncovered areas” show the silica sand surface.

for kaolinite, but not for illite and smectite which have a perma-
nent structural negative charge. The IEP for kaolinite minerals
was pH 2.4, and the PZSE of kaolinite-coated sand was pH 2.9.

3.2. Column transport experiments

Fig. 2 shows breakthrough curves of anionic tracers in
coated sand media. Nitrate did not behave as conservative (non-

reactive) tracer in ferrihydrite-coated sand. We used Br− as
tracer, which behaved conservatively at pH 9.9. The break-
through curves could be well described by the ADE for a conser-
vative chemical, and the model parameters are listed inTable 2.
Measured and estimated pore water velocities were very similar.
The different coated sands had similar hydrodynamic dispersion
coefficients and Peclet numbers, indicating that all porous media
possessed similar hydrodynamic properties. This shows that we
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Table 1
Characteristics of humic acid, minerals, and coated sands

Material Specific surface area (m2/g) IEP/PZSEa (pH) Amount of coating

In mg/g In mg/m2

Coating materials
Humic acid (Aldrich) 5.9± 0.3b nac None None
Ferrihydrite 65.3± 0.8 6.8 None None
Kaolinite (KGa1) 13.6± 0.3 2.4 None None
Illite (No. 36, Morris) 36.5± 0.4 None None None
Texas smectite (STx1) 52.6± 0.5 None None None
Arizona smectite (SAz1) 25.1± 0.9 None None None

Sands
Control, uncoated sand 0.04± 0.001 3.2 None None
Humic acid-coated sand 0.21± 0.01 3.4 1.04± 0.03 26
Ferrihydrite-coated sand 0.4± 0.01 6.7 4.4± 0.2 109
Kaolinite-coated sand 0.24± 0.01 2.9 24.7± 3.2 618
Illite-coated sand 0.29± 0.01 None 5.0± 0.4 126
Smectite (STx1)-coated sand (low-load) 0.35± 0.01 None 3.1± 0.2 77
Smectite (STx1)-coated sand (high-load)d 2.41± 0.02 None 32.3± 3.5 808
Smectite (SAz1)-coated sand (high-load)d 1.20± 0.01 None 54.1± 5.1 1354

a IEP: isoelectric point of coating materials; PZSE: point of zero salt effect for sands.
b Errors denote 1 S.D.
c na: not available.
d Clay coating using the polyvinyl alcohol methodology.

Fig. 2. Breakthrough curves of conservative tracers for different coated sands.
In all cases NO3− was used as tracer, except for ferrihydrite-coated sand, where
Br− was used. The pH of the solutions was 6.5–7, except for ferrihydrite-coated
sand, where the pH was 9.9.

can generate porous media with similar hydraulic properties, but
different surface characteristics.

We used two anionic tracers, Br− and NO3
−, to assess the

hydrodynamic behavior of the coated sands. For ferrihydrite-

coated sands, we expected both Br− and NO3
− to be a conser-

vative tracer when the solution pH was well above the IEP of
ferrihydrite. A series of breakthrough curves conducted at differ-
ent pH values showed that NO3

− was retarded at pH 4.1, and as
the pH was raised, the retardation became less and less (Fig. 3).
However, even at pH≈ 10, several pH units above the IEP of
ferrihydrite, NO3

− was retarded as compared to Br−, which
behaved conservatively (Fig. 3). At pH 7.4, we also observed
retardation of Br−, as would be expected because the ferri-
hydrite picks up more positive charges (data not shown). The
observation that Br− moved faster at high pH than NO3

− may
be attributed to different sorption characteristics of the two ions
[25,26].

Anionic tracers may be subject to anion exclusion during
transport in a porous medium that has highly negative surface
charges[25]. Anion exclusion results in an early breakthrough
of the anionic tracer, and has been observed repeatedly[27–29].
The higher the negative surface charge of the minerals, the more
anion exclusion would be expected. We can readily demon-

Table 2
Summary of experimental and modeled breakthrough curves

Treatments Measured Fitted advection–dispersion equation (ADE) parameters

Porosity (%) Pore water velocity
(cm/min)

Pore water velocity
(cm/min)

Hydrodynamic dispersion,
D (cm2/min)

Peclet number,Pe R2

Clean sand 35.1 1.97 1.95

Coated sands
Humic acid 33.2 2.07 2.07
Ferrihydrite 36.4 1.82 1.87
Kaolinite (KGa1) 34.2 1.87 1.89
Illite 37.5 2.04 2.07
Smectite (STx1) 38.2 1.89 1.88

a Errors denote 1 S.D.
0.25± 0.01a 93 ± 4 0.999

0.27± 0.03 91± 9 0.999
0.24± 0.03 101± 11 0.988
0.23± 0.01 99± 4 0.989

0.23± 0.02 102± 8 0.998
0.22± 0.02 104± 9 0.999
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Fig. 3. Effect of pH on NO3− breakthrough curves in ferrihydrite-coated sand.
The breakthrough curve for Br− at pH 9.7 is shown as an example of a conser-
vative tracer.

strate these effects using different clay loadings and differently
charged clays (Table 1). Silica sand coated with a small amount
of smectite (STx1-low-load) showed no anion exclusion, indi-
cated by the superposition of its NO3

− breakthrough with the
one obtained in clean silica sand (Fig. 4). On the contrary, anion
exclusion was observed for the high-load smectite-coated sand
(STx1-high-load) as well as for the SAz1-smectite-coated sand;
the breakthroughs occurred at 0.9 pore volumes as compared to
at 1.0 pore volume for NO3−. Such anion exclusion effects may
need to be considered when using high surface charge coatings.

The NO3
− breakthrough curves in STx1-high-load and SAz1

smectite-coated sands were very similar (Fig. 4). The SAz1
smectite has a 40% higher CEC than the STx1 smectite[19],
from which we would expect more anion exclusion in the SAz1-
coated sand. However, the specific surface area of the SAz1-
coated sand was about 50% less than that of the STx1-coated
sand (Table 1). Consequently, the overall anion exclusion effect
in these two porous media was similar.

Changing the grain size of the silica support allowed manip-
ulation of the specific surface area of the coated porous medium
as well as the amount of coating per unit mass of the porous
medium. As an example, we show the coating of smectite (STx1)
on silica grains with two different diameter ranges (Table 3). The
specific surface area of the coated sand was doubled when the
grain size of the support silica was reduced from 425–500 to
250–355�m. A corresponding increase in the amount of clay
c well.
T milar,
s to the

F -
c

Table 3
Effect of sand size on clay coverage for smectite (STx1)

Silica grains Grain diameter
(�m)

Specific surface
area (m2/g)

Clay coverage

In mg/g In mg/m2

Small grains 250–355 0.152± 0.007 15.7± 0.4 103± 7
Large grains 425–500 0.086± 0.004 11± 1 127± 21

The polyvinyl alcohol method described in Ref.[14] was used for the coating.

Fig. 5. Effect of sand particle size on breakthrough curves of NO3
−. (A)

Uncoated silica sand and (B) STx1-smectite-coated sand.

decrease in grain size.Fig. 5 illustrates that changing the grain
size did not affect the hydrodynamic dispersion of the porous
medium. The breakthrough curves of NO3

− were similar among
the two clay-coated sands, the uncoated sand, and also among
the coated sands of different grain diameters. The hydrodynamic
dispersion did not change; however, the hydraulic conductivity
changed, because it is strongly dependent on the grain size of
the medium[30,31].

4. Conclusions

Ferrihydrite-, aluminosilicate clay-, and humic acid-coated
sand grains can be packed into columns and be used to study
interactions of chemicals or colloids with the coating materials
under dynamic flow conditions. Coated sand packings had the
same hydrodynamic properties (Peclet numbers) as the uncoated
sand packing. The coating of the silica grains allows to generate
a permeable and structurally stable hydrodynamic system, yet
with surface properties of colloidal-sized particles. Clay-coated
silica sand media can cause anion exclusion, depending on the
amount of clay coated onto the silica surfaces and the surface
charge of the clays used. Such anion exclusion can be determined
using a tracer breakthrough experiment. The specific surface
area of the coating materials on the silica grain support can be
manipulated by selecting different particle sizes of the silica
oating per unit mass of porous medium was observed as
he amount of clay coated per surface area of sand was si
upporting that the increase in specific surface area was due

ig. 4. Effect of clay loading on breakthrough curves of NO3
− in smectite

oated sand.
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grains. The hydraulic conductivity of the system can be readily
adjusted by selecting an appropriate particle size of the silica
support grains.
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