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ALUMINOSILICATE-COATED SILICA SAND

FOR REACTIVE TRANSPORT EXPERIMENTS

Abstract

by Jorge Antonio Jerez Briones, Ph.D.

Washington State University

May 2005

Co-Chair: Claudio Stockle

Co-Chair: Markus Flury

Column experiments with pure minerals as porous medium are valuable tools to

deduce mechanistic information on the fate and transport of reactive chemicals in

the subsurface. Most commonly, silica sand is used as the model porous medium.

Iron oxides have been used as well, mainly in form of iron-oxide-coated silica sand.

Clay minerals, however, have only been recently used as model porous media, and the

coating of aluminosilicate clay minerals on silica still needs investigation.

The objectives of this dissertation were (1) to develop a methodology to immobilize

aluminosilicate clays (Georgia Kaolinite, Texas Smectite, and Morris Illite) on silica

sand, (2) to study the hydrodynamic properties of the modified silica sand when packed

into columns, and (3) to examine the fate and transport of humic acid in porous media

dominated by different types of clay minerals.

We developed a method to immobilize the clay minerals on a silica support. Two
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polymers were used as bridging agents between the clay minerals and the silica surface;

polyacrylamide (PAM) and polyvinyl alcohol (PVA). More clay could be coated over

the silica sand using PVA than PAM. The clay-coated sand obtained by the PVA

method was stable against pH variations between 3 to 11, whereas with the coated-

sand obtained with the PAM method the clay was not stable and detached above

pH 9. These two polymers did not cause a significant change in the electrophoretic

mobilities of the minerals, however the wettability of illite and smectite decreased

when interacting with the PVA.

Iron oxide-, clay-, and humic acid-coated sand permits to produce a porous material

with similar hydraulic conductivity but different surface chemistry. The clay-coated

sand caused anion exclusion during transport experiments. The hydrodynamic prop-

erties of the coated sand was evaluated using the Peclet number for each porous media.

The Peclet numbers for all the porous media were similar.

The interaction between humic acids and clay minerals was studied in dynamic

transport experiments, using clay-coated sand. Smectite, illite, and kaolinite were

coated on silica sand using the PVA method. Humic acid breakthrough curve reached

a maximum of 40% of the initial concentration in the illite- and smectite-coated sands.
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Chapter 1

Introduction

1.1 Background

Solute transport in the natural environment has been studied intensely in the last

twenty years. Although column studies with natural porous media have provided

valuable information, they have been criticized because they can not reproduce the

variability of the natural environment. In addition, the presence of different mineral

components and organic matter make it difficult to deduce mechanistic information

from such studies. Column experiments using pure minerals can not reproduce all

the interactions between the multiple components in the environment, but they can

provide mechanistic information on solute interactions with the porous matrix.

The most reactive components in soils and sediments are aluminosilicate clays, iron

and aluminum hydroxides, and humic materials. These components are small particles

in the range of nanometers to micrometers; therefore, they are not suitable to be packed

in a column to perform miscible transport experiments [Wibulswas, 2004]. Since the
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mid 1960’s scientists have developed method for coating different iron hydroxide on

silica and quartz sand [Chao and Harward, 1964; Kinniburgh et al., 1975; Scheidegger

et al., 1993]. These techniques have been used in combination with column experiments

to study basic interactions of different solutes and iron minerals [Stahl and James,

1991; Benjamin et al., 1996; Gu et al., 1996a; Hansen et al., 2001; Hur and Schlautman,

2003]. Similarly, humic acids have been immobilized on silica beads to determine

the sorption coefficient (Koc) of pesticides [Szabo et al., 1995; Yang and Koopal,

1999]. It would be very useful to immobilize aluminosilicate clays on an inert support,

considering that clay cannot be packed into columns without significant hydraulic

conductivity limitation.

1.2 Scope and Objective

The objective of this study was to develop a procedure to immobilize aluminosilicate

clays on an inert silica support and to study the hydrodynamic properties of the modi-

fied silica sand. We coated silica grains with Georgia Kaolinite (KGa1), Texas Smectite

(Stx1), and Morris Illite. Hydrodynamic properties of the coated silica sand media

were tested with tracer experiments. Reactive transport experiments were conducted

with humic acids.
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1.3 Thesis Outline

The dissertation has three main chapters, two of which are papers submitted to peer-

reviewed journals. Chapter 1 provides a brief overview and the objectives. Chapter

2 presents a new procedure to coat aluminosilicate clay on silica sand. This chap-

ter describes the interaction of two polymers (polyacrylamide and polyvinyl alcohol)

with three main aluminosilicate clays (Smectite, Illite, and Kaolinite) and silica sand.

Chapter 3 describes the hydrodynamic properties of coated silica sand as a function

of clay type and silica particle size. The surface properties of the porous medium were

controlled with the coating of different minerals (aluminosilicate clays and ferrihydrite)

and humic acid. The hydrodynamic properties were studied with tracer experiments.

In Chapter 4, a review of humic-acid-clay interaction is presented, as well as transport

experiments with humic acids. Chapter 5 gives the conclusions of the study.
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Chapter 2

Coating of Silica Sand with
Aluminosilicate Clay

2.1 Abstract

Aluminosilicate clays are important subsurface constituents, but are difficult to

study in dynamic flow systems, because packed clays have inherently low hydraulic

conductivity. The objective of this work was to immobilize aluminosilicate clays on an

inert silica support, and to characterize the properties and stability of the clay-silica

coating. Two polymers, polyacrylamide (PAM) and polyvinyl alcohol (PVA), were

used to coat silica grains with kaolinite, illite, or smectite. Polymers acted as bridging

agents between clay and silica surfaces. The clay-polymer interactions were studied

by X-ray diffraction and electrophoretic mobility. Clay-coatings on silica grains were

This chapter has been submitted for publication: Jerez, J., M. Flury, J. Shang, and Y. Deng,

Coating of Silica Sand with Aluminosilicate Clay. J. Colloid Interface Sci.
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characterized by mass coverage, scanning electron microscopy, specific surface area,

and pH stability. Silica sand was successfully coated with clays by using the two

polymers, but with PVA, the clay coating had a greater mass coverage and was more

stable against pH variations. Less polymer was needed for the clay coating using PVA

as compared to PAM. Electrophoretic mobilities of the clay-polymer complexes were

similar to the mobilities of the pure clay minerals, indicating that overall surface charge

of the clays was little affected by the polymers. The methodology reported here allows

to generate a clay-based porous matrix with hydraulic properties that can be varied

by adjusting the grain size of the inert silica support.

2.2 Introduction

Clay minerals are important constituents of soils and sediments, and are used ubiq-

uitously in industrial applications. Clay minerals can be used in environmental re-

mediation and waste water treatment. For some of these applications, it would be

desirable to pack clay minerals into columns and use the columns as filters or flow

reactors. However, the use of clay minerals as filters or flow reactors is limited by

the low hydraulic permeability of packed clay. In addition, possible compaction and

clogging of pores due to migration of clay particles will further reduce the already low

permeability. Clay minerals can be mixed with sand particles to increase hydraulic

permeability, but clay particles can migrate and clog up pores [Wibulswas, 2004].

Alternative approaches have been proposed to overcome the limitation of the low
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permeability. Kocherginsky and Stucki [2001] reported a procedure to immobilize clay

minerals between two cellulose membranes to produce a clay filter membrane. Phillips

and coworkers [Ake et al., 2001; Ake et al., 2003] developed a methodology to coat

clay minerals onto inert silica grains. In this method, clay minerals are bound to silica

surfaces by using natural polymers. The polymers are mixed with a solid support

(silica sand or beads), and then clay minerals are added and thoroughly mixed. After

drying and rinsing with water, a composite clay-silica material is obtained which can

be used as a clay-based porous material [Ake et al., 2001; Ake et al., 2003]. Phillips

and coworkers applied these clay-silica composites as flow through reactors to remove

lead [Ake et al., 2001] and organic contaminants [Ake et al., 2003] from water.

Aluminosilicate clays are used in the production of ceramics. Porous ceramics

have wide applications as insulators, filters, or suction devices. Clay-based ceramic

pellets have been proposed as wastewater filters to remove contaminants such as Ni

[Márquez et al., 1991]. The high processing temperatures (600 to 1200◦C) used for

ceramic production, however, will change the surface properties of clay minerals. At

temperatures of >600◦C interlayers of 2:1 phyllosilicates collapse and kaolinite and

illite transforms to mullite [MacKenzie et al., 1996; Hajjaji et al., 2002; Aras, 2004].

Materials like iron oxides and humic acids have been successfully attached to silica

grains [Scheidegger et al., 1993; Yang and Koopal, 1999]. Humic acid attachment to

silica is facilitated through modification of the silica surface with aminosilane [Vrancken

et al., 1995]. Clay minerals can be attached to silica surfaces by using polymers as
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binding agents [Ake et al., 2001]. There is abundant information available on clay-

polymer interactions [Emerson, 1963; Heath and Tadros, 1982; Laird et al., 1992;

Mekhamer and Assaad, 1999; Bajpai and Vishwakarma, 2003] as well as silica-polymer

interactions [Tadros, 1978; Argillier et al., 1996; Stemme et al., 1999; Stemme and

Ödberg, 1999; Samoshina et al., 2003]. However, little is known about the use of

polymers to bind clays onto silica surfaces. Phillips and coworkers proposed the use

of mucilage and carboxymethylcellulose polymers to bind clay to silica surfaces [Ake

et al., 2001; Ake et al., 2003]. Other polymers seem to be promising candidates for

clay-silica bonding as well. One of these candidates is polyacrylamide (PAM), which

is widely used in waste water treatment or erosion control as flocculant, because of its

strong ability to bind clay minerals together. Polyacrylamide binds to clay surfaces via

hydrogen bonding and ion exchange [Laird et al., 1992]. Another promising polymer is

polyvinyl alcohol (PVA), which was also used in erosion control [Emerson, 1963], and

was found to have strong interactions with clay minerals [Bajpai and Vishwakarma,

2003; Moen and Richardson, 1984] while not affecting the cation exchange capacity of

the clays [Mekhamer and Assaad, 1999].

Here, we propose to use PAM and PVA to bind clay minerals onto silica surfaces to

produce a composite clay-silica material. Our objective was to develop an experimental

methodology to bind aluminosilicate clays onto silica particles and to systematically

test the homogeneity of the surface coverage and the stability of the clay-silica com-

posites. The clay-silica composite can be packed into flow-through columns or reactors

7



that are dominated by clay mineral surfaces, yet have the hydraulic properties of the

inert silica support. Such a porous composite can be used to study interactions be-

tween chemicals and clay surfaces in dynamic flow experiments, and can possibly be

applied as reactive filters for environmental remediation.

2.3 Materials and Methods

2.3.1 Silica Sand, Aluminosilicate Clay Minerals, and Poly-

mers

Silica sand was obtained from J.T. Baker, Inc. (Phillipsburg, NJ; CAS No. 14808-

60-7), and dry sieved to fractionate particles between 0.25 mm and 0.5 mm diameter.

Organic matter was removed with H2O2 [Kunze and Dixon, 1986] and iron oxides with

the citrate-dithionite method [Holmgren, 1967]. After these treatments, the sand was

thoroughly washed with deionized water and oven dried at 110◦C.

Texas smectite (STx1) and Georgia kaolinite (KGa1) were obtained from the Clay

Minerals Repository (University of Missouri). Illite (No. 36, Morris, Illinois) was ob-

tained from Ward’s Natural Science (Rochester, NY). All clays, as received from the

suppliers, were pretreated to remove organic matter with H2O2 [Kunze and Dixon,

1986] and iron oxides with the citrate-dithionite method [Holmgren, 1967]. The

pretreated clays were then fractionated by gravity sedimentation to obtain miner-

als smaller than 2 µm in diameter, repeated two to three times. Then the clays were
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made homoionic by washing with 0.5 M CaCl2, 1 M NaCl, or 1 M KCl to obtain Ca-

smectite, Na-kaolinite, and K-illite [van Olphen, 1977]. Finally, the clays were dialyzed

with deionized water until the electrical conductivity of the dialysate was less than 5

µS/m.

2.3.2 Interactions of Polymers with Aluminosilicate Clays

We determined sorption isotherms for both PAM and PVA on smectite, kaolinite,

and illite. Clay suspensions were equilibrated with a series of polymer concentrations.

Specifically, 0.2 g of clay were equilibrated with 20 ml polymer solution of various

concentrations at the same pH used in the coating procedure. For PAM, the pH was

7 and the polymer concentrations ranged from 0 to 150 mg/L; for PVA, the pH was

5 and the concentrations ranged from 0 to 300 mg/L. The polymer-clay suspension

was then agitated on a reciprocal shaker for 24 h at room temperature and then the

suspensions were centrifuged at 10,000 g for 15 min. The polymer concentrations in the

liquid phase were determined by UV/VIS spectrometry (HP 8452A, Hewlett-Packard)

at wavelengths of 200 nm for PAM and 190 nm for PVA. The amount of polymer

sorbed onto the clay was calculated using the mass balance method.

To check for mineralogical alterations of smectite due to polymer sorption we deter-

mined X-ray diffraction (XRD) patterns for smectites containing different amounts of

polymers. The XRD was performed with Cu-K radiation (Philips XRG 3100, Philips

Analytical Inc., Mahwah NJ) and with scanning rates of 0.02oθ/sec.
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2.3.3 Coating of Silica Sands with Aluminosilicate Clays

To coat silica grains with clay minerals, we followed the general approach proposed by

Phillips and coworkers [Ake et al., 2001; Ake et al., 2003]; however, we used different

polymers and a different sequence of mixing the sand, clays, and polymers. We used

two procedures to coat silica grains with clay minerals, using two different polymers.

The first procedure employed a cationic PAM (Superfloc C498, Cytec Industries,

West Paterson, NJ), which, according to the manufacturer, has a molecular weight of

≈5000 kg/mol and 55% of cationic N,N,N-trimethyl aminoethylacrylate units. Clay

suspensions (≈4 g/L particle concentration) were flocculated with PAM at various

pH and PAM concentrations. The mixture was left to settle for about 3 h at room

temperature and then centrifuged at 100 g for five minutes. The clay-polymer complex

was separated from the bulk solution by decanting the supernatant and was then mixed

with the silica sand to produce a slurry. The sand-clay-polymer slurry was placed on

a reciprocal shaker over night. The clay-to-sand ratio was 1:20 (w/w). Finally, the

coated sand was dried at 100◦C for 24 h. After drying, the sand was washed with

deionized water to remove loose particles and dried again at 100◦C for 24 h.

To optimize the methodology, we tested the effects of pH and PAM concentration

during clay flocculation. The pH effect was tested at a polymer concentration of 50

mg/L where the pH was varied between 3 and 11 using NaOH or HCl. The effect

of the polymer concentration was tested at pH 7 where PAM concentrations were

varied between 25 and 150 mg/L (≈5 and 30 nmol/L). We also tested the effect of the
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clay-to-sand ratio (w/w) at pH 7 and 50 mg/L PAM.

The second procedure employed a non-ionic polyvinyl alcohol (Lot# 386921/1,

Fluka, Switzerland), which has a molecular weight of 200 kg/mol, and a 98% degree of

polymerization. Clay suspensions at a concentration ≈40 g/L were mixed with PVA

and agitated manually for about 30 minutes, after which the silica sand was added to

the suspensions, and the mixture was stirred with a perforated Teflon stirrer for a few

minutes. The mixture was then dried at 80◦C for 24 hour. After drying, the sand was

washed with deionized water and dried again at 80◦C for 24 hour.

This procedure was optimized by adjusting pH and PVA concentration as described

above for PAM. The only differences were that the effect of the polymer concentration

was tested at pH 5, and the PVA concentrations ranged from 20 to 200 mg/L (≈100

to 1000 nmol/L). We also tested the effect of the clay-to-sand ratio (w/w) at pH

5 and 80 mg/L PVA. We consider that the optimal pH and polymer concentration

were those that produced the greatest amount of clay coating. The amount of clay

coating was determined as described below. For PAM, the optimal pH was 7 and

polymer concentration was 50 mg/L; for PVA, the optimal pH was 5 and polymer

concentration was 80 mg/L.

2.3.4 Characterization of Coated Silica Sands

The amount of clay coated on the silica grains was determined by detaching and

measuring the amount of detached clay. For PAM, clays were detached by immersing
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the coated silica sand in a non-stirred pH 13 solution (adjusted with NaOH) for 24 h.

For PVA, clays were detached by immersing the coated silica sand in a pH 7 solution

and sonicating six times for 45 minutes in intervals of 3 to 4 hours. These procedures

removed the clay coating effectively, as verified by microscopy. The amount of detached

clay was quantified by UV/VIS spectrometry for PAM, and by gravimetry for PVA.

Further characterization of the coated sands was only performed on the samples

found to have the optimal (greatest) amount of clay coating. We examined morphology

and uniformity of the coating, the specific surface area, the stability of the coating,

and selected surface properties of the coated sands. The morphology of the coated

sand particles was examined by scanning electron microscopy (Hitachi S520). Specific

surface areas were determined on oven dried samples by N2 adsorption and fitting a

BET isotherm (ASAP2010, Micromeritics, Norcross, GA). We measured the surface

areas of both the aluminosilicate source clays as well as the clay-coated sands.

The stability of the coating was evaluated by immersing the coated sand into

solution of different pH, ranging from pH 3 to 13, adjusted with NaOH or HCl. We

placed 0.3 to 0.5 g of coated sand and 18 mL of solution at a specific pH into 20

mL glass vials, which were then capped. The vials were kept non-stirred at room

temperature. Aliquots of 3.5 mL were sampled from each vial after intervals of 1 hour,

1 day, and 1 week. Before the aliquots were taken, the vials were rigorously shaken

to suspend the detached clay particles. The suspended clay was then quantified by

UV/VIS spectrometry at wavelengths of 230 nm for kaolinite and smectite and 256 nm
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for illite. The sample volume was replaced with fresh solution of the specific pH.

The stability was also assessed with long-term column experiments (Figure 2.2) .

Clay-coated sand was packed into chromatography columns (i.d. 0.7 cm, length 12 cm)

(Kontes Flex column, with a 20 µm frit at the bottom), and a downward steady-

state flow using deionized water adjusted to pH 8 was established. The flow rate was

12 mL/h, corresponding to a pore water velocity of 70 cm/h. A total of 5,000 pore

volumes was passed through the column. Column outflow was periodically checked

for the presence of suspended particles using light scattering (ZetaSizer 3000 HSA,

Malvern Instruments Ltd., Malvern, UK). The amount of clay coated on the sand

was determined at the beginning and at the end of the column experiment by the

methodology described previously. At the end of the experiment, the column was

emptied and the clay content remaining on the sand determined.

2.3.5 Electrophoretic Mobility and Contact Angle Measure-

ment

Electrophoretic mobility and surface thermodynamic properties were determined on

the pure and polymer-treated clay minerals rather than the coated sands themselves.

Electrophoretic mobility was determined by dynamic light scattering in a 10 mM

NaCl solution (ZetaSizer 3000 HSA, Malvern Instruments Ltd., Malvern, UK). The

measurements were made over a pH range from 3 to 11, adjusted overnight with HCl

or NaOH.
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Contact angle of the clays was measured by the sessile drop method using a go-

niometer (Ramé-hart, model 50-00-115, Mountain Lakes, NJ). Thin films were pre-

pared by the solvent evaporation method. Clay minerals (diameter <2 µm) at a

concentration of 20 g/L were dispersed in double distilled water, shaken on a recip-

rocal shaker for 30 min, and then sonicated for 10 min. The particles were kept in

suspension by continuous stirring with a magnetic stirrer. An aliquot of 5 mL was

withdrawn with a pipette and distributed evenly on a microscope slide, which was

kept strictly horizontal. The suspension was evaporated at room temperature (20◦C).

Clay-polymer films were prepared using the same clay-polymer ratio and pH used for

the best clay coating procedure. Pure polymer films were made from a solution of 10

g/L, and the polymer solution was evaporated at room temperature (20◦C).

The films on the microscope slides were used for contact angle measurement. The

liquid was dropped with a glass syringe and a stainless steel needle. The size and

volume of the drops were kept constant (about 5 mm diameter and 12±2 µL) as

variation in the volume can lead to inconsistent measurements [Marmur, 1998]. The

contact angle was measured within 10 to 15 s. A total of 15 to 18 drops were measured

for each clay sample and test liquid. We used water, diiodomethane, formamide,

glycerol, and ethylene glycol as test liquids.
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2.3.6 Clay and Clay-polymers Surface Thermodynamics

The measured contact angles were used to calculate the surface free energies. The

surface tension (γi) is the sum of two components, the Lifshitz-van der Waals (γLW
i )

and the acid-base component of the surface tension (γAB
i ) [van Oss, 1994]:

γi = γLW
i + γAB

i (2.1)

and γAB
i is

γAB
i = 2

√
γ+

i γ−i (2.2)

where γ−i is the electron-donor and γ+
i is the electron-acceptor component of the

surface tension, and the subscript i denotes solid (i = S) or liquid (i = L).

The total free energy of solid-liquid adhesion (∆GTOT
SLS ), according to the theory of

van Oss, Chaudhury, and Good can be determined by [van Oss, 1994]:

∆GTOT
SLS = ∆GLW

SLS + ∆GAB
SLS (2.3)

where ∆GLW
SLS is the Lifshitz-van der Waals component and ∆GAB

SLS is the acid base

component of the free energy, which can determined by:

∆GLW
SLS = −2

(√
γLW

S −
√

γLW
L

)2

(2.4)

∆GAB
SLS = −4

(√
γ−S γ+

S +
√

γ−L γ+
L −

√
γ+

S γ−L −
√

γ−S γ+
L

)
(2.5)

The components of the solid surface tension (γ+
S , γ−S , and γLW

S ) can be obtained

by measuring the contact angles of liquids of known surface tension components, and
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solving the Young-Dupré equation [van Oss, 1994]:

(1 + cos θ)γL = 2
(√

γLW
S γLW

L +
√

γ+
S γ−L +

√
γ−S γ+

L

)
(2.6)

We used the contact angles of water, diiodomethane, formamide, glycerol, and

ethylene glycol to determine the unknown components of the surface tension γLW
S , γ+

S ,

and γ−S using non-linear least-squares.

To evaluate whether the surface is monopolar, we can calculate the polarity ratios

[van Oss, 1994; Faibish et al., 2001]

δ−i =
√

γ−i /γ−w and δ+
i =

√
γ+

i /γ+
w (2.7)

where δ−i is the relative Lewis acid and δ+
i is the relative Lewis base polarity of a

substance i with respect to water w (γ+
w = γ−w = 25.5 mJ/m2). If δ−i ¿ 0.2 or

δ+
i ¿ 0.2, then the surface is considered monopolar [van Oss, 1994].

2.4 Results and Discussion

2.4.1 Interactions of Polymers with Aluminosilicate Clays

The aluminosilicate clays had a high affinity to sorb PAM and PVA. The adsorption

isotherms (Figure 2.3) were similar to the ones previously reported for PAM [Argillier

et al., 1996] and PVA [Emerson, 1963; Greenland, 1963; de Bussetti and Ferreiro,

2004]. Both polymers presented a high affinity to the aluminosilicate clays, however

PVA adsortion was greater than PAM. The PAM adsorption reached a maximum of
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about 42, 30, and 8 mg of polymer per gram of clay for smectite, illite, and kaolinite

respectively. PAM adsorption on smectite reached a maximum at about 60 mg/l

after which the adsorption decreased consistently. This may be explained by the high

coagulation capacity of the polymer, which creates clusters that prevent some of the

clay to be in contact with the polymer. For PVA, the maximum was only reached for

kaolinite, the maximum adsorption on the others was not reached in the concentration

range studied. In general, the interaction of polymers with clays depends on the

polymer access to the clay surfaces [Theng, 1979]. As was previously demonstrated

[Greenland, 1963], the amount of polymer sorption decreases as the clay concentration

increases. This is because polymers cause clay aggregation, which in turn reduces

available surface areas for polymer sorption [Greenland, 1963]. In our experiments

(data not shown) this phenomenon was more pronounced for PAM than for PVA.

For PAM, clay concentrations greater than 4 g/L reduced polymer sorption, while for

PVA, clay concentrations up to 40 g/L did not reduce polymer sorption.

X-ray diffraction patterns at 300◦C for different polymer loadings on smectite clay

are shown in Figure 2.4. All diffraction patterns collected at room temperature were

identical, independent of polymer loading, and were identical to the pattern of the

pure clay. Upon heating to 300◦C, smectite interlayers usually collapse from d-spacing

1.4 nm to 1 nm, as shown in Figure 2.4 for the pure smectite. However, when the

smectite was treated with polymers, the interlayer did not collapse anymore, and this

phenomenon became more pronounced at higher polymer loadings. This suggests that
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the polymers accessed the clay interlayers, and prevented its collapse upon heating.

2.4.2 Optimization of Experimental Parameters for Clay-coating

of Silica Sand

The effect of pH during the coating procedure on the amount of clay coated on the

silica sand is shown in Figure 2.5. For PAM, the greatest amount of coating was

achieved at pH≈7, whereas for PVA, the optimal coating was achieved at pH≈5. The

existence of an optimal pH may be explained as follows. For PAM, increasing the pH

enhances polymer-clay interaction [Theng, 1979; Deng, 2001]; however, the polymer-

silica interaction becomes unstable as the pH increases above pH 8 (see discussion

on polymer-silica stability below). For PVA, the interaction with both, clay minerals

and silica surfaces, is strongest at low pH [Tadros, 1978; Theng, 1979]. At low pH,

however, clays are poorly dispersed and consequently difficult to mix with polymers.

These mechanisms result in a decreased clay-coating at low or high pH, while the

optimal pH is about 5.

The effect of polymer concentration used in the coating procedure on the amount of

clay coating is illustrated in Figure 2.6. As the polymer concentrations were increased,

the amount of clay coating initially increased. However, after the polymer exceeded

a certain concentration, the clay coating decreased. For PAM, the optimal polymer

concentration was about 50 mg/L and for PVA 80 mg/L. For PAM concentrations

>100 mg/L, a clear reduction on the amount of clay coating was observed. This
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reduction is likely caused by flocculation induced by the PAM that hindered clay-

polymer interactions [Theng, 1979]. This behavior was observed for PVA as well, but

was not as pronounced.

The effect of the clay-to-sand ratio on the amount of clay coated is summarized in

Table 2.1. For PAM, the increase in the clay-to-sand ratio did not increase the amount

of clay coated on the sand surface, except for kaolinite. On the contrary, an increase

of the clay-to-sand ratio in the PVA method resulted in greater clay-coating.

The experimental conditions that were considered optimal for the clay coating, i.e.,

greatest amount of clay coated onto the silica surface, were used to produce a batch of

coated sand. The optimal conditions are summarized in Table 2.2. For these optimal

coating conditions, the concentrations of the polymers on the clays are in the order

of a few milligrams polymer per gram of clay (Table 2.3). The optimally-coated sand

was characterized in detail and the results are described below.

2.4.3 Characterization of Coated Silica Sands

The specific surface areas of the pure minerals used and the clay-coated sands are

listed in Table 2.4. The surface areas of the coated sand ranged from 0.24 to 2.5 m2/g.

These values are one to two orders of magnitude larger than that of the uncoated

silica sand. The PVA method produced much larger surface areas than did the PAM

method.

The amount of clay coated onto the silica surface followed the trend observed with
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the specific surface areas (Table 2.4). Specifically, a much larger amount of coating

was observed for PVA than for PAM. The considerable difference between PAM and

PVA coatings is highlighted by calculating the amount of clay per surface area of the

silica support. The PVA method produced a clay coverage of about 2000 mg/m2,

which is 3 to 10 times larger than the coverage obtained by the PAM method.

Scanning electron micrographs of clean and clay-coated sands are shown in Fig-

ure 2.7. The uncoated silica surface had an irregular topography (Figure 2.7a). In

the micrographs of the clay-coated sands, the clays can be readily identified with mor-

phologies similar to the ones reported in the literature [Murray, 2000]. The individual

clay particles were smaller than 2 µm. The clays covered ≈70 to 80% of the sand

surface with a non-uniform distribution. The micrographs show areas with no clay

coating next to areas with high clay coating. The non clay-coating areas appeared

to coincide with smooth topography of the silica surface. This was particularly evi-

dent for the PAM coating methodology (Figure 2.7b and f). The PVA methodology

resulted in multilayer clay coating, with coatings up to 25 µm thick (Figure 2.7g, in-

sert). The clay coating also created microporous structures on the silica sand surface

(Figure 2.7c,e).

The pH stability of the clay coating is illustrated by plotting the amount of clay

attached to the silica surface as a function of pH after a specific time (Figure 2.8). The

clay-coating used in the PAM methodology was not stable at high pH; at pH > 9, the

clay detached from the sand (Figure 2.8, left panels). We attribute the instability of
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the clay-PAM-silica bonding to a weakening of the polymer-silica bonding, because we

expect the polymer-clay coating to be stable at high pH [Deng, 2001]. The stability

of the clay coating was not affected by time for up to one week, except at high pH,

where we observed increased clay detachment with increasing time.

The PVA coatings were stable over the entire pH range investigated (Figure 2.8,

right panels). The stability of the clay coating was not affected by time for up to one

week. The strong pH independent bonding between clay-PVA-silica is likely due to

H-bonding between the hydroxyl groups of the PVA and the basal oxygen of the clay,

which is independent of pH [Emerson, 1963; Emerson and Raupach, 1964].

The results of the long-term stability experiment are presented in Table 2.5. The

clay-coated sand with the PAM method had poor long-term stability, only between

17.8 and 35.8% of the initial clay remained on the sand after 5,000 pore volume. On

the contrary, the clay-coated sand using the PVA method was stable, around 97%

of the initial clay remained on the sand. The light scattering data from the column

never showed above-background scattering, suggesting that the clay was removed in

concentrations below the limit of detection of the instrument.

2.4.4 Surface Thermodynamic Properties

By and large, the polymers did not affect the electrophoretic mobility of the clay

minerals (Figure 2.9). Electrophoretic mobilities of pure smectite was constant over

the pH range from 3 to 12, corroborating results reported by others [Thomas et al.,
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1999]. Electrophoretic mobilities of illite and pure kaolinite were pH dependent. The

results of pure kaolinite are similar to those reported by others [Kretzschmar et al.,

1998]; for illite we could not find any published data.

It was reported that clay-PAM complexes have about 70% of the original clay

cationic exchange capacity (CEC) [Deng, 2001], and that clay-PVA complexes have

the same CEC as the original clay minerals [Mekhamer and Assaad, 1999; Theng,

1979; Emerson and Raupach, 1964].

The results of the contact angle measurement are summarized in Table 2.6. The

values for smectite agree with previously reported data [Wu, 2001]. Different values

of contact angles of kaolinite have been reported: 46.1o was obtained with thin-layer

wicking [Wu, 2001] and about 4o was obtained with a goniometer method similar to

ours [Gu et al., 2003]. Our values compare well with the previosuly reported goniome-

ter values.

Both kaolinite and illite did not produce smooth surfaces on the glass slides, and

the goniometer measurements may not be accurate; however, the measurements were

reproducible. Although the absolute value of the contact angles for kaolinite and

illite may have to be considered with caution, we can interpret the relative differences

between pure and polymer-coated clays.

The water-contact angle of PVA is in agreement with reported values for PVA of

similar molecular weight [Nguyen, 1996]. The wettability of the clay minerals and the

clay-polymer complexes can be analyzed by comparing the contact angles obtained for
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the surface-water and surface-diiodomethane (DIM) interface, as these two solvents

are reference liquids for polar and apolar solvents [Faibish et al., 2001]. The contact

angles of the polymer-films, in both solvents, are greater than the contact angles of

the clay minerals, indicating that the polymers have less hydrophilic surface. By and

large, the clay-polymer complexes had greater water contact angles than pure clay

minerals. The most significant effect of PAM was observed on illite, where the water

contact angle was doubled after addition of PAM. A similar pattern was observed for

the illite-PVA complex, but the change in the water-contact angle was less pronounced

(+ 58%). This indicates that the two polymers considerably reduced the wettability

of illite. Similarly, the polymers also increased the DIM-contact angle of the illite-

polymer complexes. The smectite-polymer complexes had smaller DIM-contact angles

than the smectite itself. No clear trend in water and DIM-contact angle were obvious

for kaolinite.

The surface tensions and free energies are shown in Table 2.7. The values of the

surface tension and free energy components for smectite and kaolinite were similar

to those reported previously [Wu, 2001]. The effect of the polymer on the surface

tension components (γLW
S , γ+

S , and γ−S ) did not reveal a clear trend for any of the clay

minerals. For smectite, PVA coating resulted in a 20% reduction of ∆GTOT
SLS , but PAM

did not cause any considerable change in the total surface-free energy. For illite, the

coatings of the polymers caused considerable change in surface tension and free energy.

The largest change was observed in the electron-acceptor component (γ+
S ) which was
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twice as large for the clay-polymer complex than the clay itself. We also observed a

reduction in the electron donor component (γ−S ) of 31% for illite-PAM and 16% for

illite-PVA complexes. This resulted in a considerable reduction of ∆GTOT
SLS : 70% for

illite-PAM and 34% for the illite-PVA complex. The surface tension and surface free

energy of kaolinite were not affected by the polymer coating. The addition of the

polymers caused little change in wettability of the clay minerals except for illite-PAM,

illite-PVA, and smectite-PVA composite. The polarity ratio showed that the clays

were monopolar, and the addition of the polymers did not change the polarity ratio.

2.5 Conclusions

We developed a successful method to coat inert silica support with aluminosilicate

clays. The clay was attached to the silica surface via a polymer bonding. At the

polymer concentration used, the polymers PAM and PVA, did not significantly affect

the electrophoretic mobility of the clay minerals. A greater amount of clay could be

attached to silica by using PVA as compared to PAM. The PVA method produced clay

coatings that were stable in aqueous solution over the pH range of 3 to 11, whereas

the PAM method showed reduced attachment stability above pH 9.

The PAM and PVA reduced the wettability of illite, and PVA reduced the wettabil-

ity of smectite. The surface properties of kaolinite were not affected by the polymers.

The monopolarity of the clay minerals was not affected by the polymers.

The potential to produce a porous medium with high hydraulic conductivity, but
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with surfaces controlled by clay minerals, allows to study clay-solute interactions in

dynamic flow systems. Dynamic flow systems have several advantages over batch

systems, and are often more representative of natural subsurface conditions. Clay-

coated sand also has potential applications in environmental remediation, where the

porous clay structure can be used as reactive filter. For such applications, the long-

term stability of the clay coatings under conditions expected at remediation sites would

need to be investigated.
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2.6 Tables and Figures
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Table 2.1: Amount of clay coated on silica sand (mg clay/ g sand) for different clay-

to-sand-ratio.

Clay Minerals Initial Clay-to-sand Ratio (g clay/g sand)

1:10 1:20 1:40

Polyacrylamide (PAM)

Smectite (STx1) 2.9±0.2b 3.1± 0.3 2.1 ±0.1

Illite (No. 36, Morris) 4.8±0.50 5.0±0.1 4.3 ±0.2

Kaolinite (KGa1) 22.1±1.3 24.7±0.9 10.1 ±1.1

Polyvinyl Alcohol (PVA)

Smectite (STx1) 67±5 29 ±1 15±2

Illite (No. 36, Morris) 77±3 32 ±3 18±1

Kaolinite (KGa1) 88±6 61 ±5 23±2

b error bar are one standard deviation.
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Table 2.2: Experimental conditions for optimal (greatest) clay coating on silica sand.

Experimental Parameter Value/Condition

Polyacrylamide (PAM)

pH 7

PAM concentration 50 mg/L

Clay suspension concentration 4 g/L

Clay-to-sand ratio 1:20 w/w

Polyvinyl Alcohol (PVA)

pH 5

PVA concentration 80 mg/L

Clay suspension concentration 40 g/L

Clay-to-sand ratio 1:10 w/w
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Table 2.3: Amount of polymer sorbed per gram of clay for the case of optimal (greatest)

clay coating.

Clay Minerals Polyacrylamide Polyvinyl Alcohol

(mg/g) (mg/g)

Smectite (STx1) 10 1.9

Illite (No. 36, Morris) 9 1.9

Kaolinite (KGa1) 5 1.3
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Table 2.4: Characterization of minerals and coated sand.

Specific Surface Area Amount of Clay Coating

Material BET (m2/g) (mg/g) (mg/m2)a

Pure minerals

Uncoated Sand 0.04±0.001b none none

Smectite (STx1) 52.6±0.9 none none

Illite (No. 36, Morris) 36.5±0.4 none none

Kaolinite (KGa1) 13.6±0.3 none none

Coated sands with PAM methodology

Smectite (STx1) 0.35±0.01 3.1±1.4 77

Illite (No. 36, Morris) 0.29±0.01 5.0±0.4 126

Kaolinite (KGa1) 0.24±0.01 24.7±3.1 618

Coated sands with PVA methodology

Smectite (STx1) 2.41±0.03 67±5 1673

Illite (No. 36, Morris) 2.49±0.05 77±5 1920

Kaolinite (KGa1) 0.54±0.01 88±6 2205

a calculated from the amount of clay coating (mg/g) divided by the

specific surface area of clean sand.

b error bar are one standard deviation.
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Table 2.5: Amount of clay remaining on the sand surface after 5.000 pore volume

leaching experiment.

Clay Minerals Initial Amount of Clay Coating Final Amount of Clay Coating

(mg/g) (mg/g) (% of initial)

Polyacrylamide (PAM)

Smectite (STx1) 3.5±0.4a 1.25±0.06 35.7

Illite (No. 36, Morris) 4.8±0.7 0.82±0.06 17.1

Kaolinite (KGa1) 18.3±1.2 4.17±0.18 22.8

Polyvinyl Alcohol (PVA)

Smectite (STx1) 16.7±2.1 16.3±1.1 97.6

Illite (No. 36, Morris) 25.6±3.2 24.8±0.38 96.9

Kaolinite (KGa1) 22.3±1.9 21.9±0.60 98.2

a error bar are one standard deviation.
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Table 2.6: Liquid-solid contact angle (degree) of clays and clay-polymer complexes.

Water Glycerol Formamide Diiodomethane Ethylene Glycol

Smectite

STx1 20.1±1.7a 28.2±1.3 8.9±1.0 31.5±1.1 18.3±0.9

STx1 + PAM 16.5±2.0 22.5±2.6 7.1±1.2 26.1±1.9 8.2±2.2

STx1 + PVA 22.8±1.6 23.4±2.3 10.3±1.8 25.8±1.5 13.3±2.3

Illite

Illite 18.1±1.0 26.0±1.2 12.9±1.4 30.3±1.7 15.4±1.5

Illite + PAM 36.4±2.4 30.3±2.8 18.8±2.0 32.6±2.1 15.5±2.2

Illite + PVA 28.6±2.6 28.6±2.2 15.6±1.6 37.5±1.8 16.3±2.5

Kaolinite

KGa1 7.7±0.8 27.3±1.4 12.1±0.9 23.4±1.3 20.6±1.7

KGa1 + PAM 10.4±0.7 31.7±1.5 14.2±1.3 20.3±1.2 18.1±1.4

KGa1 + PVA 16.7±2.2 34.1±3.7 22.6±4.9 24.7±1.5 20.7±3.1

Polymers

PAM 71.5± 1.1 56.4±3.1 51.0±8.4 48.9±1.7 67.5±4.9

PVA 73.4± 1.8 60.3±1.3 32.3±0.9 42.1±1.0 32.3±1.2

a errors are one standard deviation.
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Table 2.7: Surface tension,γ, surface-free energy, ∆G (mJ/m2), and polarity ratios, δ−

and δ+, of clay and clay-polymer complexes.

γLW
S γ+

S γ−S ∆GLW
SLS ∆GAB

SLS ∆GTOT
SLS δ− δ+

Smectite

STx1 45.8±0.4a 0.42±0.02 53.0±0.9 −8.8±1.2 39.3±0.3 30.5±0.9 0.13 1.44

STx1 + PAM 43.9±0.6 0.42±0.01 52.8±0.7 −7.7±0.9 39.0±0.4 31.4±0.5 0.13 1.44

STx1 + PVA 45.9±0.5 0.45±0.01 48.8±0.6 −8.9±0.8 33.9±0.3 25.0±0.5 0.13 1.38

Illite

Illite 44.2±0.7 0.41±0.07 53.8±0.1 −7.8±0.5 40.3±0.4 32.5±0.1 0.13 1.45

Illite + PAM 43.2±0.8 0.82±0.04 37.1±1.8 −7.2±2.5 17.3±0.5 10.0±2.1 0.18 1.21

Illite + PVA 41.0±0.8 0.87±0.05 45.2±1.7 −6.0±2.3 27.6±0.4 21.5±1.8 0.18 1.33

Kaolinite

KGa1 46.8±0.5 0.11±0.01 60.2±0.3 −9.5±0.5 51.1±0.3 41.7±0.8 0.07 1.54

KGa1 + PAM 47.9±0.3 0.05±0.01 59.8±0.4 −10.1±0.8 51.8±0.2 41.7±1.0 0.04 1.53

KGa1 + PVA 46.3±0.4 0.05±0.05 58.4±1.3 −9.1±3.3 50.0±0.2 40.9±3.1 0.04 1.51

a errors are one standard deviation.
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 2 nm

Figure 2.1: Transmission Electron Micrograph of polymers. (a) Polyacrylamide, (b)

Polyvinyl alcohol.
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Figure 2.2: Pictures of the long-term stability experiments
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Figure 2.3: Adsorption isotherms of (a) Polyacrylamide (PAM) and (b) Polyvinyl

alcohol (PVA) on smectite, illite, and kaolinite.
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Figure 2.4: X-ray diffraction patterns of smectite (STx1) treated with (a) PAM and

(b) PVA heated to 300◦C.
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Figure 2.5: Effect of pH on clay coating of silica sands using (a) polyacrylamide

(PAM) and (b) polyvinyl alcohol (PVA) for different clay minerals. Error bars denote

one standard deviation of three repetitions.
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Figure 2.6: Effect of polymer concentration on clay coating for (a) polyacrylamide

(PAM) at pH 7, and (b) polyvinyl alcohol (PVA) at pH 5. Error bars denote one

standard deviation of three repetitions.
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Figure 2.7: Scanning electron micrographs of (a) uncoated silica sand, (b,c) smectite-

coated sand, (d,e) illite-coated sand, and (f,g) kaolinite-coated sand. The left column

(b,d,f) shows sand coated with the polyacrylamide (PAM) method, the right column

(d,e,g) shows sand coated with the polyvinyl alcohol (PVA) method.
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Figure 2.8: pH stability of coated clays of (a,b) smectite-coated sand, (c,d) illite-

coated sand, and (e,f) kaolinite-coated sand. The left column (a,c,e) shows results

of sand coated with the polyacrylamide (PAM) method, and the right column (b,d,f)

shows results of sand coated with the polyvinyl alcohol (PVA) method. Inserts show

a magnification of the PVA panels. Error bars denote one standard deviation of three

repetitions.
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Figure 2.9: Electrophoretic mobility of pure clay and clay-polymer complex: (a) smec-

tite (STx1), (b) illite (No. 36, Morris), and (c) kaolinite (KGa1). Error bars denote

one standard deviation.
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2.7 Appendix A

2.7.1 Preparation of Clay Minerals

Clean clay by removing iron, carbonates, and organic matter. Sieve and fractionate

the clays to obtain particles less than 2 µm in diameter.

2.7.2 PAM clay coating procedure

Preliminary steps

• Prepare a clay suspension of 4 g/L, adjusted to pH 7 with 0.1 M NaOH.

• Get clean sand (immerse in 2 M HCl at 80 ◦C over night)

• Prepare PAM solution at concentration of 100 mg/L.

Coating Procedure

1. Sonicate clay suspension for 10 minutes.

2. Take 100 mL of clay suspension (4 g/L) and add 100 ml of PAM (100 mg/L)

at room temperature in a 500 mL polypropylene tube. This yields a clay mass

of 400 mg and a final polymer concentration of 50 mg/L. (Note: Do not use a

PAM stock solution as high as in case of PVA.)

3. Let the clay polymer complex settle down for a couple hours (2-3 hours) at room

temperature, collect the slurry, and discard the supernatant.
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4. Gently mix the slurry with the sand (80 g of sand; clay-to-sand ratio = 1:20)

with a plastic spatula.

5. Put on a reciprocal shaker over night. Shake at about 120 rpm.

6. Put the sand in the oven at 100 ◦C and dry for 24 hours.

7. After drying, wash loose particles with deionized water several times and dry

again at 100 ◦C for 24 hours.

2.7.3 PVA clay coating procedure

Preliminary steps

• Prepare a clay suspension of 40 g/L adjusted to pH 5 with 0.1 M HCl.

• Shake on reciprocal shaker the suspension overnight.

• Get clean sand (immerse in 2 M HCl at 80 ◦C over night).

• Prepare PVA solution at a concentration of 1 g/L by dissolving PVA in warm

water.

Coating Procedure

To get the mass of clay needed, you need to determine the amount of clay that you

want to load over the sand surface. Usually, around 50% of the clay is loaded on the

sand surface.
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1. Sonicate clay suspension for 10 min.

2. Mix 25 mL of clay suspension (=1000 mg clay) with 2 mL of PVA solution (=2

mg PVA) at room temperature in a 100 mL centrifugal tube.

3. Shake the mixture for 10 minutes on a reciprocal shaker.

4. Then add the clay-PVA mixture to sand (10 g of sand to obtain clay-to-sand

ratio = 1:10 w/w) in a beaker.

5. Put in oven at 50 ◦C, until the water is completely evaporated ( the solution

surface is 1-2mm above the sand surface). (Note: To obtain a more uniform

coverage use the lower temperature. The temperature could go up to 80 ◦C, but

at high temperature is difficult to control the coverage of the clay on the sand

surface.)

6. Gently mix the clay-sand suspension every 10 to 15 minutes with a plastic stirrer

by hand. Pay attention especially at the moment when all the water is evapo-

rated, and mix very thoroughly. This step helps to get a more uniform coverage.

7. After all the water is evaporated, but before the sand is completely dry (There

is a stage after the water is evaporated and the sand looks dry, at this moment

the sand grain separate easily and does not glue back together, separation at

this stage allows to obtain the most uniform coverage and the lowest amount of

clay particles lost), take out the clay-coated sand and separate the sand gently
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with a mortar and pestle. (Note: If this step is not done, the sand becomes a

large agglomerate. To separate it, it will be necessary to break it apart and a

large amount of clay is lost.)

8. Place the clay-coated sand back into oven over night at a temperature of 80 ◦C.

9. Take out the clay-coated sand and cool to room temperature.

10. Sieve the clay-coated sand through a 500 µm sieve to remove the sand coated by

excessive clay.

11. After this, clean the sand by washing/gently rinsing with deionized water to

remove all loose particles, and dry at 80 ◦C for 24 hours.
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Chapter 3

Humic Acid, Ferrihydrite, and
Aluminosilicate Coated Sands for Column

Transport Experiments

3.1 Abstract

Interactions of chemicals with soil minerals are often studied in batch systems. Dy-

namic flow systems are often limited by the low hydraulic permeability of the soil

constituents, such as clays, when packed into columns. However, immobilization of

clay minerals and organic matter on an inert support allow perform experiments in dy-

namic flow systems. In this study, we investigate the feasibility to produce porous me-

dia with similar hydrodynamic properties, but different surface characteristics. Four

minerals (ferrihydrite, kaolinite, illite, and smectite) and a humic acid were coated

on silica sand grains. Coated grains were packed into columns and the hydrodynamic

This chapter has been submitted for publication: Jerez, J., and M. Flury, Humic Acid, Ferrihy-

drite, and Aluminosilicate Coated Sands for Column Transport Experiments.
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properties of the media were determined with conservative tracers. The hydrodynamic

properties of the various coated silica sands were similar, suggesting that porous media

with similar spatial structure, but different surface characteristics, could be produced.

Coating of clay minerals was shown to cause anion exclusion of anionic tracers when

high surface charge clays or high clay loadings for the coating procedure were used.

The specific surface area of the coating materials inside the porous medium could be

changed by varying the particle size of the silica grain support. Coating of different

materials onto silica sand grains allows to study interactions of chemicals and colloids

with dynamic flow experiments in a porous medium with defined structure.

3.2 Introduction

Clays, organic matter, and iron- and aluminum-oxides, are the most reactive solid

constituents in soils and sediments. These materials play a major role in the fate

and transport of contaminants. Studies with pure minerals have provided mechanis-

tic insight about solid-liquid phase interactions of a variety of chemicals with mineral

surfaces [Stumm, 1992]. Batch sorption experiments are a standard protocol to study

interactions of chemicals with soils and sediments, and to derive sorption coefficients

and equilibrium constants. An alternative approach to derive the latter parameters

are column transport experiments. Column transport experiments have certain ad-

vantages over batch sorption studies, i.e., the experimental conditions may be more

representative of natural conditions in a flow-through column than in a batch reactor.
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However, many solid materials are not suitable for column experiments, because of

their small particle size which may cause columns to clog up [Wibulswas, 2004]. Coat-

ing of such materials on an inert support, such as sand or glass beads, would allow

performing column transport experiments with a structurally stable and hydraulically

conductive porous medium. Indeed, iron-oxides have been successfully coated on silica

sand particles [Scheidegger et al., 1993; Schwertmann and Cornell, 2000] and used for

studying humic acid interactions with iron-oxides [Gu et al., 1996b] and the trans-

port of heavy metals [Benjamin et al., 1996] and radionuclides [Hansen et al., 2001].

Humic acid has been coated on silica beads to obtain porous materials suitable for

chromatographic separations (e.g., Szabo et al., 1995; Yang and Koopal, 1999; Laor

et al., 2002). It has recently been shown that clay minerals can be coated on silica

sand and glass beads [Ake et al., 2001].

This possibility to coat silica sands or glass beads with iron-oxides, humic material,

and clay minerals offers the opportunity to study the interactions of solutes with three

major soil constituents using dynamic column experiments. If the soil constituents

are coated on the same silica sand or glass bead matrix, then we can construct porous

media which have similar structure, but have different surface characteristics.

The objective of this work was to investigate the hydrodynamic properties of porous

materials (packed silica sand) coated with different soil constituents. We hypothesized

that we can construct porous media with similar hydrodynamic properties, but dif-

ferent surface characteristics. Furthermore, we tested whether we can modify the

49



hydraulic properties without changing the surface characteristics of the medium. Our

experimental approach was to coat silica sand with humic acid, ferrihydrite, or clay

minerals, and to compare the transport of tracers through columns packed with coated

sand material.

3.3 Materials and Methods

3.3.1 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 mm and 1 mm diameter. The sand was

treated with H2O2 to remove organic matter [Kunze and Dixon, 1986] and with citrate-

dithionite to remove iron [Holmgren, 1967]. Then the sand was extensively rinsed with

deionized water and oven dried at 110◦C.

3.3.2 Humic Acid Coating of Silica Sand

Humic acid was obtained from Aldrich (Lot No. 03130JS). We coated the humic acid

over the silica sand following the methodology developed by Koopal et al. [1998]. This

procedure involved modification of the silica surface with 3-aminopropyl-triethoxysilane

(APTS) (Aldrich, MI) [Vrancken et al., 1995; Koopal et al., 1998; Yang and Koopal,

1999]. The amount of humic acid coated on the sand was determined by detachment

of the humic acid in 1 M NaOH followed by quantification with UV/VIS spectrometry
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(HP 8452A, Hewlett Packard) at a wavelength of 254 nm. The spectroscopic mea-

surements were calibrated with a TOC analyzer (TOC 5000, Shimadzu Corporation,

Kyoto, Japan).

3.3.3 Ferrihydrite Coating of Silica Sand

Ferrihydrite (6-line ferrihydrite) was synthesized according to Schwertmann and Cor-

nell [2000, p. 104–105]. For the synthesis, Pyrex glass beakers were used. After syn-

thesis, the ferrihydrite was dialyzed at room temperature (20–22◦C) until the electrical

conductivity of the solution was less than 5 µS/m.

We coated the silica sand with ferrihydrite using a slightly modified procedure

developed by Scheidegger et al. [1993]. We carried out initial experiments to test

optimal concentration and pH at which a homogeneous and extensive coating of silica

sand with ferrihydrite was obtained. Briefly, 40 mL dialyzed ferrihydrite suspension

was mixed with 60 g silica sand, and shaken for a total of three days. The pH of the

initial solution was 6.5, and after one 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 ferrihydrite 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).

51



3.3.4 Aluminosilicate Coating of Silica Sand

Four clay minerals, Georgia kaolinite (KGa1), Arizona smectite (SAz1), Texas smectite

(STx1) (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 [Kunze

and Dixon, 1986] and iron oxides using citrate-dithionite [Holmgren, 1967], and were

then fractionated to obtain particles < 2 µm in hydrodynamic diameter using gravity

sedimentation. The clay minerals were made homoionic by washing with 1 M NaCl

(KGa1), 0.5 M CaCl2 (SAz1 and STx1) or 1 M KCl (Illite) [van Olphen, 1977]. Finally,

the clays were dialyzed with deionized water until the electrical conductivity of the

solution was less than 5 µS/m.

The clay minerals were coated over the sand surface using the procedures described

in the chapter 2 of this dissertation. Briefly, clay suspensions were flocculated with

50 mg/L polyacrylamide (Superfloc C498, Cytec Industries, West Paterson, NJ). The

mixture was left to settle down, and then centrifuged at 100 g for five minutes. Then,

the clay-polymer complex slurry was mixed with the silica sand and dried at 100◦C for

24 h. The coated sand was then washed with deionized water and dried again at 100◦C

for 24 h. The amount of clay coated over the silica sand was determined by detaching

the clays with 1 M NaOH. The amount of detached clay minerals were quantified by

UV/VIS spectrometry at a wavelength of 230 nm.

We chose the different clay minerals to represent major types of aluminosilicate
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clays. The two smectites differed with respect to surface charge. The cation exchange

capacity (CEC) of SAz1 (123±3 mmolc/100 g) is around 40% greater than that of

STx1 (89±2 mmolc/100 g) [Borden and Giese, 2001]. This allowed us to assess the

effect of surface charge on transport of anionic tracers.

3.3.5 Surface Characterization of Soil Constituents and Coated

Sands

Specific surface areas were determined with N2 adsorption (ASAP2010, Micromeritics,

Norcross, GA) based on BET isotherms. We measured the surface areas of the minerals

and humic acid before coating onto the sands, and then measured the surface areas

of the coated sands. The isoelectric point (IEP) for ferrihydrite and kaolinite was

measured in a 1 mM NaCl background with dynamic light scattering (Zetasizer 3000

HSA, Malvern Instruments Ltd., Malvern, UK). The IEP of Aldrich humic acid was

taken from Koopal et al. [1998]. For kaolinite, ferrihydrite, and humic acid coated

sands, the point of zero salt effect (PZSE) was measured by the salt addition method

[Benjamin et al., 1996]. 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
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addition of the high concentration salt solution. Although the IEP and the PZSE are

different and cannot be compared [Sposito, 1998], they gave some 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).

3.3.6 Column Transport Experiments

Column experiments were performed in a borosilicate glass column of 1.5-cm diameter

and 12-cm length (Omnifit, Cambridge, UK). The column end pieces were of Teflon

with frits of 40 µm pore diameter. The column was packed with clean or coated

sands under saturated condition. The solution background consisted of an electrolyte

mixture with 4.45 mM CaCl2, 1.4 mM MgCl2, 0.4 mM KCl, 0.7 mM and NaCl, with

an ionic strength of 18.55 mM. This solution mimics soil pore water. The background

solution was pumped through the column from the bottom using a peristaltic pump

(Ismatec, Switzerland). At least 20 pore volumes were flushed through the column to

equilibrate the system before the tracer experiment.

Column breakthrough curves were determined using nitrate (0.2 mM NaNO3) or

bromide (0.2 mM KBr) as tracers spiked to the background electrolyte solution. The

tracer concentration was measured online with a flow cell and a diode array spec-

trophotometer; NO3
− was measured at a wavelength of 220 nm and Br− at 202 nm.

Calibrations of tracer standards followed Beer’s law. Tracers were fed into the column
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as pulses of two to four pore volumes.

Column breakthrough curves were analyzed to determine the pore water velocity v

and the hydrodynamic dispersion coefficient D using the advection-dispersion equation

(ADE) and the code CXTFIT 2.1 [Toride et al., 1995]. The Peclet number, Pe, was

then calculated as Pe = vL/D, where L is the length of the column.

Three different types of experiments were conducted. In the first set of experiments,

we evaluated the hydrodynamic dispersion of the coated sands (humic acid, ferrihy-

drite, kaolinite, illite and Texas Ca-smectite-coated silica sands). A constant flow rate

of 1.2 mL/min was used for these experiments. The second set of of experiments

was used to evaluate the effect of grain size of the coated sands on the hydrodynamic

properties of the porous materials. For these experiments, we fractionated the Texas

smectite coated sand by sieving into two fractions, with particle diameters from 255

to 355 µm and 425 to 500 µm, respectively. The third set of of experiments 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 in chapter 2. Each breakthrough

curve was repeated at least twice. Replicates were reproducible, and we therefore only

show one breakthrough curve for each experiment.
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3.4 Results and Discussion

3.4.1 Surface Characterization of Coated Sands

Figure 4.3 shows images of coated silica sand surfaces. The clean silica surface de-

picts an irregular topography (Figure 4.3A). The coatings covered the silica surface

incompletely, there were always some portions of the surface that were not covered by

coatings. Based on screening 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 [Scheidegger et al., 1993].

Quantitative characteristics of the coated sands are listed in Table 3.1. The amount

of humic material and minerals that could be coated onto the silica grains was in the

range of 1 to 25 mg per gram of sand, except for the clay coating with the polyvinyl

alcohol method, which resulted in higher surface coverage. The coated sands had a

PZSE similar to that of the coating materials. The specific surface areas of the coated

sands were about two orders of magnitude smaller than the surface areas of the coating

materials itself, but considerably larger than that of the uncoated sand. The amount

of coating per surface area was calculated from the measured specific surface area and

the amount of coating per mass.

The amount of humic acid that we could coat onto the sand was around 1 mg

per gram of sand (Table 3.1), which is similar to the result obtained by Laor et al.

[2002] using sol-gel immobilization. Koopal et al. [1998] reported a surface coverage
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of humic acid of 63 mg/g, but used a much smaller silica support (silica beads of

40 nm diameter) than we did. On a per surface area basis, our 26 mg/m2 compares

with 1.2 mg/m2 from Koopal et al. [1998]. The higher surface loading obtained in our

experiments is likely due to multilayer coverage (Figure 4.3B), compared to monolayer

coverage in Koopal et al. [1998].

The amount of ferrihydrite coating was 4.4 mg Fe/g, which is in the range reported

by Scheidegger et al. [1993]. The IEP for the ferrihydrite mineral was pH 6.8, which

is low for iron oxides but can be explained by inclusion of small amounts of silica

[Anderson and Benjamin, 1985]. The surface area of the coated sand was one order

magnitude larger than that of the clean sand, in agreement with published data [Ben-

jamin et al., 1996]. The specific surface area of ferrihydrite (65 m2/g) was smaller

than that reported by Nègre et al. [2004] (301 m2/g). We attribute this difference to

possible aggregation of our ferrihydrite during freeze-drying. X-ray diffraction mea-

surements confirmed the presence and stability of 6-line ferrihydrite before and after

coating.

Aluminosilicate clays coated on silica sand using the polyacrylamide method had

similar specific surface areas as the iron-oxide-coated sand (Table 3.1). A one order

magnitude larger surface area was obtained for sand coated with polyvinyl alcohol.

For the aluminosilicate clays, the IEP was only determined for kaolinite, but not for

illite and smectite which have a permanent structural negative charge. The IEP for

kaolinite minerals was pH 2.4, and the PZSE of kaolinite-coated sand was pH 2.9.
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3.4.2 Column Transport Experiments

Figure 3.2 shows breakthrough curves of conservative tracers in coated sand media.

Nitrate did not behave as conservative tracer in ferrihydrite-coated sand. We used Br−

as tracer, which behaved conservatively at pH 9.9. The breakthrough curves could be

well described by the ADE for a conservative chemical, and the model parameters are

listed in Table 3.2. 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 suggests that we 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 conservative tracer when the solution pH was well above the IEP of ferrihydrite.

A series of breakthrough curves conducted at different pH values showed that NO3
−

was retarded at pH 4.1, and as the pH was raised, the retardation became less and less

(Figure 3.3). However, even at pH≈10, several pH units above the IEP of ferrihydrite,

NO3
− was retarded as compared to Br−, which behaved conservatively (Figure 3.3).

At pH 7.4 we also observed retardation of Br−, as would be expected because the

ferrihydrite picks up more positive charges (data not shown). The observation that

Br− moved faster than NO3
− may be attributed to different sorption characteristics

of the two ions [Sposito, 1989; Clay et al., 2004].
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Anionic tracers may be subject to anion exclusion during transport in a porous

medium that has highly negative surface charges [Sposito, 1989]. Anion exclusion

results in an early breakthrough of the anionic tracer, and has been observed repeatedly

[Bowman, 1984; James and Rubin, 1986; Schoen et al., 1999]. The higher the negative

surface charge of the minerals, the more anion exclusion would be expected. We can

readily demonstrate these effects using different clay loadings and differently charged

clays (Table 3.1). Silica sand coated with a small amount of smectite (STx1 low load)

showed no anion exclusion, indicated by the superposition of its NO3
− breakthrough

with the one obtained in clean silica sand (Figure 3.4). 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. Such anion exclusion effects may need to be considered

when using these latter types of coatings.

The NO3
− breakthrough curves for STx1 and SAz1 smectites were very similar.

The SAz1 smectite has a 40% higher CEC than the STx1 smectite [Borden and Giese,

2001], 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. Consequently, the overall anion exclusion effect in these

two porous media was similar.

Changing the grain size of the silica support allowed manipulation 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)
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on silica grains with two different diameter ranges (Table 3.3). 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 µm. A corresponding increase in the amount of

clay coating per unit mass of porous medium was observed as well. The amount

of clay coated per surface area of sand was similar, supporting that the increase in

specific surface area was due to the decrease in grain size. Figure 3.5 illustrates that

changing the grain size does not necessarily affect the hydrodynamic dispersion of the

porous medium. The breakthrough curves of NO3
− were similar among the two clay-

coated porous media, the uncoated sand, and also among the coated sands of different

grain diameters. While the hydrodynamic dispersion did not change, the hydraulic

conductivity obviously changed as the grain size changed.

3.5 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 hydro-

dynamic 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
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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 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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3.6 Tables and Figures
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Table 3.1: Characteristics of humic acid, minerals, and coated sands.

Material Specific Surface Area IEP/PZSEa Amount of Coating

(m2/g) (pH) (mg/g) (mg/m2)

Coating Materials

Humic Acid (Aldrich) 5.9±0.3b 2.8c 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 one standard deviation.

c from Koopal et al. [1998].

d clay coating using the polyvinyl alcohol methodology.
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Table 3.3: Effect of sand size on clay coverage for smectite (STx1).

Silica Grains Grain Diameter Specific Surface Area Clay Coverage

(µm) (m2/g) (mg/g) (mg/m2)

Small grains 250–355 0.152±0.007 15.7±0.4 103.4±7.1

Large grains 425–500 0.086±0.004 10.9±1.3 126.9±21.1

The polyvinyl alcohol method was used for the coating.

65



20  µm 20 m

(a) (b)

20  µ2  µm

(c) (d)

20  µm

(f)

20  µm

(e)

Uncovered
area

Uncovered
area

Unco ered
area

 µ

m

Figure 3.1: 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.
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Figure 3.2: 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 to 7, except for ferrihydrite-coated sand, where

the pH was 9.9.
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Figure 3.3: 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 conservative

tracer.
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Figure 3.4: Effect of clay loading on breakthrough curves of NO3
− in smectite-coated
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Figure 3.5: Effect of sand particle size on breakthrough curves of NO3
−. (a) Uncoated

silica sand and (b) STx1-smectite-coated sand.
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Chapter 4

Interaction of Humic Acid with Clay
Minerals in Dynamic Flow Systems

4.1 Abstract

Humic acids play an important role in the movement and fate of heavy metals and

organic molecules. Transport of humic acids in a porous medium have been identified

as a potential carrier for contaminants. The study of the interaction of humic acids

and clay has been restricted to batch experiments and no dynamic flow studies with

humic acids in clay-sand porous media have been conducted. The objective of this

study was to investigate the transport of a commercial humic acid through a porous

medium dominated by clay minerals. We conducted column experiments with porous

media dominated by kaolinite, smectite, and illite immobilized on the surface of silica

sand through a polyvinyl alcohol coating method. Humic acids were injected into the

columns at pH 7.5 and a concentration of 10 mg/L of organic carbon. The clay-coated

sand sorbed a large amount of humic acid. The relative concentration of humic acid
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in the column outflow was always lower than 0.4 in all the clay-coated sand. A sig-

nificant amount of humic acids moved quickly through the porous media, especially

in the kaolinite-coated sand. Repeated injection of humic acid resulted in a steeping

of successive breakthrough curves than imply limiting sorption sites on the sand sur-

faces. This research showed that a significant fraction of the humic acid moved quickly

through the porous media dominated by clay minerals. A model with the Freundlich

isotherm and irreversible sorption parameter was the best model to fit the observed

data.

4.2 Introduction

The term “humic acid” stands for a large collection of organic molecules of non well-

defined structures and large range of molecular size. Humic acids are ubiquitous in

terrestrial and aquatic environments. These molecules play important roles in the

transport and fate of organic molecules and heavy metals [Chiou et al., 1986; Tipping,

2002; MacCarthy, 2001].

Humic acids have the capacity to sorb large amounts of natural and anthropogenic

organic molecules such as pesticide and hormones, as well as heavy metals and ra-

dionuclides [Tipping, 2002]. The sorption mechanism reduces the pollutant movement

and helps to prevent groundwater contamination [Guo et al., 1993]. However, Graber

et al. [1995] studying the use of municipal wastewater, found that the organic molecules

present in the wastewater enhanced the transport of atrazine, showing that the inter-
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action between the humic material, the soil matrix, and the solutes are highly complex.

The potential of humic acids to facilitate the movement of contaminant in a natural

environment will depend on the transport properties of the humic acids. Miscible

transport experiments using iron-coated sand have shown that there is preferential

sorption for large molecules with higher aromaticity [Gu et al., 1996a; Gu et al.,

1996b; McCarthy, 2001; Hur and Schlautman, 2003; Chorover and Amistadi, 2001].

Similar results were reported from batch experiments using kaolinite and humic acids

[Balcke et al., 2002]. Humic acids of higher molecular weight and lower surface charge

present higher affinity for the kaolinite surface [Balcke et al., 2002; Chorover and

Amistadi, 2001]. Both kaolinite and humic material present negative surface charges

at pH larger than 3 ([Koopal et al., 1998], and see chapter 3), therefore humic acids with

less surface charge have less repulsive forces. High molecular weight humic acids have

less polar groups and tend to be more hydrophobic than low molecular weight humic

acids [Shin et al., 1999]. However, it was also demonstrated that after the binding

sites were filled, humic material could move in similar patterns as a conservative tracer

[Dunnivant et al., 1992].

In contrast to kaolinite, montmorillonite clay has a tendency toward preferen-

tially sorb low-molecular weight humic material compared to high-molecular weight

molecules, but seems to have no preferential sorption of aromatic compared to the

aliphatic functional group [Chorover and Amistadi, 2001]. Infrared data showed that

the binding mechanism involved was water or cation bridging. The authors also found
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that the amount of humic acid sorbed by the montmorillonite was higher than in the

case of kaolinite, mainly due to the larger surface area of the montmorillonite clay

[Chorover and Amistadi, 2001].

Little information is available on humic acid transport through clay-dominated

porous media, mainly because column experiments with clays are inconducent due

the low hydraulic conductivity. In this research we studied the transport properties

of commercial humic acid on porous media dominated by different clay minerals. We

used porous media dominated by the following clay minerals: Georgia kaolinite, Morris

illite and Texas smectite.

4.3 Review of Humic Acids

4.3.1 Origin, Chemical Structure and Properties

Humic material is a large and heterogeneous group of macromolecules of different

molecular weight and charge density [Stevenson, 1994], with complex and difficult

identifiable structure [Senesi, 1993; Gaffney et al., 1996b; De Paolis and Kukkonen,

1997]. There is no evidence of biological or genetic control in the origin of humic ma-

terials nor of biological function [Haynes, 1991], therefore they do not meet any struc-

tural criteria applied to other macromolecules like proteins. The main chemical groups

present in humic materials are aromatic and aliphatic groups, and small amounts of

amino acids, amino sugars, and fatty acids [Stott and Martin, 1990]. Although, hu-
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mic materials are the result of the decomposition of plant and animal tissues, there

is little resemblance between the parent material and the humic acids [Haynes, 1991].

The processes by which humic substances are generated have been studied for a long

time but are still not well known. There are four major theories about the origin and

synthesis of these molecules:

• The lignin theory: This theory, proposed by Waksman in 1932, states that the

degradation products of the lignin will become a source of the aromatic structure

of humic substances [Wershaw, 1986; Oades, 1989; MacCarthy et al., 1990b;

Senesi and Loffredo, 2001]. Aromatic compounds present in plants like lignin

are more resistant to degradation, and contrary to protein and sugars, only 30%

will decompose in a period of one year [Stott and Martin, 1990]. A modification

of this theory proposed by Hatchey and Spiken in 1978 postulates that other

biopolymers such as cutin and suberin are also precursors of the humic substances

[Senesi and Loffredo, 2001].

• Microbial synthesis of aromatic: Other sources for aromatic group present in

humic acid could be provided by fungi or microorganisms that produce melanin,

which has properties similar to humus materials [Stott and Martin, 1990].

• The Maillard reaction theory: This theory states that the reaction between

reduced sugar and amino substances (amino acids, peptides and proteins) pro-

duces a polymeric substance which appears to have properties like humic acids

and could be one of the paths to produce humic acids [Stott and Martin, 1990].
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• Quinone-amino acid interaction: This theory states that the lignin is com-

pletely degraded to aromatic compounds that are transformed to quinones. The

quinones become polymers and react with amino compounds that form the humic

materials [Oades, 1989; Wershaw, 1994].

Nevertheless, there is no consensus that these theories explain the origins of the

humic materials [Steelink, 1999], probably because humic materials have multiple ori-

gins and large numbers of pathways lead to their formation [Stevenson, 1994; Haynes,

1991].

As of today there is no defined structure of humic materials or of basic units

by which humic substances are built, some theoretical models have been developed

which enable the prediction of its behavior in natural environments. There are two

opinions about the nature of the humic substance structure. Some researchers consider

that humic substances are true macromolecules with molecular weights as high as

300,000 KDa [Swift, 1999]. However, other researchers have questioned this concept

and proposed that humic acids are micelle-like aggregates, with molecular weights no

larger than 20 KDa [Wershaw, 1986; Wershaw, 1994; von Wandruszka, 1998; Wershaw,

1999]. In this model molecules have oriented hydrophobic moieties to the interior and

a hydrophilic exterior surface; hydrophobic molecules found a “friendly” environment

in the interior of the micelle [Shulten, 1996; von Wandruszka et al., 1999]. At low pH

and high concentration, humic acid has a random coil structure and at higher pH a

linear and flexible chain [Beckett et al., 1987]
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Humic acids and fulvic acids are arbitrarily separated based on their solubility

[MacCarthy et al., 1990a; Haynes, 1991]. Humic acids contain more carbon and less

oxygen than fulvic acids, and humic acids have larger molecular weight (10 K to 100

KDa) than fulvic acids (1 to 5 KDa).

4.3.2 Interactions of Humic Acid with Minerals

The humic acid-mineral interaction is pH dependent. Generally, the interaction is

strongest at low pH but decreasing significantly at pH > 5. In part, the enhanced

interaction of humic acids at low pH is due to a decrease of negative charge, but

also due to precipitation of macromolecules especially at very low pH. This behavior

also shows that electrostatic interactions play an important role in the sorption of

the humic material. Iron oxides, that have positive net surface charge up to pH 7.5 -

8.5 (isoelectric point (IEP) of iron oxides is between pH 7.5 and 8.5), present higher

interaction with the humic acids. Aluminosilicate clays have lower IEP or permanently

negative charge, therefore at higher pH, the electric repulsion between the humic acid

and the aluminosilicate clay is enhanced. The IEP of the humic acid depends on the

functional group present in the molecule. Carboxylic acid group is one of the most

dominant in the molecules [Stevenson, 1994].

The mechanisms of interaction between humic acids and mineral surfaces are ligand

exchange, cation bridging, entropy-driven and hydrophobic interaction [Baham and

Sposito, 1994]. The ligand exchange mechanism has been proposed for the humic acid-
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iron oxides interaction. Infrared data has shown that aluminosilicate clays interact

with humic acid through water or cation bridging [Chorover and Amistadi, 2001].

Iron oxides sorbed more humic acid of high molecular weight than bulk humic acid

molecules [Gu et al., 1996a; Gu et al., 1996b; Chorover and Amistadi, 2001; McCarthy,

2001; Hur and Schlautman, 2003]. The sorption process was hysteretic, due to the re-

placement of low-affinity molecules (low molecular weight and high charge density)

with large humic molecules, showing that the “adsorption maxima” increased slowly

over a long period of time [Van de Weerd et al., 1999]. Similar behavior has been

found with kaolinite, where humic acids of higher molecular weight and lower surface

charge had higher affinity for the kaolinite surface [Balcke et al., 2002; Chorover and

Amistadi, 2001]. Both kaolinite and humic material present negative surface charge,

therefore humic acids with less surface charge experience less repulsion. High molecu-

lar weight humic acids have less polar groups and tend to be more hydrophobic than

low molecular weight humic acids [Shin et al., 1999]. On the other hand, smectites

clays have a tendency to preferentially sorb low molecular-weight humic material as

compared to the large size molecules. However, research did not find preferential sorp-

tion of aromatic as compared to aliphatic functional groups [Chorover and Amistadi,

2001]. The amount of humic acid sorbed by smectites is higher than kaolinite. The

main reason for this difference was the larger surface area of the smectite clays [Baham

and Sposito, 1994; Chorover and Amistadi, 2001]

Transport experiments, using iron oxide coated sand and aquifer porous mate-
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rial, have established that there is a pattern of preferential sorption of hydrophobic

[Dunnivant et al., 1992; Gu et al., 1996a; Gu et al., 1996b; McCarthy, 2001; Hur and

Schlautman, 2003] and high-molecular weight fractions [Gu et al., 1996a; Gu et al.,

1996b; McCarthy, 2001] as compared to the hydrophilic and low-molecular weight hu-

mic materials. In addition, a lysimeter study showed that small size humic acids could

move similarly as a conservative tracer [McCarthy, 2001].

4.3.3 Organic Colloids Extraction, Fractionation, and Char-

acterization

Humic materials are mixed with clays, minerals, polyvalent cations, and other non-

humic organic materials. For that reason, extraction, fractionation, and characteri-

zation of this material is an important step that permits the study of homogeneous

material. Several reviews have been published about the extraction and fractiona-

tion techniques [Leenheer, 1981; Thurman and Malcolm, 1981; Aiken, 1985; Swift,

1985; Leenheer, 1985; Gaffney et al., 1996a; Ambles, 2001] and in the physical and

chemical characterization of the humic materials [MacCarthy et al., 1985; Wershaw,

1985; Wershaw and Mikita, 1987; Bortiatynski et al., 1996; Simpson et al., 1997; Mao

et al., 1998; Xing et al., 1999; Ambles, 2001]. Different methods of extraction and

fractionation have been developed to achieve different goals, but this has caused dif-

ficulties in the comparison of the results of different investigations. In addition, the

chemical and physical characterization is not possible with only one technique; there-
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fore the characterization of these materials is best made with several methods that

permit obtaining different information of the sample. In this section these methods

are reviewed with emphasis on the current methodology applied to the study of humic

materials and their advantages and disadvantages.

Extraction Methods

Humic material is part of several other components of the organic matter of the soil.

Its study requires that this material be separated from the inorganic matrix and non-

humic organic matter [Senesi and Loffredo, 2001]. All of these methodologies use some

extractant that must meet the following criteria [Haynes, 1985; Swift, 1996] :

• A high polarity and high dielectric constant to assist in the dispersion of the

charge molecules.

• A small molecular size to penetrate into the humic structures.

• The ability to cut the existing hydrogen bonding and provide alternative groups

to form humic-solvent hydrogen bonds.

• The ability to remove and immobilize metallic cations.

In addition Stevenson [1994] considers that the extraction methods must have the

following objectives:

• The methods must avoid alteration of the materials isolated.
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• The humic substances extracted must be free of inorganic contaminants like clays

and polyvalent cations.

• Must be able to obtain complete extraction, which means that the methods

should ensure representation of the entire molecular weight range.

• The methods should be applicable to all soils.

These criteria for extraction methods represent more ideal objectives than a set of

achievable conditions [Swift, 1996].

One of the most used methods of extraction is the International Humic Substances

Society (IHSS) methodology that is described in detail in Swift [1996]. One of the

problems with this methodology is the use of hydrofluoric acids that change the struc-

ture of humic acids [Swift, 1996; Senesi and Loffredo, 2001]. Briefly, after the soil is

sieved with a 2.0 mm sieve, the sample is mixed with 1 M HCl at a ratio of 1:10 (w/v)

and shaken for 1 h at room temperature. Then the mixture is centrifuged at low speed

and the supernatant is used to obtain fulvic acid. The soil residue is mixed with 1 M

NaOH under N2 atmosphere at ratio of 1:10 (w/v). This mixture is shaken for 4 h,

and left overnight for settling. After that the mixture is centrifuged. The supernatant

is separated and acidified with 6 M HCl under constant stirring to reprecipitate humic

acids. After 12-16 h standing the suspension is centrifuged to separate the precipi-

tated HA from the supernatant. The supernatant is passed through a XAD-8 resin to

obtain fulvic acid [Swift, 1996]. An N2 atmosphere is used to avoid the oxidation of

phenols to semi-quinones and quinones functional groups of the humic acid [Wershaw
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and Pinckney, 1977; Engebretson and von Wandruszka, 1997] that produce smaller

size humic acid.

One of the goals of the extraction procedure is to obtain humic materials with

low ash content, which has a low concentration of cations associated with the humic

substance structure. These cations play a role in the secondary and tertiary structure

of humic acid, so their elimination in the purification process could produce changes in

the structure of the humic substances that modify the interaction of humic acid with

other solutes [von Wandruszka et al., 1997; von Wandruszka, 1998].

Fractionation Methods

Fractionation allows having a more uniform material in terms of molecular weight.

Several methods have been used for fractionation of humic materials based on the

physicochemical characteristics of these materials. The main characteristics used are

solubility at different pH, molecular size, charge characteristic and adsorption [Swift,

1996]. While fractionation could provide valuable information, there are some concerns

because the methods used for this purpose could change the structure of the humic

materials [Gaffney et al., 1996a].

The classic fractionation of the humic substances based in its solubility at different

pH allows obtaining three fractions; humic acids, fulvic acids, and humin. Fulvic acid

is soluble at all pH, in contrast humic acid which is insoluble at pH lower than 2 and

humin is insoluble at all pH. This operational definition of humic material has proved
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to be not very useful in the study of the interaction of these materials with solutes

because each of these fractions represent a large and heterogeneous group of molecules.

Ultrafiltration is a simple and cheap technique that fractionates the humic sub-

stances with a series of membranes [Swift, 1985; Wershaw and Aiken, 1985; Ambles,

2001]. This technique permits processing large volume samples with little chemical

alteration [Gaffney et al., 1996a]. The main mechanism for the separation process

is the selective sieve through the membrane; the molecule rejection is due to molec-

ular size and shape, diffusion properties of the molecule in the fluid and the pore

membrane; electrostatic and van der Waals interaction between the molecule and the

membrane [Kllduff and Weber, 1992]. The manufacture provides a nominal molec-

ular weight cutoff (NMWC), normally calibrated with globular molecules of known

molecular weight. However, this calibration does not necessarily represent the size of

the humic acid molecules, and in fact, many times overestimate the real size of the

molecules. The solution-chemistry (pH and ionic strength) plays a vital role in the

membranes performance, because the structure and surface charge of humic acids are

dependent on the pH and the ionic strength of the solution [Kllduff and Weber, 1992].

For instance, humic-acid-fractions obtained with ultrafiltration membranes between

100 and 300 kDa have produced humic acids of 3.6 kDa determined by High Pressure

Size Exclusion Chromatography (HPSEC). [Li et al., 2004].

A variation of the method is hollow-fiber or tangential ultrafiltration. In this

method the separation process is made by passing a solution through a membrane
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that is parallel to the flow. This method has been used by some researchers to obtain

fractions of different size that were further characterized by other analytical methods

[Gaffney et al., 1996a; Kammer and Föstner, 1998; Christl et al., 2000].

The fractionation based on characteristic charges is made through electrophoresis

that separates the sample base on the mobility of the charged molecules in an electric

field. If the fractionation is made in a gel medium, the fractionation is obtained as

a function of the size and the charge density of the molecule. The movement of the

molecule in the gel is proportional to the charge density and inverse to the molecule

size [Swift, 1985; Swift, 1996; Senesi and Loffredo, 2001].

Adsorption of humic acids is another method used to obtain different fractions.

Several materials have been used as adsorbent, such as charcoal, alumina and methyl-

methacrylate resin XAD-8 [Senesi and Loffredo, 2001]. The XAD-8 resign has been

extensively used [Gu et al., 1996a; Gu et al., 1996b; McCarthy, 2001], and with this

material it is possible to obtain six different fractions; Hydrophobic-Based Fraction,

Hydrophobic-Acid Fraction, Hydrophobic-Neutral Fraction, Hydrophilic-Base Frac-

tion, Hydrophilic-Acid Fraction and Hydrophilic-Neutral Fraction. A detailed de-

scription of the methodology can be found in Leenheer [1981].

Characterization Methods

The analysis method most used for the study of molecular size and shape are gel-

chromatography and other similar methodologies such as High Pressure Size Exclu-
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sion Chromatography (HPSEC) and Size Exclusion Electrochromatography- Polyacry-

lamide Gel Electrophoresis (SEC-PAGE), Field Flow Fractionation (FFF), electro-

microscopy, Small Angle X-ray Scattering (SAXS), and light scattering [Senesi and

Loffredo, 2001]. The primary methods used for determination of functional group in

humic substances are Pyrolysis Gas Chromatography and spectroscopic methods pri-

marily the Fourier Transform Infrared Spectroscopy (FT-IR) and Nuclear Magnetic

Resonance (NMR) [Ambles, 2001].

Field Flow Fractionation (FFF) is a technique to study the molecular size of the

humic material, where the separation is based in the differences of diffusion-coefficients

[Beckett et al., 1987]. This method consists of the flow of a sample through a ribbon-

shaped channel whose walls are semipermeable and parallel to the sample’s flow. A

laminar flow moves the molecules at a different velocity depending on the vertical posi-

tion of the molecules. A cross-flow field is applied through a semipermeable membrane

perpendicular to the laminar flow in such a way that the humic acid molecules are

driven to the lower wall. This force is opposite to the diffusion of the macromolecules

that set large molecules close to the lower wall (small diffusion coefficient) and to lower

velocity; and small molecules close to the center of the laminar flow where the flow

velocity is higher [Beckett and Hart, 1993; Jones and Bryan, 1998]. The separated

molecules are measured through different detectors, such as UV-VIS or fluorescence

spectrometer. In some way the instrument resembles an HPLC instrument.

This method requires a molecular weight calibration for the determination of the
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size of the humic colloids. The standard should have similar molecular configuration

as the humic acids. Polystyrene sulfonic acid standard (PSS) have been chosen for the

calibration curve for humic acids because PSS has similar conformation as the humic

acids, and PSS can be produced in very uniform molecular weight [Beckett and Hart,

1993; Thang et al., 2001].

Humic acids are analytically measured by the amount of Dissolved Organic Carbon

(DOC) found in a sample. DOC is related to the DOM by the amount of carbon

present in the organic colloids. Khan and Tomson [1990] used the relationship DOM

=1.724 DOC in the study of the influence of DOM in the transport of hydrophobic

compounds. Other authors had reported the results of their research in terms of the

amount of DOC present in the samples [Enfield et al., 1989; Spurlock and Biggar,

1990; Magee et al., 1991; Lafrance et al., 1994; Ding and Wu, 1997; Nelson et al.,

1998; Worrall et al., 1999].

4.4 Materials and Methods

4.4.1 Silica Sand and Sand Pretreatment

Silica sand (J.T. Baker, Phillipsburg, NJ; CAS N0 14808-60-7) was dry sieved to obtain

a material with particle size between 0.425 mm and 0.500 mm. The sand was cleaned

by treating it with H2O2 to remove organic matter [Kunze and Dixon, 1986] and

citrate-dithionite [Holmgren, 1967] to remove iron oxides. After the treatments, the
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sand was extensively rinsed with deionized water and oven dried at 110◦C.

4.4.2 Aluminosilicate Coating of Silica Sand

Three clay minerals, Texas Smectite (STx-1) and Georgia Kaolinite (KGa1) from the

clay mineral repository (University of Missouri), and Illite No 36 from Morris, Illi-

nois (Ward’s Natural Science, Rochester, NY) were selected to be coated on the silica

sand surface. The clays were treated to remove carbonate by the sodium acetate

buffer method [Kunze and Dixon, 1986], organic matter by the H2O2 method [Kunze

and Dixon, 1986], and iron oxides by the citrate-dithionite method [Holmgren, 1967].

Then, the clays were fractionated to obtain minerals smaller than 2 µm by the sedi-

mentation method. The clays were converted to homoionic specimen by treating the

Texas Smectite with 0.5 M CaCl2, Georgia Kaolinite with 1M NaCl and Illite with 1 M

KCl [van Olphen, 1977]. The clay coating was done using the PVA method described

in detail in Chapter 2 of this dissertation.

Scanning electron microscopy (SEM) was performed using a Hitachi S520 micro-

scope. Samples were mounted dry and sputtered-coated with a 10-15 nm gold layer.

SEM analyses were performed before and after the column experiments to evaluate

changes on the clay coated sand. Specific surface areas were determined on oven dried

samples by N2 adsorption and fitting a BET isotherm (ASAP2010, Micromeritics,

Norcross, GA). The amount of clay coated on the silica grains was determined by

detaching and measuring the amount of detached clay. The clay-coated sands were
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immersed in a pH 7 solution and sonicating six times for 45 minutes in intervals of

3 to 4 hours. These procedures removed the clay coating effectively, as verified by

microscopy. The amount of detached clay was quantified gravimetrically.

4.4.3 Humic Acid Material

Humic acid was obtained from Aldrich (Lot No. 03130JS). The humic acid was dis-

solved in double distilled water at pH 10 and stirred over night in a nitrogen atmo-

sphere. Then the pH of the solution was dropped to pH 1 by adding 2 M HCl. The

material was centrifuged and the supernatant was discarded. This procedure was re-

peated tree times. Then the humic acid was resuspended in a solution at pH 7. The

humic acid concentration was determined using a UV-VIS spectrometer (HP 8452A,

Hewlett Packard) at a wavelength of 254 nm. The spectroscopic measurements were

calibrated with a TOC analyzer (TOC 5000, Shimadzu Corporation, Kyoto, Japan).

Humic acid was fractionated to reduce the polydispersivity of the sample. The

fractionation was carried out using a hollow fiber filter (A/G technology Corporation,

Needham, MA). The system consisted of peristaltic pump (Ismatec, Switzerland), two

pressure transducers (Omega, model PX26, Stamford, CT), one at the inlet and one

at the outlet of filter measuring the pressure of the sample, a data logger (C23X,

Campbell Scientific, Logan, UT), the hollow fiber cartridge, and a set of valves to

control the flux direction (Figure 4.2). The pressure of the system was controlled by

the peristaltic pump. The humic acid was passed through four hollow fiber filters
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of nominal molecular weight cut-off of 100, 50, 30, and 10 KDa. The humic acid

concentration was ≈ 1.2 g/L organic carbon. The solution used for the hollow fiber

fractionation was 0.1 M NaCl, to reduce the interaction of the humic acid with the filter

membrane [Kllduff and Weber, 1992]. After fractionation, humic acids were dialyzed

at room temperature (20–22◦C) until the electrical conductivity of the solution was

less than 5 µS/m, using a cellulose ester membrane of NMWCO of 500 (Spectrum,

CA).

The size distribution of humic acid samples were determined with an asymmetrical

Field Flow Fractionation (Postnova analytics, Salt Lake City, Utah) with a UV de-

tector. The instrument was calibrated with polystyrene sulfonic acid standard (PSS)

of 4.6, 18.0, and 36.0 KDa (Polysciences, Warrington, PA). The standards and the

samples were run with a solution at the same ionic strength and pH than used in the

column experiments (pH 7.5 and 18.55 mM).

Sorption isotherms were determined for humic acids of the 10–30 KDa fraction on

smectite, kaolinite, and illite coated sand. Clay-coated sands were equilibrated with

a series of humic acids concentrations. Specifically, 0.5 g of clay-coated sand were

equilibrated with 5 mL humic acids solution. The humic acids concentrations ranged

from 0 to 180 mg/L OC, at pH 7.5±0.2 and ionic strength of 18.55 mM (same than

column experiments). The humic acid-clay coated sand was then agitated on an orbital

shaker for 24 h at room temperature (20 ◦C). The humic acid concentrations, expressed

as organic carbon, in the liquid phase were determined by UV/VIS spectrometry (HP
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8452A, Hewlett-Packard) at wavelengths of 254 nm. The amount of humic acid sorbed

onto the clay-coated sand was calculated based on mass balance considerations. Even

though the sorption isotherm was determined for the clay-coated sand the results are

reported also based on the clay content of the coated sand only to compare with other

published data.

4.4.4 Column Transport Experiments

Column experiments were performed in a borosilicate glass column of 1.0 cm diameter

and 8 cm length (Omnifit, England). The column was packed with clean and clay-

coated sand, in small increments of the porous materials, keeping the column always

in a saturated condition. The background solution was pumped from the bottom with

a peristaltic pump (Ismatec, Switzerland). To avoid the presence of air bubbles, the

column was filled with CO2 gas for about one minute. After the column was packed

at least 20 pore volumes were pumped through the column to dissolve any residual

CO2 gas bubbles that could remain in the column.

The background solution was a mixture of ions to mimic a soil solution composition;

4.45 mM CaCl2, 1.4 mM MgCl2, 0.4 mM KCl, 0.7 mM and NaCl, with an ionic strength

of 18.55 mM. Sodium nitrate (NaNO3, 0.2 mmol) was used as conservative tracer in

all the column experiments. The tracer and humic acid concentration were measured

online with a diode array spectrometer (HP 8452A, USA); nitrate was measured at

220 nm and humic acids at 254 nm. Calibrations of tracers standards followed Beer’s
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law (Figure 4.1).

Column experiments were analyzed using the code Hydrus 1-D [S̆im̊unek et al.,

1998]. The tracer experiments were used to determine the hydrodynamic dispersion

coefficient D using the advection-dispersion equation (ADE). The Peclet number, Pe,

was then calculated as Pe = vL/D, where L is the length of the column.

Θ
∂C

∂t
+ ρ

∂S

∂t
= D

∂2C

∂x2
− v

∂C

∂x
(4.1)

where ∂S/∂t is the sorption term. Hydrus 1-D implements the general sorption

equation

Sk =
ks,kC

βk
k

1 + ηkC
βk
k

(4.2)

where ks,k [L3M−1], βk [-] and µk [L3M−1] are empirical coefficients. Freundlich and

Langmuir isotherm are obtained when the proper values are set for the coefficients,

e.g., when βk =1 the general isotherm becomes the Langmuir isotherm, when ηk=0,

the equation becomes a Freundlich isotherm. In addition to the general sorption

isotherm, the model includes a first-order term for irreversible sorption. Including all

the parameters the ∂S/∂t can be written as:

∂S

∂t
= ( ks,kC

βk
k

1 + ηkC
βk
k

) + µk (4.3)

The modeling was used in the inverse mode to obtain parameters of the sorption

coefficients of the humic acids on the clay-coated sand, as well in direct modeling mode
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using the parameters determined in the humic acid sorption isotherm.

4.5 Results and Discussion

4.5.1 Clay Coating

The clay content of the clay-coated sand was determined at the beginning and at the

end of the columns transport experiments (Table 4.1). The amount of clay remaining

in the column was higher than 90% of the initial clay content, except for the high-

load smectite that a higher detachment was observed. The SEM micrograph of the

clay-coated sand showed uniform and stable coverage of the clay at the sand surface

(Figure 4.3). No evident change was observed after the humic acid-column-transport

experiments were performed.

4.5.2 Humic Acid Fractionation

The fractograms of the polystyrene sulfonic acid standards are shown in Figure 4.4a.

The standards had a clear pick at different elution times depending on the size of

the molecules. The elution time was independent of the molecule concentration but

the size of the peak was dependent on the polystyrene sulfonic acid concentration.

The field-flow fractionation calibration was linear with a high coefficient of correlation

(Figure 4.4b). This is similar to previously reported data [Kllduff and Weber, 1992].

The humic acid fractionation reduced the polydispersivity of the sample (Figure
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4.5). However the different hollow fiber filters did not produce fractions of different

sizes. This is probably due to the ionic strength of the background solution used in

the fractionation procedure. This concentration was chosen to reduce the interaction

between the humic material and the membrane based on a previous report [Kllduff

and Weber, 1992]. However, for the specific filter used in this study, the ionic strength

seemed to be too high to produce a separation of the humic acids molecules. It has

been reported in the literature that this type of membrane tends to interact with

the humic material, producing an overestimation of the humic size [Li et al., 2004].

In fact, the nominal molecular weight of the membranes were several times higher

than the actual humic acid size, as determined by the field flow fractionation. Since

the humic acid fractionation did not produce different humic acids fractions, only the

humic material obtained from the 10-30 KDa hollow fiber was used to run the humic

acid breakthrough curves.

The sorption of humic acid on aluminosilicate clays is shown in Figure 4.6. The

humic acid isotherms were conducted in clay coated sand. To make possible the

comparison of our results with others reported sorption isotherms, the isotherms are

also reported in terms of the clay minerals present on the sand surface. Similarly, the

amount of humic acid sorbed is shown in terms of the surface are of the clay-coated

sand (Table 4.1). Chorover and Amistadi [2001] found sorption around 12 mg OC/g of

montmorillonite using a Wyoming smectite (Swy-2) with a humic acid obtained from a

forest soil. Kaolinite sorption ranged between 0.8 and 2.5 mg OC/g clay depending on
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the origin and surface charge of the humic acid, at similar pH than used in this study

[Saada et al., 2003]. The sorption of the humic acid in base on the surface area of

the clay-coated sand reduced the difference between minerals that agree with previous

reports [Chorover and Amistadi, 2001]

4.5.3 Humic Acid Breakthrough

The breakthrough curves of NO3
− were similar among the clay-coated sands. Only the

high load shown an early breakthrough due to the anion exclusion, that is in agreement

to what was found in chapter 3 (Figure 4.7). The humic acid breakthrough curves are

shown in Figure 4.8. The humic acids breakthrough curves were well reproducible

(Figure 4.9).

The porous media had clear differences in the capacity to sorb humic acids. In the

short humic acids injection experiments, illite-coated sand had the highest capacity to

sorb humic acids of all the clay used. This is not in agreement with the result of the

batch isotherm, which showed that smectite clay had the highest sorption affinity (but

illite-coated sand has the highest specific surface area). The behavior of the low-coated

smectite (16.7 mg clay/g sand) and kaolinte (33.5 mg clay/g sand) are qualitatively in

agreement of previously reported sorption of both clays, in which smectite had higher

capacity due to the higher surface area [Baham and Sposito, 1994].

We conducted a set of experiments in illite and high-load-smectite-coated sand with

longer pulse of humic acids. The two clays were chosen because they had the high-
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est sorption affinity for humic acid. The injection of approximately 10 mg OC/L for

64-pore volume on illite-coated sand and 86 pore volume on high-load-smectite-coated

sand, demonstrate the differences between the two porous media. Both clay-coated

sands showed a maximum humic acid breakthrough around 40% of the initial concen-

tration. However, the shape of the curves were quite different: whereas illite-coated

sand showed a quick and steep initial breakthrough, smectite-coated sand showed

an initial lag in humic acid breakthrough. The second injection of humic acid pro-

duced steeper breakthrough of humic acids in both clay-coated sand. This increasing

steepness of the initial breakthrough link for sequential injections of humic acids has

also been observed in iron-coated sand [Dunnivant et al., 1992]. The second injection

demonstrated that sorption site on the clay surfaces are limited. The different shape of

the breakthrough curves could be explained in base to previous studies. Chorover and

Amistadi [2001] reported that smectite clay did not make a large distinction between

the humic acid molecules of different molecular weight, therefore the bulk humic acid

was sorbed on the clay surface. This could explain the longer time it took to reach a

relative stable breakthrough. In contrast, illite could present a similar response than

reported for kaolinite, with preferential sorption for large molecules with low surface

charge. This response could explain the early and quick breakthrough observed in this

porous medium [Balcke et al., 2002]. However there is no evidence in the literature

that illite-humic acid interaction had this pattern. One concern is that the clay-coating

with PVA produced a reduction in the hydrophilicity of the clay that could influence
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the response of the porous media, enhancing the interaction of the clay with the less

hydrophilic humic acid fraction.

In base of previous report is very likely that the early breakthrough of humic acid

was due to the fast movement of humic acids of low-molecular weight and higher

surface charge [Gu et al., 1996a; Balcke et al., 2002]. The surface charge of clays and

humic acids could produce an anion exclusion that could explain the fast breakthrough

observed in our experiments.

4.5.4 Humic Acid Breakthrough Modeling

The Peclet number of the model humic acid breakthrough demonstrated that the

porous media had similar hydrodynamic properties (Table 4.2).

The modeling of the humic acid breakthrough curves are shown in Figure 4.11.

The modeling of the experimental data using the sorption-isotherm parameter did not

represent well the data observed. When the inverse mode was used, a first order irre-

versible sorption parameter should be included to represent the maxima breakthrough

observed (Table 4.2). This term represents irreversible sorption due to physical con-

strain in the column. The irreversible sorption parameter could not be obtained from

the batch isotherm, therefore this is one of the main reasons why the modeling using

the batch-sorption parameter did not result in a good representation of the data. The

best-modeled breakthrough curve was the long injection humic acid on illite-coated

sand. In the smectite- and kaolinite coated-sand the estimated values were far from
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the observed data. When the Langmuir-type of isotherm was used, the model did not

converge.

4.6 Conclusions

Humic acid transport was affected by the type of clay coated on the silica sand surface.

Kaolinite was less effective to sorbed humic acids than smectite- and illite-coated sands.

Humic acid was able to breakthrough around 40% of the initial humic acid concentra-

tion on illite-coated sand and high-load-smectite-coated sand. A significant fraction of

the humic acid was able to move quickly through the porous media. The simulation

of the humic acid breakthrough using the isotherm sorption parameter predicted that

breakthrough of humic acid should reach 100% of the initial concentration. The differ-

ence between the predicted and observed humic acid breakthrough showed that more

complex interaction occurred between the clay minerals and the humic acid. A better

fit was obtained when a first order irreversible sorption term was included in the model.

It was demonstrated that humic acids can move trough a clay-dominated porous me-

dia. Further research should be carried out to evaluate if humic acid movement occurs

in natural environments.
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4.7 Tables and Figures
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Table 4.1: Clay-coverage of sands used in the experiments.

Clay coated sand Initial Coverage Final Coverage Specific Surface Area

mg clay/ g sand mg clay/ g sand m2/g

Clean sand – – 0.04±0.001

Kaolinite (KGa1) 33.5±0.3 31.3±0.6 0.74±0.01

Illite (No. 36, Morris) 39.8±1.4 34.3±0.3 1.8±0.02

Smectite-(STx1) (low load) 15.7±1.6 14.5±1.7 1.1±0.003

Smectite-(STx1) (high load) 31.1±1.4 26.9±2.1 1.5±0.01

errors are one standard deviation (n=3)
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Table 4.2: Parameter obtained from modeling humic acid breakthrough curves

Clay coated sand D Pe Kd β µk r2

cm2/min mL/g – min−1

Clean sand 0.139 37.8 0.028 4.59 0.069 0.88

Kaolinite (KGa1) 0.151 36.9 0.12 7.63 0.31 0.84

Illite (No. 36, Morris) 0.141 39.6 0.069 2.35 0.27 0.93

Smectite-(STx1) (high load) 0.148 35.6 55.9 0.06 0.29 0.81
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Figure 4.1: UV-VIS calibration curves for nitrate and humic acids.
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Figure 4.2: Set-up of hollow fiber fractionation system.
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Figure 4.3: Scanning electron micrographs of (a, b) kaolinite-coated sand (KGa1), (c,

d) illite-coated sand (No. 36, Morris), and (e, f) smectite-coated (STx1) sand. The

left column (a,c,e) shows clays-coated sands before humic acid column experiments,

and (b,d,f) shows clays-coated sands after humic acid column experiments.
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(PSS).
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Figure 4.5: Size fractions of humic acids fractionated by filtration. Size fractions were

measured with field flow fractionation.
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Chapter 5

Summary and Conclusion

We developed a new methodology to immobilize aluminosilicate clays on inert supports

like silica sand. Clay minerals are important components of soil and sediments and

play an important role in the transport of solutes. The study of the transport of

solutes in clayey systems is challenging due to the inherent low hydraulic conductivity

of the clays [Wibulswas, 2004]. The research described in this dissertation followed

approaches reported earlier on the coating of silica sand with iron oxides [Chao and

Harward, 1964; Scheidegger et al., 1993; Hur and Schlautman, 2003]. We used two

polymers to bind clay minerals to silica sand: polyacrylamide and polyvinyl alcohol.

Three aluminosilicate clays, Texas smectite (STx1), Georgia kaolinite (KGa1), and

Morris illite were used. The stability of the clay-coated sands was determined over

a pH range of 3 – 13 and in long-term flow experiments. The clay immobilized with

polyvinyl alcohol had high stability with a minimum amount of clay detached from the

silica sand. Alternatively, when polyacrylamide was used the coated clay presented

a pH dependent stability with high clay detachment at pH > 9. We studied the
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electrophoretic mobility of the natural and clay-polymer complexes and we found small

differences between the natural clay and the clay-polymer composite. In addition,

the immobilized clay minerals had a similar isoelectric point as the clay minerals

themselves. The thermodynamic properties of the clays demonstrated that the illite-

polymer complex increased the electron acceptor component of the surface tension,

and decreased the wettability of the clay. The PVA-smectite complex had smaller

wettability than the smectite clay, but for PAM, no differences between polymer-clay

and clay were found.

We used humic acid-, ferrihydrite-, and aluminosilicate clay-coated silica sand to

study miscible transport of a conservative tracer. The miscible displacement experi-

ments were modeled with CXTFIT and we found that all the porous materials had

similar hydrodynamic properties. We also found that the nitrate tracer was subject to

size exclusion on the clay-coated sand and the magnitude of the effect was proportional

to the clay content.

Finally, we used the clay-coated silica sand to study thransport of humic acids

as affected by clay mineral type. Column experiments were conducted using Aldrich

humic acid and a porous media with kaolinite, illite, and smectite coated on silica sand.

The humic acid was injected into the column at a concentration around 10 mg/L of

organic carbon and pH 7.5. The background solution was a mixture of ions to mimic

a soil solution. The clay-coated sand sorbed a large amount of the humic acid, but

still a significant amount of humic acid moved through the column. The humic acid
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breakthroughs were modeled using the Hydrus 1-D code in inverse mode [S̆im̊unek

et al., 1998]. The breakthrough data were used to determine the isotherm parameter

to describe the transport of the humic acid. The Freundlich isotherm resulted in the

best description for the humic acid breakthrough.

The main conclusions of this study are:

• It is possible to immobilize clay minerals on silica sand surfaces using polymers

as bridging agents between the clay and silica surfaces.

• The polymers did not change the isoelectric point nor the electrophoretic mobil-

ity of the clay minerals. However, both polymers increased the electron donor

component of the surface tension of illite and decrease the wettability of the clay.

Similarly, polyvinyl alcohol increased the electron donor component of the sur-

face tension of smectite and decrease the wettability of the clay. Polyacrylamide

did not produce changes in surface thermodynamic properties of the smectite

clay. Kaolinite thermodynamic properties were not affected by the polymers.

• It is possible to change sorption properties of silica sand by coating different

clay minerals, iron oxides, or humic acids. The sorption property of the porous

media was controlled by the coated minerals or humic acids. The hydrodynamic

properties of the porous media was controlled by the silica sand. The Peclet

number showed that the porous media with different coated materials presented

similar hydrodynamic properties.
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• Clay-coated sand sorbed large amount of humic acid. However, a significant

amount of humic acid was able to move through clay-coated sand media. Con-

secutive humic acid injection produced a steepness in humic acid breakthrough.
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