The Pennsylvania State University
The Graduate School
Department of Civil and Environmental Engineering

SYNTHETIC MATERIALS FOR THE UPTAKE OF PERCHLORATE

A Thesis in
Environmental Pollution Control
by
Joo Young Kim

 2009 Joo Young Kim

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

August 2009

The thesis of Joo Young Kim was reviewed and approved* by the following:

Sridhar Komarneni
Distinguished Professor of Clay Mineralogy
Thesis Advisor

Fred S. Cannon
Professor of Environmental Engineering
Co-Advisor

Raymond Regan
Professor of Environmental Engineering
Chair, Environmental Pollution Control Program

*Signatures are on file in the Graduate School

iii

ABSTRACT
The objectives of this thesis research were (a) to synthesize and characterize several
layered double hydroxides (LDHs), organoclays and organosilica (MCM-41) materials, (b) to
study the uptake of perchlorate anions by the above materials (c) to study the kinetics of uptake of
perchlorate anions by the best material and (d) to determine perchlorate selectivity by some of
these materials.
The perchlorate uptake capacities of hydrotalcite- and hydrocalumite-type LDHs, and
cationic surfactant modified silicas and clays synthesized by different methods were compared.
Perchlorate uptake by both hydrotalcite- and hydrocalumite-type LDH were determined and
found to be in the range of 1-19% from a 2mM perchlorate solution with nitrate form of
hydrotalcite having the highest uptake of 18.6 ±1.6% while the carbonate form of hydrotalcite has
the lowest uptake of 1.0 ±0.2%. Organoclays of octadecyl- trimethylammonium chloride
(ODTMA), Dodecyl- trimethylammonium bromide (DoDTMA), and hexadecyltrymethylammonium bromide (HDTMA-1.0 and 5.0 CEC) removed perchlorate in the range of 230% of this oxyanion from a 2mM perchlorate solution. HDTMA of 5.0 CEC has the highest
removal of perchlorate with 30.3 ±0.9% while DODTMA has the lowest removal with 2.2 ±0.8%.
The uptakes of perchlorate were 35.7 ±1.2% and 31.8 ±0.5% by MCM-41 and carbon samples,
respectively.
Cationic surfactant modified silica material (MCM-41) possessing high pore volume and
large specific surface area and organophilic clay i. e., clay-surfactant hybrid with larger interlayer
space resulted in higher perchlorate uptake by adsorption/exchange on the residual charge of
cationic surfactants. The uptake by LDH materials is by anion exchange on the surfaces and from
the interlayers, the latter with nitrate form of hydrotalcite.
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Kinetics of perchlorate uptake were determined on the best material, MCM-41 and found
to be fast. Perchlorate uptake was found to be selective on MCM-41 in the presence of chloride,
nitrate, sulfate or carbonate but not on the best LDH material of nitrate form of hydrotalcite. The
mechanisms of uptake were confirmed by X-ray diffraction (XRD) and Scanning Electron
Microscopy. This study indicated that cationic surfactant containing MCM-41 and organophilic
clays are the best materials for the removal of perchlorate contaminant from water. These
materials could be alternatives to carbons for removal of perchlorate from water.
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Chapter 1

Introduction

1.1 Statement of Problem
Perchlorate is a drinking water pollutant in some parts of USA and may pose a risk for
public health because it can disturb the production of metabolic hormones by the thyroid gland,
affecting development, and may lead to thyroid gland tumors (Matos, 2006; Urbansky, 1998;
2002; Logan, 2001). In adults, the thyroid helps to regulate the metabolism while it plays a major
role in proper development, in addition to metabolism in children. Impairment of thyroid function
in pregnant mothers may affect the fetus and may cause changes in behavior, delay development
and decrease learning capability (Urbansky, 1998; 2002). Therefore, the use of a provisional
cleanup level for this water pollutant in the range of 4-18 ppb (Matos, 2006; US Environmental
Protection Agency, USEPA, 2003) was recommended by the US Environmental Protection
Agency (USEPA). The EPA has established an official reference dose (RfD) of 0.0007
mg/kg/day of perchlorate (US Environmental Protection Agency, USEPA, 2003).
There have been confirmed perchlorate ground or surface water contamination releases in
at least twenty-five states throughout the United States (US Environmental Protection Agency,
USEPA, 2005). The EPA and other federal agencies, states, water suppliers and industry are
working to address perchlorate contamination through monitoring for perchlorate in drinking
water and source water and developing treatment technologies that can remove perchlorate from
drinking water. There are several types of treatment systems designed to reduce perchlorate
concentrations, which are operating around the United States, reducing perchlorate to below the 4
ppb level (US Environmental Protection Agency, USEPA, 2005). The removal of perchlorate
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from groundwater by activated carbon, biological treatment and ion (anion) exchange systems are
among the technologies that are being used, with additional treatment technologies under
development. Ion exchange has been extensively studied for the removal of arsenate, nitrate and
other anions from drinking water sources. This thesis focuses on the removal of perchlorate
oxyanion via an ion exchange process by using layered double hydroxides (LDHs) and cationic
surfactant modified silicas and clays.
Perchlorates, arsenates, arsenites, etc are some of the anions, which are of environmental
concern because they are hazardous to humans and/or to other forms of life depending upon their
concentration in drinking or irrigation water. Remediation of the environment or decontamination
of drinking water through filtration is possible with the use of a highly selective material for these
anions. Anionic exchange, i.e., exchange of interlayer anions with other anions in anionic clays
has been studied previously (Miyata et at., 1983; Meyn et al., 1990; Badreddine et al., 1998;
1999; Komarneni et al., 2003). However, to the best of our knowledge, few, if any, uptake studies
of perchlorates by Mg-Al or Ca-Al layered double hydroxides, organoclays, and organosilica,
MCM-41 have been reported.

1.2 Objectives
Thus the main objectives of this thesis are to synthesize a variety of materials such as
layered double hydroxides with different composition of layers and interlayers, organoclays
(Baldassari et al., 2006) and organosilicas and to investigate their perchlorate anion uptake
properties. The various objectives of this thesis are (a) to study the uptake of perchlorate anions
by the various synthetic materials, (b) to characterize the various materials before and after
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uptake of perchlorate, and (c) to study the kinetics of uptake and selective uptake of some of the
best materials.
Chapter 2 includes the review of current literature on structures and anionic contaminant
(including perchlorate) removal studies by LDH, orgranoclays and organosilicas (As-synthesized
MCM-41 is a prototypical example, Beck et al., 1992) and current literature on chemistry and
properties of perchlorate oxyanions. Chapter 3 describes the experimental methods used to
synthesize and characterize LDH, organoclays and MCM-41 in this study. Chapter 4 presents the
results on uptake of perchlorate by LDH, organoclays and MCM-41 materials. Chapter 5
discusses the summary and overall conclusions from this research.
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Chapter 2

Literature Review

2.1 Introduction
This chapter briefly reviews the chemistry and properties of perchlorate, studies of uptake
of perchlorate by different materials and the structure, synthesis, characterization and applications
of layered double hydroxides, ogranoclays and organosilicas (MCM-41).

2.2 Literature review on chemistry and properties of perchlorate
Most of the perchlorate manufactured in the United States is used as the primary
ingredient of solid rocket propellant (Gullick et al., 2001; Urbansky, 1998; 2002; USEPA, 2005).
Wastes from the manufacture and improper disposal of perchlorate-containing chemicals are
increasingly being discovered in soil and water. Perchlorate is a man-made anion commonly
associated with the solid salts of ammonium, potassium, and sodium. Ammonium perchlorate is
the mostly widely used perchlorate compound. It has also been found to occur naturally in certain
highly arid environments. These salts are highly soluble in water, and because perchlorate
adheres poorly to mineral surfaces and organic material, it can be very mobile in surface and
subsurface aqueous systems. Also, since it is relatively inert in typical groundwater and surface
water conditions, perchlorate contamination may persist for extended periods of time.
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2.3 Treatment of perchlorate by different materials

2.3.1 Treatment of perchlorate by anion exchange resins
Urbansky et al., (1998) used several technologies such as physical separation
(precipitation, anion exchange, reverse osmosis, and electrodialysis), chemical and
electrochemical reduction, and biological or biochemical reduction for perchlorate remediation.
They found that bioremediation and biological or biochemical treatments are the most
economically feasible, fastest and easiest means of dealing with perchlorate laden waters at all
concentrations.
Gu et al., (1999) tested novel bifunctional selective anion exchange resins for the costeffective, in place treatment of groundwater contaminated with perchlorate (ClO4-). The
bifunctional resins were found to be particularly effective in removing trace quantities of ClO4- in
groundwater to below the detection limit (~3μg/L).

Burge and Halden (1999) investigated the removal of nitrate and perchlorate from ground
water by ion exchange using several ion exchange resins and they found that the selectivity of one
of the resins for perchlorate was 150 times greater than that for chloride.
Gu et al., (2002) studied treatment of perchlorate-contaminated groundwater using highly
selective, regenerable ion-exchange technology using anion exchange resins such as purolite D3696, a bifunctional resin. By using the FeCl3-HCl regeneration technique, nearly 100% sorbed
perchlorate was recovered with regenerant solution having passed through the column.
Batista et al., (2002) explored combining ion-exchange technology and biological
reduction for perchlorate removal. In this study, they reviewed perchlorate removal with 3
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systems that combine ion exchange resin and biological reduction for treating the waste solution
resulting from resin regeneration. Tetrachloroferrate (FeCl4-) has been shown to successfully
regenerate selective bifunctional resins loaded with perchlorate (Batista et al., 2002).
Tripp et al., (2006) explored options for removing perchlorate from drinking water using
commercially available ion exchange resins. Experimental data provided perchlorate selectivity,
capacity, and thermodynamic properties of the resins. Three treatment approaches were suggested
for removing perchlorate to low concentrations by using partial exhaustion-regeneration using
polyacrylic resins i.e., process similar to current nitrate treatment techniques.
Lin et al., (2006) studied a simple and highly effective process for perchlorate removal
based on electrically switched ion exchange (ESIX) method that was developed by using
polypyrrole (PPy) deposited on high surface area carbon nanotubes. The redox switching of
conducting polymers such as polypyrrole is accompanied by the exchange of ions into or out of
the polymer. This effect could be used for the development of an electrically switchable ionexchanger for water purification, particularly for the removal of anions. The results of their study
point to the possibility of developing a green process for removing ClO4- from wastewater using
such a novel nanostructured PPy/CNT composite thin film through an electrically switched anion
exchange.
Xiong et al., (2006) studied removal of perchlorate from contaminated water using a
regenerable polymeric ligand exchanger (PLE), DOW 3 N‐Cu. Different PLEs have been
prepared using different transition metal cations. Perchlorate sorption isotherms and sorption
kinetics were determined to investigate each PLE‟s characteristics.
Hristovski et al., (2008) explored simultaneous removal of perchlorate and arsenate by
ion-exchange media modified with nonostructured iron hydroxide. Hybrid ion exchange (HIX)
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media were prepared by impregnation of non-cystalline iron hydroxide nanoparticles onto strong
base ion-exchange resins using two different chemical treatment techniques. Sphere-like clusters
of nanomaterials were formed by in situ precipitation of Fe (III) salt. The HIX media exhibited
greater adsorption capacity for arsenate than for perchlorate.
Roach and Tush (2008) studied equilibrium dialysis and ultrafiltration for perchlorate
removal from aqueous solution using poly (diallyldimethylammonium) chloride. Using poly
(diallyldimethylammonium) chloride, the effectiveness and efficiency of polyelectrolyteenhanced ultrafiltration (PEUF) in the removal of perchlorate from other aqueous solution
components was studied by testing parameters such as polyelectrolyte concentration, pH, and
ionic strength. Removal of perchlorate was examined from synthetic groundwater initially
containing 10.3ppm perchlorate along with other anions such as chloride, sulfate, and carbonate.
Perchlorate separations of greater than 95% were achieved (Roach and Tush, 2008) in the
presence of 10 times concentration of competing ions.
Yoon et al., (2003) studied determinations of perchlorate anion (ClO4-) transport and
rejections applied using a surfactant modified ultrafiltration (UF) membrane. Perchlorate anion
was added to the membrane as a pure component, in binary mixtures with other salts, cationic and
anionic surfactants, and at various ionic strength conditions. With this research, they modified a
negatively charged membrane with cationic/anionic surfactants for ClO4- rejection and found that
perchlorate rejection occurs by changes in size exclusion and electrostatic exclusion, which can
be influenced by cationic surfactant conditioning (Yoon et al., 2003).
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2.3.2 Treatment of perchlorate by activated carbon tailored with cationic surfactants
Parette and Cannon (2005) investigated tailored granulated activated carbon (GAC) to
remove ppb levels of ClO4- from ground water by pre-loading bituminous activated carbon (AC)
with dicocodimethylammonium chloride, tallowtrimethylammonium chloride,
cetyltrimethylammonium chloride, or cetylpyridinium chloride. By preloading AC with cationic
surfactants, 75 ppb perchlorate was removed for 27,000-35,000 bed volumes before the effluent
perchlorate rose above 1 ppb. These experiments were conducted with natural groundwater that
also consisted of 30 mg/L sulfate, 26 mg/L nitrate (as NO3-), and other ions.
Parette et al., (2005) also reported on the removal of low ppb level perchlorate, RDX, and
HMX from groundwater with cetyltrimethylammonium chloride (CTAC) preloaded activated
carbon. These authors patented the above method for perchlorate removal or other anionic
contaminants from ground water (Cannon et al., 2005). This method consists of passing the fluid
over GAC either preloaded with an organic cation functional group or organic cation polymer or
cationic monomor, or tailored with ammonium or other reduced nitrogen-containing compound.

2.3.3 Treatment of perchlorate by miscellaneous materials
Xiong et al., (2007) studied complete transformation of perchlorate in water or ionexchange brine using stabilized zero-valent iron nanoparticles. Batch kinetic tests illustrated that
using an iron dosage of 1.8gL-1 at a temperature in the range of 90-95oC eliminated perchlorate
within 7 hours in contaminated water sources and simulated ion-exchange brine. These kinetic
tests proposed that Cl (VII) in perchlorate was rapidly reduced to chloride.
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Miyata (1975) studied the syntheses of hydrotalcite-like compounds containing various
monovalent inorganic anions and their structures and physico-chemical properties for the systems
of Mg2+-Al3+-NO3-, Mg2+-Al3+-Cl-, Mg2+-Al3+-ClO4-, Ni2+-Al3+-Cl- and Zn2+-Al3+-Cl-. This paper
explored the exchange of Cl-, NO3- and ClO4- anions by CO32- and found that these anions can be
easily substituted by CO32-.
Goh et al., (2008) reviewed application of layered double hydroxides (LDHs) for removal
of oxyanions from contaminated waters. They found many studies which investigated the use of
layered double hydroxides for oxyanion removal by both surface adsorption and anion exchange
of the oxyanions from the interlayers of the LDH structure. Many harmful oxyanions such as
arsenate, chromate, phosphate, etc. were studied but, they did not find any study for the removal
of perchlorate by LDHs.
In a patent, Nzengung (2005) reported that surfactant modified clay could be used for
removal of perchlorate, nitrosamines, and dioxane. He proposed several techniques for different
surfactant-modified earth materials such as clays, zeolites, minerals and soils for the removal of
perchlorate from water. He suggested that tailored GAC may be a better sorbent for perchlorate
but it is more expensive than the low-cost tailored clays and other earth materials.
Thus a review of the literature shows that the main materials used for the uptake and/or
treatment of perchlorate were anion exchange resins and activated carbon tailored with cationic
surfactants. There were no studies of perchlorate uptake by layered double hydroxides (LDH),
inorganic anion exchangers. There was one patent which suggested the use of cationic surfactant
modified earth materials for perchlorate removal. Therefore, my thesis has focused on
perchlorate uptake by LDH and cationic surfactant modified clays (organoclays) and silicas
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(organosilicas). A brief review of the structures, synthesis and characterization of LDH,
organoclays and organosilicas (MCM-41) is presented below.

2.4 Layered Double Hydroxides

2.4.1 Structure of Layered Double Hydroxides
Layered double hydroxides (LDHs), commonly known as hydrotalcite-like compounds or
anionic clays are a family of natural and synthetic (Reichle, 1986) materials. They are derived
from the structure of brucite mineral. Brucite structure is formed by stacking of neutral layers of
Mg(OH)2. LDHs have received considerable attention in recent years because of their layered
structures, anion exchange properties and high positive charge density of their layers. They have
important anion exchange and intercalation properties, which make them potentially useful
materials for a wide variety of technological applications in various fields, such as industrial
catalytic processes, electrochemistry, separation technology, pharmaceuticals, polymer
reinforcement, and environmental clean-up by ion exchange, or adsorption process (Cavani et al.,
1991; DeRoy et al., 1992). Their physicochemical properties, such as ion exchange ability, the
extent of hydration and ionic conductivity, as well as their reactivity are largely determined by the
interactions between the hydroxylated sheets and the interlayer species (Aisawa et al., 2005;
Chang et al., 2005).
Layered double hydroxides consist of positively charged layers with two different
valences of metallic cations and exchangeable hydrated gallery anions. They are referred to as
hydrotalcite-like compounds (Fig. 2.1) based on the mineral hydrotalcite, [Mg6 Al2
(OH)16]2+CO32- • 4H2O (Reichle, 1986). If some of the divalent ions are substituted by trivalent
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cations such as Al3+, positive charge will be created on the layers. Different anions with water
molecules can be inserted into the interlayers of the metal hydroxide layers (Carrado et al., 1988).
LDHs are commonly represented by the formula:
[Mz+1-xM 3+ x (OH)2][Xn-x/n•yH2O].
Most commonly, z = 2, and M2+ is a divalent cation, Ca2+, Mg2+, Mn2+, Fe2+, Co2+, Ni2+,
Cu2+ or Zn2+ etc. and M3+ is a trivalent cation, Al3+, Cr3+, Fe3+, etc (Olanrewaju et. al., 2000;
Aisawa et al., 2005; Chang et al., 2005., Iye et. al., 2004). LDHs may be formed with a wide
variety of anions X (e.g. Cl-, NO3-, ClO4-, CO32- or SO42-) and y is the number of moles of
coordinated molecules usually water per formula weight.

Figure 2.1 Structural model of hydrotalcite-like compounds

The bonding between octahedral layers and interlayers involves a combination of
electrostatic effects and hydrogen bonding (Radha et al., 2005). Most minerals contain cations
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(Mg and Al) and the charge balancing anion is most often carbonate. LDH is made up of brucitelike layers of octahedral composition, [M2+4+xM3+2(OH)12+2x]2+ along with an interlayer of anions
and water molecules [Am-2/m.pH20]2- (Fig. 2.2). The interlayer anions must compensate the charge
on the layers originated by the M2+/M3+ substitution (Zaneva and Stanimirova 2004).

Figure 2.2 Schematic of M2+ (Cu, Ni, Co and Zn) substitution for Mg2+ in anionic
clay structure through the interlayer space (Komarneni et al., 1998).

A sketch of the hydrotalcite structure is shown in Fig. 2.3. It has been found that different
stackings of brucite-like layers can occur either in hexagonal symmetry or rhombohedral
symmetry. Moreover, LDHs having more than two species of the second cation have been mixed
(Nunan et al., 1989). Varying the M2+/M3+ ratio can change the charge density and the anion
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exchange capacity of the LDHs (Goh et al., 2008). Carbonate is the most common anion observed
in naturally occurring LDH, hydrotalcite, Mg6Al2(OH)16CO3.4H2O.

Figure 2.3 Schematic representation of the layered double hydroxide structure
(Goh et al., 2008).

Generally, LDH materials can be prepared by direct synthesis, such as precipitation of
mixed-metals as hydroxide in a solution containing the anion to be located in the interlayer. They
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can also be prepared by anion exchange method i.e., the so-called reconstruction method
consisting of suspending the solid obtained by mild calcination of a LDH material in a solution
containing the anion to be intercalated (Kloprogge et al., 2006).
In this study, we present the use of LDHs for uptake of perchlorate from contaminated
water. The Chloride, nitrate and carbonate form intercalated hydrotalcite and hydrocalumite are
similar minerals belonging to the LDH group of materials. In hydrotalcite-type compounds, Mg2+
is replaced by Al3+ while in hydrocalumite-type compounds, Ca2+ is replaced by Al3+ with the
positive electric charge balanced by anions in the interlayer space. The [Mg-Al] LDH and [CaAl] LDH were synthesized in this study with Mg/Al ratios of 2:1, 3:1, 4:1 and Ca/Al ratios of 2:1,
3:1, 4:1, respectively by coprecipitation method (see Experimental).

2.4.2 Characterization of LDHs or anionic clays
Several analytical techniques can be used to characterize anionic clays. The analyses that
are most frequently used are powder X-ray diffraction (PXRD), scanning electron microscopy
(SEM), Raman spectroscopy and transmission electron microscopy (TEM).

2.4.3 X-ray diffraction of LDHs or anionic clays
X-ray patterns generated by powder X-ray diffraction (PXRD) are normally acquired
using randomly oriented powdered samples. The typical layered double hydroxides have a
characteristic XRD pattern as shown in Fig 2.4. The XRD pattern shows sharp peaks (reflections)
at low 2θ angles and relatively weak non basal reflections at higher 2θ values.

17

Figure 2.4 Typical X-ray pattern of layered double hydroxide (Goh et al., 2008)

The d-spacing can be calculated by using Bragg‟s Law: d = λ/2sinθ; where d is the
distance between planes of atoms; θ is diffraction angle; λ is wave length. The d-spacing depends
upon size and orientation of the charge balancing ion. The d-spacings of the sample shown in Fig.
2.4 can also be labeled in angstroms (Å) or nanometers, nm.

2.5 Organoclays

2.5.1 Structure of Organoclays
Organophilic clays (usually known as „organoclays‟) are clay-surfactant hybrids resulting
from an ion exchange of hydrophilic clays with quaternary ammonium salts (Favre and Lagaly,
1991). The nitrogen end of the quaternary ammonium cation is ion exchanged onto the clay
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platelet for sodium or calcium, the most common cations that balance the charges of a
montmorillonite clay platelet. Organoclays have been mainly prepared using smectites such as
montmorillonite or hectorite. Smectites are a group of phyllosilicate minerals, whose layered
structure is made up of two-dimentional sheets of oxygen atoms coordinating cations (Baldassari
et. al., 2006).
Figure 2.5 shows a schematic of alkyl-chain aggregation in the interlayer of
montmorillonite. Figure 2.5a describes lateral-monolayer, figure 2.5b indicates arrangement of
lateral-bilayer, figure 2.5c shows a paraffin-type monolayer and Figure 2.5d describes paraffintype bilayer (He et al., 2004).

Figure 2.5 Schematic of alkyl-chain aggregation in the interlayer of
montmorillonite. The single open circles represent carbon atoms while nitrogen atoms in
cationic head groups are represented by black filled circles (He et al., 2004).
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Clays are usually hydrophilic because of exchangeable cations as well as the presence of
Si-O groups (Kloprogge et al., 1999) but after exchange with organic ammonium cations, they
exhibit hydrophobic or organophilic property. In this study, we synthesized organically modified
clays using a natural Na- montmorillonite and a synthetic mica with low charge (128 meq /100g
of dry clay) (Komarneni et al., 2000; Kodama et al., 2001). Micas belong to the group of 2:1
phyllosilicates and differ from smectites in chemical composition and layer charge (Bailey, 1984)
but the synthetic low-charge mica used here behaves like montmorillonite.
In this thesis, I prepared the organoclays using 3 different organics which are dodecyltrimethylammonium bromide, octadecyl- trimethylammonium chloride, hexadecyltrimethylammonium bromide to evaluate any differences in interlayer spacing with intercalation
of substances with different molecular weights. We performed the syntheses using the
conventional hydrothermal treatment. We established that, applying natural Na- montmorillonite
or low-charged mica as precursors, a complete intercalation can be easily accomplished at a
temperature of 100oC.

2.5.2 Charcterization of Organoclays
The most widely used techniques to characterize the clay-surfactant hybrids is X-ray
diffraction (XRD), which gives the basal d-spacing of the clay minerals in the hybrids (He et al.,
2004).

20
2.5.3 X-ray diffraction of Organoclays
X-ray patterns created by powdered X-ray diffraction (PXRD) are normally acquired
using randomly oriented powdered samples. The typical XRD patterns of
HDTMA+/montmorillonite hybrids have a characteristic XRD patterns as shown in Figure 2.6.
Figure 2.6 shows that with the increase of the concentration of surfactant, the arrangement of
surfactant in the clay interlayer will vary from lateral-monolayer, to lateral-bilayer, then to
paraffin-type monolayer and finally to paraffin-type bilayer (Fig. 2.5) based on the XRD patterns
(Fig. 2.6). It contained sharp peaks at low 2θ angles and relatively weak non basal reflections are
observed at higher 2θ values.
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Figure 2.6 XRD patterns of hexadecyl- trimethylammonium
cation/montmorillonite hybrids with surfactant concentration at 0.2, 0.5, 0.7, 1.5 and 5.0
CEC. Spacings in nm (He et al., 2004).
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2.6 Organosilicas

2.6.1 Structure of MCM-41 organosilica
Mesostructured silica MCM-41 has been one of the most extensively studied
mesostructured materials since its first synthesis by Mobil scientists in 1992. The hexagonal
structure, with each pore surrounded by six neighbors, occurs in MCM-41, and has hexagonal
array of uniform unidimensional mesopores and has been synthesized with mesopore channels
varying from approximately 15Å to greater than 100Å in size. These materials have high pore
volumes, very high surface areas and adsorption capacities. These materials can be synthesized
with uniform pore size and narrow adjustable pore size distribution under controlled conditions
(Li et al., 2003). Mesoporous silicas, such as MCM-41, are potentially useful as sorbents, and
heterogenous catalysts (Mokaya, 2001).
A common method for preparing mesoporous metal oxides is impregnation, where
several synthesis variables such as temperature, type and concentration of surfactant, pH, and
silica source etc. could be controlled. Various synthetic procedures were developed for synthesis
of these materials i.e., by hydrothermal or room temperature (Gaydhankar et al., 2007).
Mesoporous molecular sieves prepared via the „Liquid Crystal Templating‟ (LCT) mechanism
involves the assembly of solid inorganic framework between the surfactant liquid crystal
structures. The resulting materials are extremely important as catalysts due to their extensive
internal space which allows faster diffusion of molecules (Beck et al., 1992).
“Silica” itself is a multifaceted system of molecular and polymeric anion species whose
composition and concentration can be expected to exercise control over the liquid crystalline
phase (usually quaternary ammonium cations such as cetyltrimethyl ammonium cations are used)
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which forms and it is subsequently trapped by silicate condensation (Beck et al., 1992). In figure
2.7, two possible Liquid Crystal Templating (LCT) mechanicstic pathways to the formation of
mesoporous molecular sieves are shown. In pathway 1, the liquid crystal phase is intact before the
inorganic precursor is added; in pathway 2, addition of the inorganic precursor mediates the
ordering of the encased surfactant micelles.

Figure 2.7 Possible mechanistic pathways for the formation of MCM-41silica
material (Beck et al., 1992)

2.6.2 Characterization of MCM-41
Several analytical techniques have been used to characterize MCM-41. The usual
analyses that are most frequently used are low-angle powder X-ray diffraction (PXRD), scanning
electron microscopy (SEM), Raman spectroscopy and transmission electron microscopy (TEM).
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In Figure 2.8, the transmission electron micrographs indicate the hexagonal arrangement of
regular channels for a range of MCM-41 materials with pore sizes 20- 100Ǻ (Beck et al., 1992).

Figure 2.8 Transmission electron micrographs of several MCM-41 silica materials
having Ar pore sizes of (a) 20, (b) 40, (c) 65, and (d) 100Ǻ (Beck et al., 1992).

2.6.3 X-ray diffraction of MCM-41
X-ray patterns produced by powdered X-ray diffraction (PXRD) are normally obtained
using randomly oriented powdered samples. The number in Figure 2.9 under d(Ǻ) column, e.g.
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39.8, indicates the X-ray powder diffraction d-spacing of the material. Typical MCM-41
materials can be indexed on a hexagonal lattice which exhibits 3 to 5 peaks at low 2θ angles.

Figure 2.9 Powder X-ray diffraction pattern of calcined MCM-41 silica (Beck et
al., 1992).
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Chapter 3

Experimental

3.1 Introduction
The purpose of current work is to investigate the uptake of perchlorate by different
materials. Layered double hydroxides (LDHs) are one group of materials that are capable of
taking up perchlorate by anion exchange. Cationic surfactant modified clays and silicas constitute
another group of materials for perchlorate uptake. The perchlorate uptake capacities of
hydrotalcite- and hydrocalumite- type LDHs, organoclays and organosilicas (MCM-41) were
investigated here. The syntheses of LDHs, organoclays and MCM-41 used in this thesis are
described below.

3.2 Materials
Magnesium chloride, aluminum chloride, calcium chloride, magnesium nitrate, aluminum
nitrate, calcium nitrate, sodium hydroxide, ammonium hydroxide, urea, were acquired from
Aldrich chemical company for synthesis of LDH. For the preparation of organoclays, two clays
were used: Na- montmorillonite from Wyoming (Na-MM) and a synthetic clay
(NaSi7AlMg6O20F4). Dodecyl- trimethylammonium bromide (DoDTMA), octadecyltrimethylammonium Chloride (ODTMA), and hexadecyl- trimethylammonium bromide
(HDTMA) were the salts used for intercalating organoammonium cations in the interlayers of
clays. Cetyltrimethylammonium bromide (CTMABr), ammonium hydroxide, and
tetraethoxysilane were obtained for synthesis of MCM-41.
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3.3 Experimental Procedures

3.3.1 Chloride Forms (Cl-) of Mg-Al and Ca-Al LDH
The chloride form of LDH with magnesium and aluminum (Mg-Al LDH) was prepared
by coprecipitation of mixed Mg and Al chloride solution using a base solution. Aqueous solutions
of magnesium chlorides MgCl26H2O (1.2M) and aluminum chloride, AlCl36H2O (0.4M) were
first prepared to get a Mg/Al molar ratio of 3 using 50 ml distilled water. An aqueous solution of
sodium hydroxide, NaOH (6M) was prepared in 50 ml distilled water. The Mg-Al solution was
added drop wise to the NaOH solution while mixing to synthesize Mg-Al LDH at room
temperature.
Similarly, the chloride form of Ca-Al LDH was synthesized with calcium and aluminum
chlorides. The chloride form of hydrocalumite was made with calcium chloride and aluminum
chloride after mixing them together in sodium hydroxide solution. An aqueous solution of NaOH
(2.5M) was first prepared by dissolving NaOH in 50 ml of distilled water. A 50 ml aqueous
solution of Ca-Al was made by dissolving CaCl22H2O (0.9M) and AlCl36H2O (0.3M) in a Ca/Al
molar ratio of 3. This 50 ml of mixed Ca-Al solution was slowly added drop by drop to 50 ml of
sodium hydroxide base solution under vigorous stirring conditions to synthesize Cl- form of CaAl LDH at room temperature.

3.3.2 Nitrate Forms (NO3-) of Mg-Al and Ca-Al LDH
The nitrate form of LDH of magnesium with aluminum, (Mg-Al LDH) was prepared by
mixing Mg and Al metal nitrate solution with a base solution. Salts of magnesium nitrate,
Mg(NO3)26H2O and aluminum nitrate, Al(NO3)39H2O were dissolved in 10 ml distilled water to
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get a 3:1 molar ratio of Mg to Al. This mixed acid solution was then added drop wise to 90 ml of
an aqueous ammonium hydroxide, NH4OH under vigorous stirring conditions to synthesize the
nitrate form of Mg-Al LDH.
Similarly, the nitrate form of Ca-Al LDH was synthesized with calcium and aluminum
nitrates. An aqueous solution of NH4OH of 90 ml was prepared. A 10 ml of aqueous solution was
prepared by dissolving Ca(NO3)2H2O and Al(NO3)39H2O in a 3:1 molar ratio. This 10 ml of
mixed acid solution was added drop wise to 90 ml of ammonium hydroxide under vigorous
stirring conditions to prepare nitrate form of Ca-Al LDH.
In order to examine the role of Mg/Al and Ca/Al molar ratios on perchlorate uptake,
chloride and nitrate forms of LDH with Mg/Al and Ca/Al molar ratios of 2:1 and 4:1 were also
prepared using the same procedure as described above. All the syntheses were carried out above
pH 10 using NaOH.

3.3.3 Carbonate form of Mg:Al LDH – Urea Method
The carbonate form of Mg:Al LDH was synthesized by a homogeneous precipitation
method using urea. The Mg:Al (3:1)-CO32- LDH was prepared using urea, magnesium chloride
and aluminum chloride as starting chemicals. A mixed aqueous solution of Mg/Al/urea at a molar
ratio of 3:1:10 was first prepared using magnetic stirring at room temperature. Then the
homogeneous solution was transferred into a Teflon-lined autoclave and heated at 125oC or 150
o

C or 175 oC for 24 hours to synthesize this LDH material as previously reported by (Ogawa,

2002). After cooling to room temperature, the solid precipitate was collected by centrifugation
and washed with deionized water subsequently to remove all soluble species. The pH of the
solution changed from 3.4 at the beginning to 8.4 at the end of the reaction.
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White precipitates were formed with syntheses of all LDH materials. The precipitates
formed were collected, centrifuged and washed with distilled water three times with a final
washing using a mixture of 50% ethanol and 50% distilled water. After washing the precipitates
by centrifugation, the precipitates were frozen in a freezer for 24 hours. The samples were then
freeze dried in a freeze dryer for 3 days.

3.3.4 Synthesis of Organoclays
For the preparation of organoclays one naturally occurring clay from Wyoming (SWY-1)
and one synthetic clay, NaSi7AlMg20F4xH2O (Na-1-mica) were used. The Na- montmorillonite
(Na-MM) used here has a cation exchange capacity (CEC) of about 0.8 meq/g while the synthetic
clay was assumed to have a CEC of about 1.2 meq/g. The organics used for the synthesis of
surfactant clay hybrids are dodecyl- trimethylammonium bromide (DoDTMA), octadecyltrimethylammonium chloride (ODTMA) and hexadecyl-trimethylammonium bromide
(HDTMA). The Na- montmorillonite (Na-MM, 781.25mg) was dispersed in distilled water
(25ml) containing an amount of quaternary ammonium salt equivalent to 140% of its CEC.
Similarly, hexadecyl- trimethylammonium bromide (HDTMA) was used to prepare
organoclays using Na-MM and synthetic clay, Na-1-mica. The concentration of HDTMA used
was equivalent to 1.0 CEC or 2.0 CEC or 5.0 CEC of montmorillonite (He et al., 2004). The
concentration of HDTMA used for the intercalations of synthetic mica was equivalent to 5.0 CEC
of synthetic clay.
The reactions of clays and quaternary ammonium salts were conducted in hydrothermal
vessels at 100oC in an oven for 6 hours. After hydrothermal treatment, the contents were cooled
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and the samples were collected in centrifuge tubes. All samples were centrifuged and washed
with distilled water and ethanol about 5 times and dried at 60oC in an oven for 16 hours.

3.3.5 Synthesis of MCM-41 (Silica)
The synthesis of Si-MCM-41 was done at room temperature as follows: 2.04g
cetyltrimethylammonium bromide (CTMABr) was dissolved in 114 ml of distilled water under
vigorous stirring to which 16.33g of aqueous ammonia solution was added and stirred for 10
minutes. To the above solution, tetraethoxysilane (10 ml) was added drop wise with continuous
stirring for 4 hours (Gaydhankar et al., 2007). The precipitated samples were centrifuged, washed
3 times with distilled water and then dried in an oven at 90-100oC for 4 hours.

3.3.6 Cationic surfactant modified activated carbon
I also used one cationic surfactant modified granulated activated carbon (courtesy, Dr. R.
B. Parette) to compare with the materials synthesized here. The activated carbon was AquaCarb
1240 (from Siemens Water Technologies) that was ground to a size range of 200x400 mesh. The
carbon was then preloaded Arquad 2C-75 (Akzo-Nobel) by subjecting 25 g of GAC to 2L of
distilled water containing 7.2 g of Arquad 2C-75 (as solid surfactant, total wt of Arquad 2C-75
was 9.3 g, the balance of the Arquad 2C-75 mass is water and isopropyl alcohol). After 1 week,
the carbon was dried and the loading was determined to be 0.18 grams of Arquad 2C-75 (as solid
surfactant) per gram GAC based on the mass change of the carbon.
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3.4 Characterization

3.4.1 X-ray Diffraction
Powder X-ray diffraction patterns of synthesized LDHs were taken with a Scintag
diffractometer operated at 35 kV voltage and 30 mA current using CuKα radiation.
The X-ray diffraction patterns of each sample was recorded using a scanning rate of 5o
(2θ)/min and in the range of 5-45 degrees two theta. The X-ray peaks can be used to identify the
sample and whether it is pure or not. The MCM-41 silica and organoclays were also characterized
by X-ray diffraction (XRD) patterns but their patterns were recorded in the range of 2 to 10o two
theta at a scanning speed of 2o(2θ)/min.
The MCM-41, Organoclays and LDH materials before and after perchlorate and
perchlorate treatment were loaded into the cavity of a zero background slide and hence semi
quantitative comparisons of their peak intensities can be made. Any peak shifts after perchlorate
exchange could also be detected.

3.4.2 Scanning Electron Microscopy
Some of the samples were characterized by scanning electron microscope (SEM) to
determine the particle size and morphology. Scanning electron microscopy was done using a field
emission scamming electron microscope (JSM-6700F, JEOL, Tokyo, Japan) on samples coated
with very thin carbon using a carbon coater. An accelerating voltage of 5 KV was used for
observation with the microscope.
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3.5 Uptake of Perchlorate by Synthetic LDH, MCM-41 and Organoclays
The uptake of perchlorate by layered double hydroxides, MCM-41 and different
organoclays was carried out as follows:
First, 2mM Na perchlorate solution was prepared in a 2 liter volumetric flask. The pH of
this solution was measured and found to be 9.68. Fifty mg of each material was weighed into
centrifuge tubes. To each tube, 25 ml of 2 mM Na perchlorate solution was added, sealed with
caps and shaken on a shaker for 24 hours. The above perchlorate equilibration experiments were
conducted in triplicate. Kinetic studies were conducted similarly using different times for
equilibration.
After equilibration the samples were centrifuged and a 10 ml of solution was taken out
for perchlorate analysis. Equilibrium pH of the solutions was measured in all tubes after
removing 10 ml solution. After the first centrifugation of the solids and solution the solids were
combined from triplicates followed by washing 4 times with 25% of distilled water and 75%
ethanol. The solids were then allowed to dry at room temperature.

3.6 Selectivity study of perchlorate anion by Mg:Al (2:1)- NO3- and MCM-41
I have selected the above two samples for selective perchlorate anion uptake studies.
Equal concentrations of perchlorate and competing anions such as Cl- or NO3- or SO42- or CO32were used in the selectivity studies and the perchlorate uptakes with competing ions were
compared with perchlorate uptake when it was present alone.
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3.7 Perchlorate Analyses.
Perchlorate concentrations were monitored with the use of a Dionex DX-120 ion
chromatograph. The Dionex DX-120 was equipped with an AS40 autosampler, a 4-mm AS16
column, a 4-mm AG16 guard column, a 4-mm ASRS 300 suppressor, and a DS4 detection
stabilizer. The stabilizer used a current of 300 mA and a temperature of 35 oC. The eluent
concentration used was 25 mM NaOH. A 25 uL sample loop was used.
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Chapter 4

Results and Discussion

4.1 Powder X-ray Diffraction Results

4.1.1 X-ray Diffraction Results of Layered Double Hydroxides
The X-ray diffraction (XRD) patterns are shown in Figures 4.1 to 4.5 for the different
Mg-Al and Ca-Al LDH phases having varied composition of layers and interlayers. The XRD
patterns shown are typical for LDH materials synthesized at low temperatures with sharp or broad
peaks at low 2θ values, and weak non basal reflections at higher 2θ values. The numbers at the
top of the peaks in the XRD patterns (Figures 4.1 to 4.5) indicate the d-spacings of the various
reflections in Å. The d-spacings of (003) reflections give an estimate of the layer + interlayer
thickness and were observed to be in the range of 7 to 9Å with LDHs of Mg/Al and Ca/Al. In the
case of Mg-Al-Cl- (Figure 4.2), there are slight shifts of major peak towards higher 2θ angles i.e.,
lower (003) d-spacings with a change in Mg/Al ratios from 4:1 to 2:1. The lower the Mg/Al ratio,
the greater is the charge density on the layers (Olanrewaju et al., 2000).
Therefore, the Mg/Al ratio of 2 has the highest charge density with the smallest d-spacing
of 7.58 Å. This decrease in interlayer distance with increased charge density is attributed to an
increase in the electrostatic interaction between positive layers and negative ions in the interlayers
as can also be seen with the Ca-Al-Cl- system (Figure 4.5). This is the general rule with different
anions but exceptions to this rule can occur with nitrate and perhaps other oxyanions. Higher
charge density leads to the presence of large number of oxyanions in the interlayers and these
oxyanions repel each other resulting in increased d-spacings because of a change in orientation of
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the oxyanions (Grover, 2008). This phenomenon is observed here with Ca-Al NO3- LDH
materials (Figure 4.4) but not with Mg-Al NO3- materials (Figure 4.1) because the latter materials
appear to be contaminated with carbonate leading to no systematic variation of the d-spacing with
charge density. A systematic variation of d-spacing for Mg-Al- NO3- materials, however, was
previously shown by Grover (2008).
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Figure 4.1 X-ray diffraction patterns of Mg-Al- NO3- layered double hydroxides
with different composition of layers.
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Figure 4.2 X-ray diffraction patterns of Mg-Al-Cl- layered double hydroxides
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Figure 4.3 X-ray diffraction pattern of hydrothermally synthesized layered double
hydroxide, Mg-Al-CO32-.
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Figure 4.4 X-ray diffraction patterns of Ca-Al- NO3- layered double hydroxides
with different composition of layers.
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Figure 4.5 X-ray diffraction patterns of Ca-Al-Cl- layered double hydroxides with
different composition of layers.
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Hydrothermally synthesized Mg-Al-CO32- shows very high crystallinity as revealed by
high intensity and sharp peaks (Figure 4.3), as expected, because of larger crystal size (see SEM
results below). The crystallinities of Mg-Al LDHs (Figures 4.1 and 4.2) are lower than those of
the Ca-Al LDHs (Figures 4.4 and 4.5) when all these samples were prepared at room temperature.
The basal spacings of the synthesized Mg-Al LDH (hydrotalcite-type) materials increased
in the order Mg-Al-Cl- > Mg-Al- NO3- >Mg-Al-CO32- and the basal spacings of the Ca-Al LDH
(hydrocalumite-type) increased as follows: Ca-Al- NO3- >Ca-Al-Cl-

4.1.2 X-ray Diffraction Results of Organoclays and Organosilicas
Figures 4.6 and 4.7 show the X-ray diffraction (XRD) patterns of cationic surfactant
modified silica material (MCM-41), organoclays of octadecyl- trimethylammonium chloride
(ODTMA), dodecyl- trimethylammonium bromide (DoDTMA), and hexadecyltrymethylammonium bromide (HDTMA-1.0 and 5.0 CEC) and activated carbon sample. The
XRD patterns for MCM-41 and HDTMA, 1.0 and 5.0 CEC show sharp peaks at low 2θ values,
and weak reflections at higher 2θ values (Figures 4.6 and 4.7). However, the XRD patterns for
organoclay samples synthesized with ODTMA and DoDTMA and carbon samples showed broad
peaks indicating their poor crystallinity (Figures 4.6 and 4.7). The XRD pattern for MCM-41
(Figure 4.6) matches the patterns reported in the literature (Beck et al., 1992). The carbon sample
shows a broad hump in the 18 to 28 degrees two theta range suggesting that the carbon is
amorphous (Figure 4.7).
The numbers in Figures 4.6 and 4.7 show the X-ray powder diffraction d-spacings of the
materials. The d-spacings observed were 36.35Å for cationic surfactant modified silica material
(MCM-41) and 25.88Å for HDTMA of 5.0 CEC. In the case of ODTMA, DoDTMA, and
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HDTMA (prepared with 1.0 CEC), the d-spacings observed were around 15.25 to 17.84Å. The
carbon sample showed the broadest d-spacing which was centered at 3.77Å (Figure 4.7).
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Figure 4.6 X-ray diffraction patterns of MCM-41 silica and organoclays prepared
with octadecyl- trimethylammonium (ODTMA) and dodecyl- trimethylammonium
(DoDTMA).
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Figure 4.7 X-ray diffraction patterns of organoclay prepared with hexadecyltrimethylammonium cation (1.0 and 5.0 CEC) and activated carbon sample.

The d-spacings of the organoclays and organosilicas increased as follows:
MCM-41 > HDTMA, 5.0 CEC > ODTMA > HDTMA, 1.0 CEC > DoDTMA > activated
carbon.

4.2 Morphology and Particle Size by Scanning Electron Microscopy (SEM)

4.2.1 Morphology of Nitrate forms of Mg:Al-type LDH
The SEM pictures in Figure 4.8 (a), (b) and (c) show the morphologies of nitrate forms of
hydroctalcite LDH with 2:1, 3:1 and 4:1 Mg to Al ratios, respectively. Each of these LDH show
massive and aggregated particles formed from approximately 100 nm spherical particles (Figure
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4.8). Powder XRD results given above suggest a very small crystal size because of broad peaks
(Figure 4.1) and the SEM results confirm the XRD results.

Figure 4.8 SEM images of nitrate forms of layered double hydroxides with Mg:Al
molar ratios: (a) 2:1 (b) 3:1 and (c) 4:1.

4.2.2 Morphology of Chloride forms of Mg:Al-type LDH
Figures 4.9 (a), (b) and (c) show the SEM pictures of chloride forms of LDH materials
with different Mg:Al ratios of 2:1, 3:1 and 4:1, respectively. The three pictures in Figure 4.9 show
that their particle sizes are around 120 to 200 nm, and the particles appear to be mostly spherical
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but aggregated. These chloride forms of Mg:Al LDHs have lower aggregation of particles
compared to those of the nitrate forms of Mg:Al LDHs (Figure 4.8).

Figure 4.9 SEM images of chloride forms of layered double hydroxides with
Mg:Al molar ratios: (a) 2:1 (b) 3:1 and (c) 4:1.

4.2.3 Morphology of carbonate form of Mg:Al-type LDH synthesized at 175 oC
Figure 4.10 shows the SEM picture of carbonate form of Mg:Al-type LDH synthesized at
175 oC by the urea method. The hydrothermal LDH particles are approximately 1.5 µm and the
particles show a platy morphology (figure 4.10). Because of treatment at higher temperature, this
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carbonate form of LDH has larger particle size compared to the particle size of any other LDH
synthesized here (see Figures 4.8 and 4.9 above and Figures 4.11 and 4.12 below).

Figure 4.10 SEM image of carbonate form of Mg:Al-type layered double hydroxide
(Mg:Al molar ratio of 3:1) synthesized at 175 oC by urea method.

4.2.4 Morphology of Nitrate form of hydrocalumite-type LDH
Figure 4.11 (a), (b) and (c) are the scanning electron microgrophs of nitrate forms of
Ca:Al LDH with Ca to Al ratios of 2:1, 3:1 and 4:1, respectively. Figure 4.11 reveals the size of
particles, which are around 200 to 1000 nm for Ca:Al LDH with Ca to Al ratios of 2:1, 3:1 and
4:1 and these particles appear to be platy along with some sphere shaped structures. XRD results
for Ca-Al-NO3 LDH showed sharp peaks for the nitrate forms of hydrocalumite-type LDH
reflecting larger crystals as could be seen here by SEM. These SEM pictures clearly show that the
hydrocalumite-type LDH have larger particles (Figures 4.11 and 4.12) than hydrotalcite particles
(Figures 4.8 and 4.9) when all were synthesized at room temperature.
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Figure 4.11 SEM images of nitrate forms of layered double hydroxides with
Ca:Al molar ratios: (a) 2:1 (b) 3:1 and (c) 4:1.

4.2.5 Morphology of Chloride forms of Ca:Al-type LDH
The SEM pictures in Figure 4.12 (a), (b) and (c) show the morphology of chloride forms
of Ca:Al LDH materials with different composition of layers of 2:1, 3:1 and 4:1, respectively.
They have similar particle sizes and are in the range of about 200 to 1000 nm. Chloride forms of
Ca-Al LDH have somewhat sharper peaks compared to the chloride forms of Mg-Al LDH as can
be seen from their XRD patterns (Figures 4.2 and 4.5) and the particle sizes revealed by SEM are
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in conformity with XRD results. The shapes of the particles are mostly platy but some spherical
particles could also be seen.

Figure 4.12 SEM images of chloride forms of layered double hydroxides with
Ca:Al molar ratios: (a) 2:1 (b) 3:1 and (c) 4:1.

54
4.3 Perchlorate uptake by LDH, Organoclays and Organosilicas

4.3.1 Perchlorate Uptake by Hydrotalcite-type and Hydrocalumite-type LDH with Nitrate,
Chloride and Carbonate Forms and Different Composition of Layers
Tables 4.1 and 4.2 show the results of perchlorate uptake by the chloride, nitrate and
carbonate forms of hydrotalcite and hydrocalumite with different molar ratios of 4:1, 3:1 and 2:1
for Mg/Al and Ca/Al using same initial concentration of perchlorate (2 mM) and with 1day
equilibration of time. Perchlorate uptake by both hydrotalcite- and hydrocalumite-type LDH were
determined and found to be in the range of 1-19% from a 2mM perchlorate solution. The uptake
of perchlorate was in the range of 1-19% with hydrotalcites (Table 4.1) and in the range of 4-8%
with hydrocalutmites (Table 4.2). Nitrate form of hydrotalcite had the highest uptake of 18.6
±1.6% while the carbonate form of hydrotalcite had the lowest uptake of 1.0 ±0.2% (Table 4.1).
The uptake of perchlorate anion by LDH materials is expected by anion exchange on the surfaces
and from the interlayers because they are anion exchangers. When a small percent uptake of
perchlorate anion occurred as in the case of Mg:Al (CO32-) LDH prepared by the hydrothermal
method (Table 4.1), the exchange occurred on surfaces only. Since this LDH has the largest
particle size and smallest surface area, the percent uptake of perchlorate was the smallest (Table
4.1). In addition, the CO32- anion held in the interlayers of this LDH is very difficult to replace
because carbonate is the most preferred anion in the interlayers. The uptake of perchlorate by MgAl (Cl), Ca:Al (Cl-) and Ca:Al (NO3-) LDH materials is also very low because of their lower
surface areas and restricted interlayer spacings, the latter prevented interlayer anion exchange.
Among all the LDH materials, the Mg:Al (NO3-) has the highest uptake because it has the highest
surface area as indicated by broad peaks in XRD (Figure 4.1) and thus it appears that perchlorate
uptake occurred mainly on the surfaces even in this material. However, some interlayer nitrate
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ions must have also been exchanged with perchlorate anions to result in such higher uptake
relative to other LDH materials.
For the uptake of perchlorate by nitrate forms of Mg-Al LDH, the 2:1 nitrate form has the
highest perchlorate uptake compared to the 3:1 or 4:1 types (Table 4.1). The lower the Mg:Al
ratio, the higher the charge density and hence more exchange is expected in the 2:1 type, which is
what was observed. The anion exchange from nitrate and chloride forms of 2:1 hydrotalcite by
perchlorate showed little or no change in d(003) spacing (Figures 4.13 and 4.14) after the
perchlorate exchange because either they apparently have similar size within the interlayers or the
exchange is minimal to affect the d-spacing.
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Table 4.1 Perchlorate (ClO4-) uptake by different forms of hydrotalcite (Initial
concentration of perchlorate =2mM; 1 day equilibration).
d-spacing

pH

Uptake % ClO4-

Uptake mg/g

4:1

7.98

10.3

7.0 ±6.0

7.9 ±7.0

3:1

7.77

10.0

6.1 ±6.7

7.0 ±7.6

2:1

7.58

11.3

5.9 ±5.9

6.7 ±6.8

4:1

7.74

10.5

12.8 ±0.7

14.7 ±0.8

3:1

7.41

10.2

17.0 ±0.6

19.4 ±0.7

2:1

7.74

10.0

18.6 ±1.6

19.6 ±3.3

7.52

9.7

1.0 ±0.2

1.1 ±0.3

LDH material

Mg:Al (Cl-)

Mg:Al (NO3-)

Mg:Al (CO32-)
3:1

57

Table 4.2 Perchlorate (ClO4-) uptake by different forms of hydrocalumite
(Initial concentration of perchlorate =2mM; 1 day equilibration).
d-spacing

pH

Uptake % ClO4-

Uptake mg/g

4:1

7.84

12.4

6.0 ±0.6

6.8 ±0.7

3:1

7.81

12.3

6.6 ±0.9

7.6 ±1.0

2:1

7.76

12.2

7.9 ±0.8

9.0 ±1.0

4:1

7.81

12.4

3.9 ±0.6

4.4 ±0.7

3:1

8.50

12.4

4.1 ±0.2

4.7 ±0.2

2:1

8.52

12.4

4.6 ±0.3

5.3 ±0.4

LDH material
Ca:Al (Cl-)

Ca:Al (NO3-)
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Figure 4.13 X-ray diffraction patterns of Mg-Al (2:1) NO3 layered double
hydroxide before and after exchange with perchlorate.
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Figure 4.14 X-ray diffraction patterns of Mg-Al (2:1) Cl- layered double
hydroxide before and after exchange with perchlorate
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4.3.2 Perchlorate Uptake by Organoclays, Organosilicas and Activated carbon
Table 4.3 shows the results of perchlorate uptake by MCM-41, activated carbon and
different forms of organoclays using 2 mM concentration of perchlorate with an equilibration
time of 1day. These samples removed perchlorate in the range of 2-36% from a 2mM perchlorate
solution (Table 4.3). Among these materials, MCM-41 has the highest removal of perchlorate
with 35.7 ±1.2% while DODTMA has the lowest removal with 2.2 ±0.8%. The uptakes of
perchlorate were 30.3 ±0.9 and 31.8 ±0.5% by Clay-HDTMA-5.0 CEC and activated carbon
samples, respectively (Table 4.3) under batch-type of experiments. Thus the MCM-41 silica was
found to be superior to the best cationic surfactant modified activated carbon currently being used
for perchlorate removal and this is a significant result. Among the organoclays, the ClayHDTMA (5.0 CEC) sample exhibited the highest perchlorate uptake because it has the largest
interlayer spacing of about 16.4Å with a paraffin-type arrangement of alkyl chains (He et al.,
2004). This interlayer spacing could be calculated by subtracting the 2:1 clay layer thickness of
about 9.5Å from the d(001) spacing (25.9Å) of this organoclay (Table 4.3). The paraffin-type
arrangement of alkyl chains apparently generates a high residual positive charge. This residual
positive charge coupled with a high interlayer spacing of 16.4Å facilitated the high uptake of
perchlorate. The high uptake of perchlorate by Clay-HDTMA (5.0 CEC) sample did not affect the
interlayer spacing as can be seen from Figure 4.15, which shows the d(001) spacings of samples
before and after exchange. The diameter of perchlorate anion is about 4.8Å (Goh et al., 2008)
while the interlayer spacing is 16.4Å in this organoclay, the latter provides ample space for the
perchlorate to be taken up without changing the interlayer spacing (Figure 4.15). The alkyl chains
act as pillars in the interlayers to give a 16.4Å interlayer space and this spacing will only change
if the of alkyl chains are removed and this is not the case during perchlorate exchange.
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Table 4.3 Perchlorate (ClO4-) uptake by different forms of MCM-41, carbon and
organoclays (Initial concentration of perchlorate =2mM; 1 day equilibration).

LDH material

d-spacing, Å

pH

Uptake % ClO4-

Uptake mg/g

MCM-41

37.58

9.7

35.7 ±1.2

37.6 ±3.8

Carbon Sample

3.77

--

31.8 ±0.5

30.2 ±0.5*

Clay-ODTMA

17.84

9.8

6.2 ±0.1

7.1 ±0.1

Clay-DODTMA

15.25

9.7

2.2 ±0.8

2.5 ±0.9

Clay-HDTMA-1.0 CEC

17.15

9.8

3.4 ±0.3

3.9 ±0.3

Clay-HDTMA-5.0 CEC

25.89

9.3

30.3 ±0.9

34.6 ±1.1

*Uptake experiment was conducted for this sample at a different time than the other
samples in this table.
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Figure 4.15 X-ray diffraction patterns organoclay modified with hexadecyltrimethylammonium cation before and after exchange with perchlorate.

Cationic surfactant modified silica material (MCM-41) possessing high pore volume and
large specific surface area resulted in higher perchlorate uptake by exchange on the residual
charge of alkyl chains of cationic surfactant. The hexagonally ordered mesopores of the MCM-41
silica coupled with a high residual charge of the alkyl chain micelles led to the highest uptake of
perchlorate among all the materials tested here (Tables 4.1, 4.2 and 4.3). This very high uptake of
perchlorate by MCM-41 silica did not affect the d(001) spacing as can be seen from Figure 4.16,
which shows the spacings of samples before and after exchange. The cationic surfactant micelles
and the rigid silica walls are unaffected by perchlorate exchange in the pores and hence no change
in d(001) spacing was observed (Figure 4.16).
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Figure 4.16 X-ray diffraction patterns of MCM-41 silica before and after exchange with
perchlorate.

4.3.3 Kinetics study of perchlorate uptake by MCM-41
Because cationic surfactant containing MCM-41 silica was found to have the highest
perchlorate uptake, I conducted further studies on this material. Table 4.4 shows kinetics of
perchlorate (ClO4-) uptake by MCM-41 from the 1mM ClO4- solution (initial concentration) after
5 minutes, 30 minutes, 2 hours, 8 hours and 1 day equilibration. The kinetic study showed
perchlorate uptake in the range of about 29 to 58% of this oxyanion from the 1mM perchlorate
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solution (Table 4.4). One day equilibration led to the highest removal of perchlorate with 57.5
±0.8% while 5 minutes equilibration led to the lowest removal with 29.4 ±1.6%. As the time
increased, the uptake of perchlorate increased linearly, which suggests that equilibrium has not
been achieved (Figure 4.17) probably because of slow diffusion to the interior of the particles.

Table 4.4 Kinetics of perchlorate (ClO4-) uptake by MCM-41 (Initial concentration 1mM)

MCM-41
Uptake % ClO4-

Uptake mg/g ClO4-

5 min

29.4 ±1.6

13.9 ±0.8

30 min

33.5 ±3.0

15.8 ±1.4

2 hrs

37.0 ±1.6

17.4 ±0.7

8 hrs

46.1 ±3.1

21.7 ±1.5

1 day

57.5 ±0.8

27.1 ±0.4
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Figure 4.17 Kinetics study of perchlorate uptake by MCM-41 silica.

4.3.4 Perchlorate Uptake by Selected Materials as a Function of Solution Concentration
The % uptake of perchlorate by Mg:Al (2:1)-Cl-, Mg:Al (2:1)-NO3-, MCM-41 and ClayHDTMA (5.0 CEC) samples is given in Table 4.5 and the perchlorate uptake expressed as mg/g
of sample is given table 4.6. The MCM-41 sample clearly shows an expected behavior of
increasing uptake % or amount with decreasing concentration while the three other samples
follow this trend to a very limited extent (Tables 4.5 and 4.6).
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Table 4.5 Uptake % of perchlorate (ClO4-) by different materials using different
concentrations (1 day equilibration).

Conc.

Mg:Al (2:1)-Cl-

Mg:Al (2:1)-NO3-

MCM-41

HDTMA 5.0 CEC

1 mM

3.4 ±0.4

20.4 ±1.5*

58.5 ±0.7*

43.4 ±1.2

0.8 mM

2.3 ±0.7

20.4 ±0.6

68.3 ±1.2

45.6 ±0.4

0.6 mM

4.7 ±1.1

23.5 ±1.4

79.8 ±1.5

49.4 ±1.4

0.4 mM

4.5 ±1.7

22.7 ±1.6

93.3 ±0.4

48.9 ±0.6

0.2 mM

4.9 ±0.8

23.9 ±1.1

95.0 ±0.4

48.2 ±1.1
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Table 4.6 Uptake (mg/g) of perchlorate (ClO4-) by different materials using different
concentrations (1 day equilibration).

Conc.

Mg:Al (2:1)-Cl-

Mg:Al (2:1)-NO3-

MCM-41

HDTMA 5.0 CEC

1 mM

1.7 ±0.2

10.3 ±0.8*

29.5 ±0.4*

21.8 ±0.6

0.8 mM

0.9 ±0.3

8.0 ±0.2

26.6 ±0.5

17.8 ±0.1

0.6 mM

1.3 ±0.3

6.6 ±0.4

22.4 ±0.4

13.9 ±0.4

0.4 mM

0.8 ±0.3

4.3 ±0.3

17.5 ±0.1

9.2 ±0.1

0.2 mM

0.5 ±0.1

2.4 ±0.1

9.5 ±0.0

4.8 ±0.1

The mass of perchlorate exchanged versus the concentration of perchlorate anion
remaining in equilibrium solution was plotted as isotherms in Figures 4.18, 4.19, 4.20 and 4.21
for Mg:Al (2:1)-Cl-, Mg:Al (2:1)-NO3-, MCM-41 and Clay-HDTMA (5.0 CEC) samples,
respectively. The isotherms for Mg:Al (2:1)-Cl- (Figure 4.18), Mg:Al (2:1)-NO3- (Figure 4.19)
and Clay-HDTMA (5.0 CEC) (Figure 4.21) samples do not show a steep uptake at low
concentrations which suggest that perchlorate is not very selective on these materials. In
addition, the curves are not leveling off in these three cases and this suggests that maximum
uptake has not been attained. On the other hand, the MCM-41 sample takes up most of the
perchlorate at lower concentrations (Figure 4.20) and this suggests that this solid may be more
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selective for perchlorate than the others (Figures 4.18, 4.19 and 4.21). In addition, the curve
appears to reach a plateau, which suggests that its capacity has been more or less reached. This
maximum uptake was 29.5 mg/g (Table 4.6).
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Figure 4.18 Ion exchange isotherm of Mg:Al (2:1)-Cl- layered double hydroxide in the
presence of perchlorate solutions having varying concentrations.
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Figure 4.19 Ion exchange isotherm of Mg:Al (2:1)-NO3- layered double hydroxide in the
presence of perchlorate solutions having varying concentrations.
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Figure 4.20 Ion exchange isotherm of MCM-41 silica in the presence of perchlorate
solutions having varying concentrations.
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Figure 4.21 Ion exchange isotherm of organoclay modified with hexadecyltrimethylammonium cation, Clay-HDTMA (5.0 CEC) in the presence of perchlorate solutions
having varying concentrations.
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4.3.5 Selectivity of perchlorate anion by Mg:Al (2:1)- NO3- and MCM-41
I have selected the best material from LDHs and the best material among all samples for
selective perchlorate anion uptake studies. Equal concentrations of perchlorate and competing
anions such as Cl- or NO3- or SO42- or CO32- were used in the selectivity studies in order to find
out the effect of competing anions because in drinking water or waste water there could be
several anions. The results from selectivity studies are shown in Table 4.7. The Mg:Al (2:1)NO3- sample has lower selectivity for perchlorate in the presence of all anions while the MCM-41
has higher selectivity for perchlorate in the presence of all competing anions tested (See footnote
in Table 4.7 for explanation). Thus the present results show that cationic surfactant containing
MCM-41 has the highest capacity and has a high selectivity. Therefore, this material is a potential
candidate for cleaning up perchlorate from drinking as well as waste water.
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Table 4.7 Perchlorate (ClO4-) uptake* by Mg:Al (2:1)- NO3- and MCM-41 after 1 day
equilibration.

Mg:Al (2:1)-NO3- (mg/g)

MCM-41 (mg/g)

0.5mM NaClO4+ 0.5mM NaCl-

4.3 ±0.4

20.1 ±0.4

0.5mM NaClO4+ 0.5mM NaNO3

4.8 ±0.1

21.2 ±0.3

0.5mM NaClO4+ 0.25mM Na2SO4

3.7 ±0.1

19.9 ±0.1

0.5mM NaClO4+ 0.25mM Na2CO3

4.5 ±0.3

19.9 ±0.1

* The uptakes of perchlorate from 1mM solution by Mg:Al (2:1)-NO3-and MCM-41 are
10.3 and 29.5 mg/g, respectively without other competing anions (Table 4.6). If an equal
concentration of competing ion with exactly the same selectivity is used, the uptakes of
perchlorate from the bivalent solution would be around 5.1 and 14.7 mg/g for Mg:Al (2:1)-NO3and MCM-41, respectively. If the selectivity for perchlorate is higher, the uptake amount of
perchlorate would be higher than 5.1 mg/g for Mg:Al (2:1)-NO3- and higher than 14.7 mg/g for
MCM-41 and vice versa.
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Chapter 5

Summary and Conclusions
In this research, an attempt was made to provide alternative materials to cationic
surfactant grafted, activated carbon for the uptake of perchlorate from solutions. Several synthetic
matrials such as layered double hydroxides (LDHs), organoclays and organosilica (MCM-41)
were synthesized, characterized and evaluated for their effectiveness in removing perchlorate
anions from solutions.
Major findings could be summarized as follows:



Perchlorate uptake by both hydrotalcite- and hydrocalumite-type LDHs were
determined and found to be in the range of 1-19% from a 2mM perchlorate
solution. Hydrocalumite-type LDHs showed only 4-9% perchlorate uptake
while the uptake by chloride form of hydrotalcite-type LDH was little or none.
However, the nitrate form of hydrotalcite showed the highest uptake of 18.6
±1.6% while the carbonate form of hydrotalcite showed an uptake of only 1.0
±0.2%. Perchlorate uptake by both hydrotalcite- and hydrocalumite-type LDH
occurred by anion exchange mainly on the external surfaces and some from
interlayers.



Organoclays prepared using cationic surfactants such as octadecyltrimethylammonium chloride (ODTMA), dodecyl- trimethylammonium
bromide (DoDTMA), and hexadecyl- trymethylammonium bromide
(HDTMA-1.0 and 5.0 CEC) removed perchlorate in the range of 2-30% from
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2mM solution.


Organoclay prepared with HDTMA (5.0 CEC) showed the highest uptake of
perchlorate (30.3 ±0.9%) among organoclays from 2mM perchlorate solution.



The uptakes of perchlorate were determined to be 35.7 ±1.2% and 31.8 ±0.5%
by organosilica (MCM-41) and cationic surfactant grafted carbon samples,
respectively from 2mM perchlorate solution.



Kinetics of perchlorate uptake were determined on the best material,
organosilica (MCM-41) and found to be rapid. Perchlorate uptake was found
to be selective on MCM-41 but not on nitrate form of hydrotalcite-type LDH.

Conclusions:
Cationic surfactant containing organosilica (MCM-41), activated carbon and one
organoclay were found to be the best among the tested materials for the removal of
perchlorate contaminant from water. The new materials, organosilica (MCM-41) and
organoclay could be alternatives to established carbons for removal of perchlorate from
water. Cationic surfactant modified silica material (MCM-41) possessing large hexagonal
pores and large specific surface area showed the highest perchlorate uptake among all the
materials tested here by adsorption/exchange on the residual charge of cationic
surfactants.

