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ABSTRACT 
 

 Silicalite-1 crystals and hollow tube zeolite structures were synthesized and 

functionalized with amine and sulfur containing groups.  Nanocrystalline zeolites with a 

diameter of 30-50 nm and external surface areas around 100 m2/g were functionalized 

with 3-aminopropyltriethoxysilane (3-APTES) and 3-mercaptopropyltrimethoxysilane (3-

MPTMS).  The materials were characterized by 29Si magic angle spinning nuclear 

magnetic resonance spectroscopy and x-ray diffraction.  The adsorption of metal ions 

from aqueous solutions of K2HAsO4 and Na2Cr2O7 was measured by inductively coupled 

plasma-atomic emission spectroscopy.  The effects of various conditions such as pH and 

concentration were studied to optimize adsorption.  Adsorption on functionalized 

mesoporous silica (MS) was conducted for comparison to the functionalized zeolites. 

Magnetic zeolite/iron composites were prepared using nanoscale and commercial 

faujasite zeolites. The composites were functionalized with amine groups to facilitate 

chromate adsorption under acidic conditions.   The materials were characterized using 

nitrogen adsorption, scanning electron microscopy, thermogravametric analysis, FTIR 

spectroscopy, and Mössbauer spectroscopy. The adsorption of chromium was evaluated 

using inductively coupled plasma-optical emission spectroscopy (ICP/OES) to monitor 

solution chromium quantitatively.  The removal of the composites with a magnet was 

demonstrated.  The materials were then evaluated for the adsorption of Cr (VI) using 

ICP-OES to detect chromium.  

Iron containing zeolite composites were prepared using nanoscale faujasite 

zeolites. The composites were functionalized with amine groups and Fe3+ ions to 

facilitate arsenate(As V) adsorption under a variety of pH conditions[1].  The materials 
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were characterized using nitrogen adsorption, X-ray diffraction, thermogravametric 

analysis and FTIR spectroscopy, and Mossbauer spectroscopy. The adsorption of arsenic 

was evaluated using inductively coupled plasma-optical emission spectroscopy 

(ICP/OES) to monitor solution concentration quantitatively.  The removal of the 

composites with a magnet was demonstrated.  Kinetics and pH dependence of the 

adsorption were studied.  Chromate was removed by both the silicalite-1 crystals and the 

iron composite.  Arsenic was removed by the iron containing composites. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Structural Properties of Zeolites 

Zeolites are three dimensional crystalline microporous aluminosilicate materials.  

The term zeolite comes from the Greek words for boil and stone.  Natural zeolites occur 

in many regions of the world, and over 170 types of synthetic zeolites are known.  All 

zeolites consist of tetrahedral silicon and oxygen atoms coordinated with oxygen-Figure 

1.1.  The oxygen atoms are at the corner of the tetrahedra, with the other atoms at the 

center.  The overall framework consists of many tetrahedra connected through the oxygen 

atoms on the vertices.  Silicon tetrahedra are electrically neutral, while aluminum 

tetrahedra have an overall negative charge which must be balanced by another atom.   

These tetrahedra form channels, which lead to an overall crystalline pore structure.   The 

channels can take different shapes in different zeolites.   Two common characteristics of 

separate types of zeolites are silicon to aluminum ratio and pore size/shape.   The general 

formula for the composition of a zeolite is Mx/n[(AlO2)x(SiO2)y]mH2O. The two types of 

zeolites mentioned here are zeolite Y and silicalite-1, a purely siliceous form of ZSM-5.  

Zeolite Y has a faujasite type structure, shown in Figure 1.1, with channels of 0.7 nm 

leading to supercages of 1.2 nm.  The pore shape is symmetrical, and the silicon to 

aluminum ratio is low, typically around 2 or 3.   This aluminum leads to a large cation 

exchange capacity, but fewer surface silanol groups, whereas ZSM-5 has a different, MFI 

type structure, with sinusoidal channels intersecting straight pores.   ZSM-5 has a MFI 

type structure, as seen in Figure 1.2, with two different 10-member ring pore types.  One 

set is straight and has an elliptical cross section, while the others are sinusoidal channels 
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which intersect the straight pores at right angles and have a more circular cross section.  

The pore diameter for this structure is smaller, .54 nm.  The silicon to aluminum ratio is 

extremely high in this type of zeolite, from 20-∞, with ∞ giving the material commonly 

called silicalite.  There is no aluminum in silicalite material, giving a high density of 

surface silanol groups-4/nm2[2] and giving a small cation exchange capacity.   No sodium 

or other cation is needed to make up for aluminum tetrahedral charges in silicalite. 

 
 
 

 
 

Figure 1.1: SiO4 tetrahedron, showing the grouping of formations into larger zeolite 
structures. 

 
 
 
Pictorial representations of the frameworks for both MFI type and Faujasite 

type structures showing their pore shape and structure can be seen on the next page 

from ref [3] 
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Figure 1.2 MFI framework showing 10-membered ring formation. Silicalite-1 has this 
framework.  

 
 
 

 
 

Figure 1.3 Picture of zeolite Y Faujasite type structure.  
  
 
 

Zeolites can be synthesized by a variety of methods.  Most methods involve a 

soluble silicon source and a soluble aluminum source reacted under basic conditions, 
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generally with a quaternary aluminum salt as a structure template[3, 4].  Different pore 

sizes and different structures can be achieved by using different templates.  Recent 

research has also used coal fly-ash as a material for synthesis[5, 6], and some synthetic 

techniques have used other crystallizers such as fluoride to crystallize the zeolite 

material[7, 8]. 

Zeolite properties can be tuned by changing the silicon to aluminum ratio of the 

zeolite.  Channel structure and particle size also affect the properties of the zeolite.  

Common properties of zeolites used in commercial applications include ion exchange 

capacity in powdered laundry detergents and brönsted acidity for petroleum cracking 

catalysis.    The shape and size of pores or channels within the zeolite can make catalysis 

of one reaction, or diffusion of one product favored over others.   Adsorbing molecules of 

one size or shape over others make zeolites useful in molecular sieving applications. 

Nanocrystalline zeolites-usually defined as those with a crystal size of less than 

100 nm-are of particular current interest because of the high external surface area.   A 

nanocrystalline zeolite sample with a crystal size of 50 nm has an external surface area of 

>100 m2/g or approximately 30% of the total surface area.  For comparison, a 500 nm 

zeolite crystal has less than 10 m2/g of external surface area, which is less than 3% of the 

total surface area of the zeolite[3, 4, 9].  The increased external surface of nanocrystalline 

zeolites provides an additional surface available for adsorption and reaction of molecules.  

Small crystals have more reactive surface sites than larger crystals.   Crystal size is 

controlled by pH, synthesis ratio, time and temperature.  Longer reaction times with 

lower temperatures lead to smaller crystal sizes.    Sodium deficiency in the zeolite 

synthesis gel is also used to make smaller sizes for the Y type zeolite[10, 11]. 
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Zeolites have a variety of common commercial uses.  They are known to be very 

catalytically active, and are frequently used for adsorption and separations applications.  

Hydrogen exchanged zeolites are widely used as petroleum catalysts for cracking, 

isomerisation and fuel synthesis.  Ion exchange and ion exchange capacity are also 

frequently used commercially. “Hard” ions in water, Ca2+ and Mg2+ are exchanged for 

Na+ ions from the zeolite in the case of the powdered detergents and water softeners.     

Sodium is specifically related to Si/Al ratio, with each aluminum atom requiring a 

counter ion.  Control of this ratio and therefore the Na+ content will allow control of the 

ion exchange capacity.   Other ions can be exchanged either into or out of the zeolites, 

such as ammonium for soil fertility.   

1.2 Functionalization of Zeolites 

Functionalization of the surface of a zeolite changes the material in ways 

determined by the functional group.  Properties that can be varied include surface charge, 

hydrophobicity, molecular binding and reactivity.  Adding an organic functional group on 

the zeolite allows fine tuning of the desired properties.   This tuning has become 

important in applications such as sensing.  Methods used for functionalization of silanol 

groups in silica based materials, such as mesoporous silica[12, 13] can be readily adapted 

for zeolites with the main difference being that the functionalization occurs exclusively 

on the external zeolite surface due to the zeolite pore sizes that restrict access to the 

internal zeolite surface for most organosilane reactants[14].  The advantage of 

nanocrystalline zeolites in this regard is the extremely high external surface area relative 

to micron-sized zeolites.  Zeolite surfaces can be functionalized by multiple methods-

either one pot synthesis, or by post synthesis grafting.   Co-condensation, another term 
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for one pot synthesis, has been applied mainly to mesoporous materials, as they tend to 

crystallize more easily.  This direct method can lead to higher amounts of 

functionalization, and more even deposition of functional groups, also allowing access to 

the interior surfaces of the materials[15].  However, co-condensation methods tend to 

interfere with crystallization, which is problematic in zeolite synthesis.  Post synthesis 

grafting avoids crystallization problems, since the zeolite structure is already formed 

before any functionalization takes place.  Postsynthesis grafting is done using techniques 

such as silane functionalization, where surface silanol groups are reacted with silanes, as 

seen in Figure 1.3.  These silanes are usually too big to penetrate the zeolite pores, so 

only external functionalization is possible. 

Two different types of functionalization studied are sulfur (thiol/sulfonic acid) 

and amine.  Amine functionalization can be obtained by functionalizing with an 

aminosilane, such as 3-aminopropyltriethoxysilane (APTES), 2-amine-3-

aminotrimethoxysilane, or 3-aminopropyltrimethoxysilane.  These will give amine or 

diamine functionalization.   The silane functionalization needs a catalytic amount of 

water to proceed, but large amounts of water in the silane or the solvent can lead to 

deactivation of the silane.  The amine group is generally unaffected by the grafting to the 

zeolite.  Sulfur functionalization is usually done using a mercaptosilane, such as 3-

mercaptoproplytrimethoxysilane.  Mercaptosilanes tend to give thiol groups after 

functionalization.  These functional groups can be oxidized to sulfonic acid functionality. 

Another type of functionalization is transition metal functionalization or metal 

nanoparticle functionalization.  Many different types of metals, such as transition metals 

like V, Fe, Cu and Ce have been studied in the past.   Metal oxides also have been known 
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to be incorporated into zeolites.  One type of metal oxide with desirable properties is iron 

oxide.  Some forms of iron oxide are goethite, hematite, maghemite-Figure 1.4 and 

magnetite-Figure 1.5.   

These oxides have different crystal structures and different ratios of iron to 

oxygen. Magnetite (Fe3O4) composites with zeolites have been shown to adsorb various 

pollutants, and can be easily removed from solution with a magnet.   Facile removal of 

the zeolite adsorbents that does not require complicated equipment and trained personnel 

is desirable. Oliveira and coworkers developed a method for synthesizing iron 

oxide/zeolite magnetic composites[16]. The iron oxide/zeolite Y composites were 

effective adsorbents for contaminants, such as Cr6+, Cu2+ and Zn2+, from water and were 

also magnetic, thus facilitating easy removal from aqueous solution using a permanent 

magnet. 

Properties can be further tailored by localization of the functional groups.   Larger 

structures can be functionalized selectively.   Different functional groups, such as metal 

and organic groups, can be put on different parts of the material, allowing for tailoring of 

the properties for different applications.  Functionalization can be used to take advantage 

of known interactions.  Some examples are amine binding to copper, sulfur binding to 

lead or gold and electrostatic interactions between positively charged surfaces and 

negatively charged anions, or between long chain n-alkylsilanes and hydrophobic organic 

contaminants.  The different properties of the functional groups are used for reactions, 

and the reactions can be localized and controlled by processes such as 

bifunctionalization-putting two different functional groups in two different places on the 

zeolite, or by making larger structures with the zeolites and functionalizing various parts. 
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Figure 1.4 Maghemite crystal structure 
 
 
 

  
 
Figure 1.5 Magnetite crystal structure, with Fe2+ and Fe3+  

 
1.3 Adsorption of Environmental Contaminants 

The porous nature of zeolites makes them good adsorbents.  The walls can 

interact with other materials causing strong reactions.  The pore system gives them a 
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relatively large and accessible internal surface area.  This surface area can be used for a 

variety of purposes, and the surface can be made more reactive by the above described 

functionalization.  Reactivity can also be tailored to specific pollutants, such as heavy 

metals as described on the following pages or organic farm fertilizers or other inorganic 

ions as needed.  Reactivity can also be tailored by controlling the amount or location of 

the functional groups. 

1.3.1 Chromium (VI)  

Chromium (VI) is an environmental contaminant of importance due to its toxicity 

to both plants and animals.  The EPA strictly regulates its presence in drinking water 

around the country and it is found in industrial waste effluents (electroplating, tannery 

and textile).[17]  Removal is important for health and safety.   Techniques for removal 

include adsorption, which is cheap and relatively easy[18-20].   However, adsorption is 

limited by the adsorption capacity of possible materials.   Activated carbon and a variety 

of natural materials have been used for this purpose. 

The increased external surface of nanocrystalline zeolites provides a new surface 

available for adsorption and reaction of molecules.  Since the external surface accounts 

for up to 30% of the total surface area, using this surface as a reactive or absorptive 

surface has the potential to be valuable in applications of these materials as sorbents or 

catalysts or in new applications, such as drug delivery.  Through surface 

functionalization, the properties of the zeolite external surface can be tailored for specific 

applications.  For example, the hydrophobicity of the external surface of the zeolite can 

be increased through functionalization with long chain hydrocarbons, such as 

octylmethytrichlorosilane.  Similarly, specific functional groups, sulfonic acid groups (–
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SO3H) or amine groups (–NH3) can be placed on the external surface to promote acid 

catalyzed reactions or adsorption of DNA, respectively.   

1.3.2 Arsenic 

Arsenic occurs naturally in rocks and soil, water, air, and plants and animals. It 

can be further released into the environment through natural activities such as volcanic 

action, erosion of rocks and forest fires, or through human actions. Approximately 90 

percent of industrial arsenic in the U.S. is currently used as a wood preservative, but 

arsenic is also used in paints, dyes, metals, drugs, soaps and semi-conductors. High 

arsenic levels can also come from certain fertilizers and animal feeding operations. 

Industry practices such as copper smelting, mining and coal burning also contribute to 

arsenic in our environment.[21] 

Arsenic is a large problem in groundwater in Bangladesh and other places in the 

world.  The current recommended exposure level by the World Health Organization 

(WHO) and the legal requirements in the US is 10 ppb.[22]  The ideal level for health is 

believed to be even lower than this value, however measuring much lower concentrations 

can be difficult at best, and 10 ppb is the provisional limit.  Many natural sources in the 

US and other parts of the world give levels of above 50 ppb.  Some examples of places 

with high As levels include Bangledesh, western US sates and parts of the midwest in the 

US.  Arsenic exposure can cause a variety of mental and physical symptoms, including 

cancer, neurological problems and death.  [23] 

Arsenic binds with sulfhydryl groups and disrupts sulfhydryl-containing enzymes; 

As (III) is particularly potent in this regard[24].  As a result of critical enzyme effects, 

there is inhibition of the pyruvate and succinate oxidation pathways and the tricarboxylic 
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acid cycle, impaired gluconeogenesis, and reduced oxidative phosphorylation. Another 

mechanism involves substitution of As (V) for phosphorus in many biochemical 

reactions. Replacing the stable phosphorus anion in phosphate with the less stable As (V) 

anion leads to rapid hydrolysis of high-energy bonds in compounds such as ATP. This 

leads to loss of high-energy phosphate bonds and effectively "uncouples" oxidative 

phosphorylation.[25] 

Natural arsenic takes many forms, including H3AsO4 H2AsO4
-1, HASO4

-2, and 

H2AsO3[26].   Arsenate, H2AsO3 is the most mobile and hardest to remove.  Arsenic 

speciation depends on the rocks present, as well as the oxidization capacity of the system.  

Arsenate is more prevalent in oxygenated water at the surface, while arsenite(V) is less so 

than As (III), and generally causes damage through reduction to As (III).  Because the 

species interconvert, techniques for remediation have to be effective for both species, and 

separation is difficult[22].    Because most As species are anionic at some pH, similar 

techniques used in chromium removal can be used for removal of this pollutant.  

Removal at neutral pH is desirable as the point of removal for As is more likely to be in 

the home, at the site of use rather than at the site of pollution[22].  

Different techniques for removing arsenic have mainly involved sorbents and 

filters. Coagulation, reverse osmosis and activated charcoal are current technologies used. 

Recent activity has lead to commercially available filters, but the problem of recycling 

and what has to be done with the waste remains. According to the World Health 

Organization, simple techniques for household removal of As from water are few and 

have to be adapted and modified for different settings[25].  Iron has shown particular 
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activity related to arsenic. Some novel techniques to deal with this include Fe (VI) filters, 

which reduce and then coagulate the As (V).    

1.4 Thesis Overview 

The goal of this research is to prepare zeolites with functionalities that are chosen 

to promote adsorption of environmental pollutants.  One part of the work focuses on 

synthesis of functionalized zeolite crystals, and bifunctionalized zeolite composites that 

can be tailored for a variety of uses.   The materials were characterized by a wide range 

of methods to understand all properties that could be useful for future applications.  In 

this work, zeolites are functionalized with aminopropyltriethoxysilane, and given amine 

functionalization, as well as functionalized with iron oxide particles to form a magnetic 

composite material.  These functionalized zeolites and zeolite composites were used to 

adsorb two heavy metal environmental pollutants, aqueous chromate and arsenic.  

Experimental parameters were varied to understand the conditions and processing 

required for maximum adsorption capacity.  The synthesis and functionalization of 

silicalite-1 crystals is discussed in Chapter 2, while the synthesis and functionalization of 

the iron oxide/zeolite composites will be discussed in Chapter 3.  Chapters 4 and 5 focus 

on environmental applications of the zeolites.   Chromate adsorption will be investigated 

in Chapter 4 and arsenate adsorption in Chapter 5.  The conclusions and future directions 

for research will be discussed in Chapter 6.   
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CHAPTER 2: SYNTHESIS, CHARACTERIZATION AND 
FUNCTIONALIZATION OF SILICALITE-1 

 

2.1 Introduction 

Nanocrystalline zeolites have crystal sizes of less than 100 nm and very large 

external and internal surface areas[3, 4, 27].  A nanocrystalline zeolite with a crystal size 

of 50 nm has an external surface area of >100 m2/g. For comparison, a 500 nm zeolite 

crystal has less than 10 m2/g of external surface area. The increased external surface of 

nanocrystalline zeolites results in enhanced adsorptive properties and additional surface 

area available for adsorption and reaction of molecules. In principle, bifunctional 

nanocrystalline zeolites may be obtained by incorporating one functionality into the 

internal zeolite surface and a second functionality onto the external zeolite surface. 

 Through surface functionalization, the properties of the nanocrystalline zeolite external 

surface can be tailored for specific applications[13, 14, 28-30]. For example, the 

hydrophobicity of the external surface of the zeolite can be increased through 

functionalization with long chain hydrocarbons, such as octylmethyltrichlorosilane[29]. 

Similarly, specific functional groups, sulfonic acid groups (–SO3H) or amine groups (–

NH2) can be placed on the external surface to promote acid catalyzed reactions or 

adsorption of DNA, respectively. The objective of the work described here is to 

functionalize and characterize the external nanocrystalline zeolite surface with various 

functional groups.    

Methods used for functionalization of silanol groups in silica based materials, 

such as mesoporous silica[12, 31-33], can be readily adapted for zeolites with the main 

difference being that the functionalization occurs exclusively on the external zeolite 
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surface due to the zeolite pore sizes that restrict access to the internal zeolite surface for 

most organosilane reactants[14, 28].  The advantage of nanocrystalline zeolites in this 

regard is the extremely high external surface area relative to micron-sized zeolites.  The 

reaction of a surface silanol group on the zeolite external surface with 3-aminopropyl 

triethoxysilane (APTES) results in an amine-functionalized zeolite as shown 

schematically in Figure 2.1. This method is versatile because many different organosilane 

reagents can be used to introduce different functionalities to the zeolite surface, giving 

many different possible properties to the final material.   

Recently, there have been several studies of chromate adsorption on amine-

functionalized mesoporous silica (MCM-41 and SBA-15)[19, 20] and studies of 

chromate adsorption on organic functionalized natural zeolites[13]. Surface modification 

is accomplished through reaction of surface silanol groups with organosilane reagents. 

This strategy has been widely adopted to functionalize mesoporous silica materials with 

catalytically active or biologically compatible functional groups such as sulfonic acid or 

antibodies. SBA-15 and MCM-41 have been functionalized with amine functional groups 

using organosilanes, such as amino-propyltriethoxysilane (APTES)[34].  

Silicalite is the purely siliceous form of the zeolite, ZSM-5 which has the MFI 

structure with 5.6 Å pore diameter. In this study, nanocrystalline silicalite with a crystal 

size of 32 nm and an external surface area of 100 m2/g was functionalized with varying 

amounts of APTES so that the surface properties (such as zeta potential) could be 

systematically varied and tailored for chromate adsorption.  The same techniques 

described above to functionalize mesoporous silica materials were applied here to these 

silicalite nanocrystals. 
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Figure 2.1 Silicalite-1 functionalization scheme, shown here for a general case. 
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The functionalized silicalite was characterized by powder X-ray diffraction, 29Si 

magic angle spinning (MAS) NMR, thermal gravimetric analysis (TGA), nitrogen 

adsorption isotherms and zeta potential measurements 

Zeolite functionalization can also be applied to larger zeolite structures.  Several 

crystals can be formed into one overall shape, such as a hollow tube[35].  These 

structures can be functionalized all over, or can be selectively functionalized by 

functionalizing only one surface of the structure.  The two methods for doing so include 

making the tubes out of functionalized material, as shown in Figure 2.2 and 

functionalizing the material after the tubes are made.  In this chapter, the synthesis, 

characterization and functionalization of nanoscale silicalite-1 and hollow silicalite 

structures will be described. 

2.2 Synthesis of Silicalite-1 

A silicalite-1 sample with a crystal size of 32 nm was synthesized according to the 

method described previously[9], via a synthesis gel composed of a ratio of 

(495:25:9:0.16) moles of H2O:tetrapropyl ammonium hydroxide(TPAOH):tetraethyl 

orthosilicate(TEOS) to NaOH heated to 65°C for 5 days. The external surface area of the 

uncalcined silicalite-32 nm was 99 m2/g.   

2.2.1 Synthesis of Silicalite Hollow Tubes 

Silicalite tubes were prepared by synthesizing a mesoporous silica template 

material-MCM-4.  To make the hollow zeolite structures 0.5 g MCM-41 was coated with 

polydiallyldimethylammoniumchloride (2% solution-PDDA) and washed with a pH 10 

NH4OH solution.  The resulting solids were coated with an as synthesized colloidal 

(particle size around 30 nm) silicalite solution and aged for 20 min at room temperature.  
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The solids were then washed again with NH4OH solution.  After drying at 60 °C for 2 h., 

the solids were suspended in an autoclave above 1 mL ethylenediamine, 30 mL 

diethylamine and 5 mL water and heated to 160 ° for 7 days, then washed with water and 

dried at 60C.  A visual scheme of this process is seen in Figure 2.2 

 
 
 

 

 
Figure 2.2 Scheme for making hollow tubes and functionalized hollow zeolite tubes 

 
 
 

2.3 Functionalization of Silicalite-1  

2.3.1 APTES Functionalization Procedure 

To functionalize the silicalite, 0.5 g of calcined silicalite (32 nm) was added to 60 

mL toluene and 0.25 0.5, 1.0 mL aminopropyltriethoxysilane (APTES). The reaction 

mixture was heated to 383K for 4 h and then was centrifuged. The solids were washed 



18 

 

 

 

with water and ethanol and dried overnight at 368K a visual representation can be seen in 

Figure 2.1 

2.3.2 MCM-41 Functionalization With MPTMS 

The MCM-41 template was functionalized prior to the synthesis of the hollow 

zeolite structures.  1g of MCM-41 was added to 150 mL toluene and 4.1g 

mercaptopropyltrimethylsilane (MPTMS) and heated to 90°C in an oil bath for 24 h 

resulting in pink S-H functionalized MCM-41.  To form sulfonic acid functionality, the 

solids were collected by centrifugation and then dissolved at room temperature in a 3:1 

methanol H2O2 for 24 h.  The solids were washed with EtOH/CH2Cl22 and dissolved in 

1% H2SO4 for 4 h at room temperature to make functionalized MCM-41.   

The resulting functionalized MCM-41 could be used as the template for the 

interior functionalized zeolite tubes.  The functionalized MCM-41 was coated with 

PDDA as described above and coated with silicalite seed crystals and washed and heated 

in the autoclave as described previously 

2.3.3 MCM-41 Functionalization With APTES 

The MCM-41 template was functionalized prior to the synthesis of the hollow 

zeolite structures. 1g of MCM-41 was added to 50 mL toluene and 2mL 

Aminopropyltriethoxysilane (APTES) and heated to 90°C in an oil bath for 24 h then 

washed with water and dried at 95°C overnight resulting in APTES functionalized MCM-

41.  

The resulting functionalized MCM-41 could be used as the template for the 

interior functionalized zeolite tubes.  The functionalized MCM-41 was coated with 
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PDDA as described above and coated with silicalite seed crystals and washed and heated 

in the autoclave as described previously 

2.4 Characterization 

Powder XRD patterns were obtained using a Siemens D5000 diffractometer with 

Cu Ka target and a nickel filter. XRD patterns were collected between 2θ 5°and 35°. 29Si 

MAS NMR was conducted using a 300 MHz wide bore magnet with a TecMag 

Discovery console and a Chemagnetics double-channel 7.5 mm pencil MAS probe (59.6 

MHz). 1000 scans were collected with a 60 s pulse delay and a spinning speed of 6 kHz. 

Thermogravimetric analysis was performed on a TA Instruments Q500 TGA by heating 

from room temperature at 5.00 °C/min to 1000 °C under N2. The results were analyzed 

using TA Universal Analysis Software with the amine peak appearing at approximately 

300°C-600°C. Zeta potential measurements were obtained using a Malvern Zetasizer 

Nano. The zeta potential was measured using a 1–2% by weight suspension of the 

zeolites in deionized water. The samples were sonicated for 60 min prior to the zeta 

potential measurements and placed in disposable zeta potential cells. Nitrogen adsorption 

isotherms were obtained on a Quantachrome Nova 4200e multipoint BET apparatus 

using approximately 0.1 g of sample for each measurement. Prior to the N2 adsorption, 

each sample was vacuum degassed at 373K for 2–3 h. The specific surface area was 

calculated by the BET method using the Nova 4200e instrument software. 

2.5 Results and Discussion 

2.5.1 Synthesis and Characterization of Nanocrystalline Silicalite-1  

Nanocrystalline silicalite with a crystal size of approximately 32 nm was 

synthesized and characterized.  The external and total surface areas of the silicalite-32 nm 
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were 99 m2/g and 444 m2/g, respectively.  The crystal size was calculated from the 

external surface area: Sext = 3214/x where Sext is the external surface area in m2/g and x is 

the silicalite-1 crystal size in nm, as described previously[9].  The silicalite-32 nm was 

functionalized with varying amounts of APTES (0.25, 0.5 and 1.0 mL) to achieve 

systematically varied surface functionalization.  TGA was used to quantify 

functionalization, as show in Table 2.1     

The extent of functionalization was characterized by 29Si MAS NMR as shown in 

Figure 2.3.  A framework silicon peak is observed at –113 ppm and a second peak 

attributed to the silicon atom from the APTES is observed at ~ -65 ppm for amine 

functionalized silicalite-1.  The intensity of the -65 ppm is proportional to the amount of 

functionalization of the zeolite surface and can be seen to increase with increasing 

APTES concentration in Figure 2.3.  The APTES functionalization can be quantified 

through integration of the 29Si MAS NMR peaks.   The percent functionalization is 

calculated from the ratio of the integrated area of the -65 ppm peak to the sum of the 

integrated areas of the peaks at -113 and -65 ppm.  The results are provided in Table 2.1.  

The % functionalization increases as expected with the increase in the APTES 

concentration.  

The XRD powder pattern, characteristic of the MFI zeolite structure, did not 

change as a result of functionalization as shown in Figure 2.3 indicating that the zeolite 

structure remains intact after functionalization.  Neither amine nor thiol functionalization 

altered the crystal pattern, as shown by comparing Figure 2.3a to the unfunctionalized 

zeolite in 2.3b to 2.3c.   Crystallinity was not affected by the functionalization procedure 

for the silicalite-1 crystals.  
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The BET surface area was measured by nitrogen adsorption for each of the 

functionalized silicalite samples (Table 2.1) and the total specific surface area decreased 

as the extent of functionalization increased.  The surface functionalization causes a 

dramatic decrease in the surface area suggesting that access to the internal zeolite surface 

is blocked by the functional groups.  This suggests that functionalization may occur to a 

large extent at the zeolite pore mouth thus restricting access to the zeolite pores.   

 
 
 

 
 

Figure 2.3 Powder XRD patterns for a)amine functionalization, b)thiol 
functionalization and c)unfunctionalized nanocrystalline silicalite samples 
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The relationship between APTES concentration and the surface area is graphed in 

Figure 2.4.  The surface area decreases and is asymptotically leveling off at ~100 m2/g 

which is approximately equivalent to the external surface area of the parent silicalite.  

The relationship between surface area and extent of functionalization supports the 

hypothesis that the functionalization occurs near the zeolite pore mouth blocking access 

to the internal surface.  The zeta potential for the silicalite and APTES functionalized 

silicalite in water was measured at pH~5 and the results are listed in Table 2.1.  The zeta 

potential represents the surface charge and varies with pH and ionic strength[36].  The 

zeta potential of unfunctionalized silicalite reflects the protonation of surface hydroxyl 

groups according to the following equilibrium: 

SiOH2
  

H 
H

   SiOH  
H 
H

   SiO       (1) 

The zeta potential for APTES functionalized silicalite is governed by the 

following equilibrium involving the protonation of the surface amino groups:  The pKa 

for the second part of (1) is 9 amd 4-5 for the first part, implying that at all pHs studied 

the groups will be protonated in some form and will be in the form of SiOH for pH above 

4-5, and SiOH2
+ below that at pH 2.  The amine groups have a pKa of around 9 and are 

expected to be protonated at all pHs under study. 

SiOSi(OCH2CH3)2 C3H6NH2  
H 
H

   SiOSi(OCH2CH3)2 C3H6NH3
  (2) 

The zeta potential (at pH=5) for the parent silicalite was -41 mV indicating that 

the surface silanol groups are deprotonated to SiO- as indicated in equation 1.  The zeta 

potential (at pH=5) increased to -26, -15 and -3.4 mV as the APTES functionalization 

increased as shown in Table 2.1.  The increase in zeta potential with APTES 



23 

 

 

 

functionalization is attributed to an increase in the functionalization of the silanol groups 

on the zeolite surface (equation 2). The zeta potential appears to level off as it approaches 

0 mV suggesting that all of the surface silanols have been functionalized with APTES.  

When the pH is decreased, the zeta potential increases as the amino group is protonated.  

For silicalite-30 nm functionalized with 0.5 mL of APTES, the zeta potential increases 

from -15 mV at pH=5 to +14 mV at pH=2, as expected based on equation 2. Zeta 

potential, functionalization and surface area are all related to the amount of 

functionalization, and show inverse and direct relationships respectively, as seen in 

Figure 2.4  As the amount of silane added increases, the surface area decreases, to almost 

the external surface area of 99 m2/g when 1 mL of silane is added.   

 
 
 

Table 2.1.Physicochemical Properties of Functionalized Silicalite-32 nm 

Sample Functionalization 

(volume) 

%Si 

Functionalized

a 

Surface Areab 

(m2/g) 

Zeta potentialc 

(mV) 

Silicalite-32 nm None NA 444 -41  

Silicalite-32 nm .25 APTES (0.25 mL) <1% 218 -26 

Silicalite-32 nm .5 APTES (0.5 mL) 2 141 -15 

Silicalite-32 nm 1 APTES (1.0 mL) 4 121 -3.4 

 

aDetermined from 29Si MAS NMR 

b Total specific surface area measured by nitrogen adsorption and the BET method 

c solution pH~5 
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As more silane was added, the zeta potential increased from -41 to -3 mV.  This 

increase is consistent with a protonated amine group.  The mmol/g of 0.31 gives 1.9 

amine groups/nm2, only half the number of groups cited by literature[37, 38].   The 

possibility of increased functionalization is there, though extra alkoxy groups on APTES 

could cross react with neighboring silanol sites, reducing the possibility for new 

functionalization.  XPS is not quantitative, so thiol groups were not able to be quantified.  

The blockage of the surface pores drastically reduces the available surface area, a 

possible area of concern for adsorption and other reactions, which will be investigated in 

later chapters.  The log of the surface area was plotted as a function of Zeta potential to 

look for linear trends in the relationship.  The plot fit with a line with the equation 

y=1.9757-.015, R=.975 

 
 
 

 

Figure 2.4 Graph showing the relationship between physicochemical properties and 
APTES added 
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Figure 2.5-Graph showing the relationship between log surface area and zeta potential 

 
 
 

2.5.2 Amine and Sulfur Functionalization of Hollow Silicalite  

    Tubes 

Hollow silicalite tubes were synthesized, characterized and then functionalized 

with both amine and sulfur groups.  The sulfur functionalization was then oxidized to 

sulfonic acid functionality.  Different functional groups provided very similar 29Si MAS 

NMR peaks.   Figure 2.3 shows the XRD patterns for both amine functionalized silicalite-

1 in Figure 2.3a and thiol functionalized zeolites in Figure 2.3b.  29Si MAS NMR is used 

to probe the silicon environment.   Both silanes-APTES and MPTMS have silicon 

attached to a propyl organic chain.  The peaks are both observed around -63 ppm and are 

very small in comparison to the framework silicon peak.  While other methods can 

characterize the difference between functional groups, 29Si MAS NMR cannot. Surface 

areas for tubes tend to be extremely small-50 m2/g even when they are unfunctionalized.  

Amine functionalization lowered this only slightly, down to 44 m2/g.  Thiol 
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functionalization also lowers the surface area to 41 m2/g. Thiol functionalization blocks 

the pores even more than the APTES functionalization, giving a surface area of just 45 

m2/g, down from 444 m2/g.   

29Si MAS NMR for APTES and MPTMS functionalized silicalite hollow tubes 

are shown in Figure 2.6 and 2.7.  The amine MCM-41 shows a large peak at 64ppm, 

indicating a high level of functionalization of the MCM-41.  The hollow silicalite tubes 

show a peak in the same range, though smaller.   Thiol tubes showed a functionalization 

peak at-63 ppm in the same area as the amine peak.   The similarity of silicon 

environments between the silanes that lead to similar functional groups in the crystals 

lead to a similar functionalization peak in the tubes.  In both cases the silicon atom in the 

silane was bonded to a propyl group, leading to a similar chemical shift.  

 
 
 

 
 
Figure 2.6 29Si MAS NMR spectra for a) amine functionalized tubes and b) MCM-41 
tubes. 
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XPS can be used to probe the sulfur in the thiol and sulfonic functionalized 

tubes. Thiol functionalization was monitored by X-ray photoelectron spectrography of 

the 2p electrons as seen in Figure 2.8. The peak was observed at 165 eV before oxidation-

consistent with reduced sulfur.   After oxidation two smaller peaks are seen, one 

remaining at 165 eV and a second peak at 168 eV that represents half the sulfur in the 

sulfonic acid functionalized hollow tubes. 

Thiol functionalization does not change the zeta potential as much-the surface 

charge is 6mV.  When the functionalization occurs, as it is not a charged surface group.  

When the thiol is oxidized to sulfonic acid, the charge increases to +35mV.  The sulfonic 

acid functionality is expected to be protonated at pH 5, explaining the highly positive 

surface charge measured. 

 
 
 

 
 

Figure 2.7 29Si MAS NMR results for a)thiol functionalized silicalite-1 tubes and b) 
SO3H oxidation 
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Figure 2.8 Sulfur 2p XPS of sulfur functionalized silicalite-1 tubes, before 
acidification on the bottom, and after acidification on the top 
 
 
 

2.6 Conclusions 

Nanocrystalline silicalite and hollow silicalite tubes were functionalized with 

organosilanes.  Nanocrystalline silicalite with a size of approximately 30 nm was 

systematically functionalized with varying amounts of APTES.  The APTES 

functionalized silicalite was characterized by powder XRD, solid state 29Si MAS NMR 

TGA and zeta potential.   The trend of decreasing surface area and zeta potential with 

increasing APTES functionalization was observed.  These results demonstrate that the 

external of nanocrystalline zeolites can be tailored through functionalization in order to 

achieve desired results.   Hollow silicalite tubes were functionalized with APTES or 

MPTMS.  29Si MAS NMR and XPS were used to characterize the resulting sulfur 

functional groups. Nanocrystalline silicalite with a crystal size of 32 nm was 

functionalized with varying amounts of APTES and chromate adsorption was measured.  
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The adsorptive properties of the functionalized silicalite for chromate will be discussed in 

Chapter 4. 
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CHAPTER 3: SYNTHESIS, FUNCTIONALIZATION AND 
CHARACTERIZATION OF IRON OXIDE/ZEOLITE COMPOSITES 
 

3.1 Introduction 

Iron oxide zeolite Y composites with surface amine groups and magnetic 

properties were synthesized.  As described in Chapter 2, nanocrystalline silicalite with a 

size of approximately 30 nm was systematically functionalized with varying amounts of 

APTES.  The APTES functionalized silicalite was characterized by powder XRD, solid 

state 29Si MAS NMR TGA and zeta potential.   The trend of decreasing surface area and 

zeta potential with increasing APTES functionalization was observed.  These results 

demonstrate that the external of nanocrystalline zeolites can be tailored through 

functionalization in order to achieve desired results.   Building on the previous results, 

zeolite composites with magnetic iron oxide in the form of maghemite (γ-Fe2O3) were 

synthesized from Y zeolites using a Fe2+-Fe3+ ion mixture and were subsequently 

functionalized with 3-aminopropyltriethoxysilane (APTES) to form bifunctional zeolite 

composites. The amine functionalized iron oxide/zeolite composites were characterized 

by powder X-ray diffraction to verify crystallinity, thermal gravimetric analysis to 

quantify the functionalization and zeta potential measurements to monitor surface charge.  

The iron oxide phase was assigned to maghemite based on X-ray photoelectron 

spectroscopy and Mössbauer spectroscopy.  The APTES functionalization increased the 

zeta potential and this lead to increased chromate adsorption relative to unfunctionalized 

iron oxide/zeolite composites.  Recovery of the iron oxide/zeolite composite from 

aqueous solution can be accomplished using the magnetic properties of the material.  The 
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methods for preparation amine functionalized nanocrystalline zeolites were presented in 

Chapter 2 and are used here as well. 

Amine functionalized zeolites dispersed in water can lead to a strongly dispersed 

colloidal solution in water making it extremely difficult to recover the adsorbent material.  

Facile removal of the zeolite adsorbents that does not require complicated equipment and 

trained personnel is desirable. Oliveira and coworkers developed a method for 

synthesizing iron oxide/zeolite magnetic composites.[39, 40] The iron oxide/zeolite Y 

composites were effective adsorbents for contaminants, such as Cr6+, Cu2+ and Zn2+, from 

water and were also magnetic, thus facilitating easy removal from aqueous solution using 

a permanent magnet.  Other groups have reported the preparation of magnetic zeolites for 

seawater purification[41] and biomedical applications[27, 28].  The preparation of 

magnetic mesoporous silica materials for use as magnetic adsorbents [42] and for 

biomedical applications[29-31] has also been reported.  Recently, Yeung and coworkers 

have reported the preparation of a magnetic mesoporous adsorbent with grafted amine 

groups that is an effective adsorbent for chromium (VI) and arsenic (V). 

In this study, magnetic iron oxide/zeolite Y composites were prepared and were 

then functionalized with amine groups to form a bifunctional, magnetic zeolite.  The 

objective is to prepare a functionalized zeolite material that has enhanced adsorptive 

properties for chromate, combined with facile recovery of the adsorbent via the magnetic 

iron oxide component of the composite material.  The iron oxide/zeolite Y composite was 

amine functionalized using 3-aminopropyltriethoxysilane (APTES) as described 

previously for zeolites and mesoporous silica materials.[12, 17, 22, 24, 32, 33]  The 

physicochemical properties of the composite zeolite materials were investigated using 
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powder X-ray diffraction (XRD), nitrogen adsorption isotherms (BET method), 

inductively coupled plasma optical emission spectroscopy (ICP-OES), zeta potential 

measurements, thermal gravimetric analysis (TGA), Mössbauer spectroscopy and X-ray 

photoelectron spectroscopy (XPS). The chromate adsorption as a function of pH was 

studied and will be presented in chapter 4. 

3.2 Synthesis of Iron Oxide/Zeolite Composites 

Nanocrystalline NaY (Y-nano) with a size of approximately 79 nm and Si/Al=1.9 

was synthesized according to a previously published procedure.[28]  NaY from Zeolyst 

(Si/Al=2) was also used in these studies.  Textural properties of NaY (Zeolyst and Y-

nano) are provided in Table 3.1. To convert the sodium form of the zeolite into the H-

form, NaY (Zeolyst or Y-nano) was added to 1.0 M NH4NO3, stirred overnight, and then 

calcined in air at 550°C for 12 h.  Following the procedure of Oliveira and co-

workers[39], iron oxide/Y composites were formed.   HY (Zeolyst or nano) was added to 

200 mL of nitrogen purged water and then 30 mL of a 1:2 mol ratio of FeCl3:FeSO4 was 

added dropwise in a glove bag under nitrogen.  The resulting iron oxide/zeolite composite 

will be designated iron oxide/Y-Zeolyst or iron oxide /Y-nano.   The composite materials 

were washed with water and ethanol, dried in an oven overnight at 368 K, and then 

annealed under N2 for 6 h. at 723K.   

3.3 Functionalization of Composites With APTES 

After annealing, the iron oxide/zeolite material was functionalized with 

aminopropyltriethoxysilane (APTES) according to literature procedures as discussed in 

chapter 2.[43]   0.5 g of iron oxide/zeolite composite (or zeolite Y) was refluxed in 50 

mL toluene and 1.5 mL APTES for 4.5 h.  The samples were washed with water and 
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ethanol and dried at room temperature overnight.  These APTES functionalized samples 

are designated as Y-nano-APTES, Y-Zeolyst-APTES, iron oxide/Y-nano-APTES and iron 

oxide/Y-Zeolyst-APTES. 

3.4 Characterization 

The zeolite and zeolite composite samples were characterized by powder X-ray 

diffraction (XRD), nitrogen adsorption isotherms (BET method), inductively coupled 

plasma optical emission spectroscopy (ICP-OES), zeta potential measurements, thermal 

gravimetric analysis (TGA), Mössbauer spectroscopy and X-ray photoelectron 

spectroscopy (XPS).  

XRD patterns were obtained using a Rigaku Mini Flex II system with a Cobalt X-

ray source and a Fe K-beta filter to filter out the K-beta lines from the Co source.  XRD 

patterns were collected between 2θ of 5 and 75 degrees with a step size of 0.04° and were 

analyzed with MDI Jade software. Nitrogen adsorption isotherms were obtained on a 

Quantachrome Nova 4200e multipoint BET apparatus using approximately 0.1g of 

sample for each measurement. Prior to the N2 adsorption, each sample was vacuum 

degassed at 120 °C for 2–3 h. The specific surface area was calculated by the BET 

method using the Nova 4200e instrument software.  Zeta potential measurements were 

obtained using a Malvern Zetasizer Nano. The zeta potential was measured using a 1–2% 

by weight suspension of the zeolites in deionized water. The samples were sonicated for 

60 min prior to the zeta potential measurements and placed in disposable zeta potential 

cells. 

ICP/OES analysis was conducted using a Varian 720-ES ICP/OES spectrometer.  

Typically, 5 mg of the sample was digested in 3 mL 70:30 HCl: HF mixture.  After the 
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solids were allowed time to dissolve, 1 mL of concentrated nitric acid and 15 mL of 5% 

boric acid were added and the volume was adjusted to 25 mL with deionized water.  1 

ppm solution of yttrium standard solution was used as an internal standard during the 

measurements. TGA was performed on a TA Instruments Q500 TGA by heating from 

room temperature at 5.00 °C/min to 1000 °C under N2. The results were analyzed using 

TA Universal Analysis with the amine peak appearing at approximately 350 °C.   

The iron oxide species were characterized using Mössbauer spectroscopy and 

XPS. Mössbauer spectra were collected in transmission mode with a constant 

acceleration drive system and a 57Co source.  Samples for Mössbauer spectroscopy were 

mounted in a top loading Janis exchange-gas cryostat. The source was maintained at 

room temperature during analysis. Data was calibrated against an α-Fe metal foil 

collected at room temperature.  Spectral fitting was done with the Recoil software 

package. The Mössbauer spectra were compared to known spectra of superparamagnetic 

iron oxide materials for identification.  For XPS spectroscopy, a monochromatic Al Kα 

X-ray source was used to scan the samples.  The pressure in the analysis chamber was 

maintained in the range of 1.33*10-6 to 1.33*10-7 Pa.  Low energy electrons were used to 

maintain a uniform charge on the samples.  Wide energy range survey scans were 

acquired using following parameters: energy range from 1200 to -5 eV, pass energy of 

160 eV, step size of 1 eV, dwell time 200 ms, x-ray spot size 700 x 300 mm.  High 

resolution spectra were acquired using following parameters: energy range of 50 - 20 eV 

depending on the peak examined, pass energy of 20 eV, step size of 0.1 eV, dwell time of 

1000 ms. Three sweeps were used for the Fe 2p region to enhance signal to noise.  The 

spectra were fit using Shirley background Gaussian-Lorentzian(30) fitting program with 
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the Kratos software package in the University of Iowa Central Microscopy Research 

Facility. 

3.5 Results and Discussion 

3.5.1 Physicochemical Characterization of  

Iron Oxide/Zeolite Y Composites  

Powder XRD was used to evaluate crystallinity and to potentially identify the 

different component phases of the iron oxide/zeolite materials.  The powder XRD 

patterns of as-synthesized iron oxide [39], zeolite Y-Zeolyst and iron oxide/Y composites 

are shown in Figure 3.1.  The reflections observed in Figure 3.1a are consistent with the 

iron oxide phases, maghemite (Fe2O3) and magnetite (Fe3O4), which have similar XRD 

powder patterns making it difficult to distinguish between these two iron oxide phases 

based on the XRD patterns.  The lines in the Figure show database patterns for those 

materials maghemite and magnetite.  The XRD powder pattern for the parent Y zeolite 

from Zeolyst is shown in Figure 3.1d for comparison with the composite materials.  The 

XRD powder patterns of the iron oxide/zeolite composites (Figure 3.1 b,c) indicate that 

dominant features are the zeolite reflections with possible weak contributions from the 

iron oxide phase at a 2θ ~ 42°.  The zeolite reflections are strong enough to mask the 

broader peaks of the iron oxide phase almost completely.  The crystal structure of the 

zeolite patterns are not distorted by the iron oxide crystals.  The XRD lines of the iron 

oxide/Y-nano composite (Figure 3.1b) are significantly broadened relative to the Zeolyst 

Y (Figure 3.1d) due to the decreased crystal size of the Y-nano.[28]    This broadening 

has been seen in smaller crystals of other zeolites as well, such as silicalite-1.[9] 
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The specific surface areas of Y-Zeolyst and Y-nano were measured by nitrogen 

adsorption and BET analysis and are listed in Table 3.1. The external surface area for as-

synthesized nanocrystalline NaY was measured with the template still in the pores of 

zeolite Y and was 51 m2/g, which can be used to calculate the particle size assuming 

cubic crystals.  The external surface area corresponds to a crystal size of 79 nm according 

to x=4061/Sext where x= crystal size in nm and Sext is the external surface area.[28]  This 

fit has been established for a variety of zeolites and gives very small error.  APTES 

functionalized Y and the iron oxide/Y (both nano and Zeolyst) composites exhibited a 

decrease in specific surface area after functionalization or iron loading (Table 3.1).  The 

decrease of surface area is due to blocking of the zeolite pores by the iron oxide species 

and/or functional groups and has been observed previously for related materials [1, 10, 

12].  Pore blocking leads to restricted access to the internal zeolite surface. The BET 

surface areas for the iron oxide/Y-Zeolyst-APTES and iron oxide/Y-nano-APTES 

composites were quite small, 50 and 25 m2/g, respectively.   The iron oxide is not a 

porous material; as such the composites cannot have the same surface area as the zeolites.   

Amine functionalization heightens this effect, and the surface area is further decreased.   

The APTES loading was determined by TGA analysis and the results are listed in 

Table 3.1.  0.65 and 0.55 mmol/g APTES was grafted onto iron oxide/Y-Zeolyst and iron 

oxide/Y- nano, respectively.   

The weight percentages of iron in the iron oxide/zeolite composites were 

determined by ICP/OES to be 19 and 18%, respectively, for iron oxide/Y-Zeolyst and 

iron oxide/Y-nano.  The zeta potential varies with pH and ionic strength and represents 
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the surface charge. [36]  The zeta potential for the Zeolyst Y and nano-Y and the iron 

oxide / zeolite composites at pH=7 are listed in Table 3.1. 

 
 
 

 
Figure 3.1. Powder XRD patterns for: a)  iron oxide (Fe2O3) as synthesized, b) iron 

oxide/Y-nano,  c) iron oxide/Y-Zeolyst and d) Y Zeolyst.  The dashed lines indicate 
iron 
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Table 3.1:Physicochemical Properties of Iron Oxide/Zeolite Composites 

Sample SSA/ (m2/g)a ζ-potential 
(mV)b 

APTES loading 

(mmol/g)c 

Y-Zeolyst 440 -25(1.3) -- 

Y-nano 79 nm (51)) -19(1.1) -- 

Iron oxide/Y-
Zeolyst 

 

120 

-27(0.7) -- 

Y-Zeolyst-APTES  225 -5(1.6) 0.80 

Iron oxide/Y-
Zeolyst-APTES  

50 -4(1.8) 0.65 

Iron oxide/Y-nano-
APTES 

25 -4(1.6) 0.55 

 

a Specific surface area (SSA) was measured by nitrogen adsorption and the 
BET method.  The external surface area is given in parenthesis.  

bζ-potential measured at pH=7. 
c The APTES loading was measured using TGA. 
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The zeta potential of the parent Y zeolites reflects the protonation of surface 

hydroxyl groups according to the same equilibrium as noncomposite silicalite listed in 

chapter 2 

The zeta potential at pH=7 was -25 mV and -19 mV for the Zeolyst and nano HY 

samples, respectively.  When zeolite Y is functionalized with APTES, the zeta potential 

will change relative to the parent zeolite due to the protonation of the surface amine 

groups as shown in chapter 2.  Functionalization of zeolite Y with APTES leads to a pH-

dependent increase in the zeta potential relative to the parent zeolite.  Similarly, APTES 

functionalization of iron oxide/Y composites leads to a similar increase in zeta potential.  

Mössbauer spectra of iron oxide/Y-Zeolyst-APTES and iron oxide/Y-nano-

APTES were obtained at 13 K and are shown in Figure 3.2a, b, respectively.  The 

Mössbauer spectrum of maghemite (Fe2O3) is shown in Figure 3.2c for comparison.  The 

Mössbauer spectra confirmed the presence of iron oxide and were used to identify the 

iron oxide species in the composite materials.  The spectra were fit using the Recoil 

software to obtain the center splitting (CS) and the magnetic splitting (H).  The fitting 

results for the composite samples are listed in Table 3.2 along with maghemite and 

magnetite standards for comparison.  The iron oxide phase in the zeolite composites 

(Figure 3.2 a,b) was identified as primarily maghemite (Fe2O3), a superparamagnetic iron 

oxide.  

Mössbauer spectra tend to have characteristic parameters for different species of 

iron.  Figure 3.2 shows a clear sextet on all samples, comparable to the maghemite 

example in the bottom.    
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Figure 3.2. Mössbauer spectra collected at 13K for: a) iron oxide/Y-Zeolyst-APTES, 
b) iron oxide/Y-nano-APTES,  and c)  iron oxide (Fe2O3) standard 

 
 
 

Table 3.2: VBF Mössbauer Parameters for Magnetic Zeolite Composites 
Sample CS 

(mm/s)a 
H (T)b T(K) Reference 

Iron oxide/Y-Zeolyst 0.30 
0.53 

48.8 
50.1 

12 This work 

Iron oxide/Y-nano 0.31 
0.57 

50.8 
51.3 

12 This work 

Maghemite 0.30 
0.57 

48.8 
51 

12 Scherer 
unpublished

Magnetite  0.84 
0.44 

50.2 
52.3 

12 Scherer 
unpublished 

 
a Center shift 
 
b Magnetic splitting 
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Neither of the zeolite iron species shows significant doublets.  The iron species 

are made up of almost exclusive Fe (III).  Samples were shown at 13K for ease of 

viewing, magnetic ordering takes place in samples taken at 77K  The parameters and the 

spectra show significant Fe(III) character and not much Fe(II) character.  XPS data 

supports this analysis. 

XPS spectra of iron oxide/Y-Zeolyst-APTES and iron oxide/Y-nano-APTES 

obtained in the Fe 2p region are shown in Figure 3.3a, b, respectively. The Fe 2p region 

of the XPS spectrum is complex and often includes contributions from overlapping peaks 

of Fe0, Fe2+ and Fe3+ oxides.  Literature values [37-40] for binding energies for various 

iron oxide compounds can be found and used to interpret the XPS spectra.  Fe2O3 (Fe3+) 

has a binding energy of 711.1 eV (with shake-up satellite peak at 719.8 eV[44]) and FeO 

(Fe2+) has a binding energy of 709.9 eV (with shake-up satellite peak at ~715 eV[44]).  

The mixed valence compound Fe3O4 has a binding energy ranging from 710.5 to 711.2 

eV.[45]  These iron oxide species have been previously observed in XPS studies of iron-

exchanged zeolites [41-43].  

A sharp Fe 2p3/2 peak is seen at a binding energy of ~710 eV for both the 

commercial and the nanosized zeolite composite samples in Figure 3.3.  This peak is 

primarily attributed to Fe3+ oxide species present in the zeolites; however, the presence of 

some Fe2+ (sharp Fe 2p3/2 peak at 709.9 eV for FeO) cannot be ruled out.  A characteristic 

Fe3+ shake-up satellite peak at ~719 eV is observed for both samples further confirming 

the presence of Fe3+.  Analysis of both the Mössbauer and XPS results provide strong 

support for the assignment of the iron oxide species as maghemite (Fe2O3).  Fe2+ peaks 

show a shoulder towards lower binding energies than Fe3+ peaks.   Our peaks did not 
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show this shoulder, the only species of iron contained being Fe3+, indicating that there is 

no mixed oxide form.   

The N1s XPS are shown in Figure 3.3c, d.   The N1s peak at ~401 eV is assigned to 

an organic amine groups and can be deconvoluted into two components due to amine 

groups (NH2) at 399.5 eV and ammonium groups (NH4
+) at 401.3 eV.[42]   Together 

with the TGA and zeta potential, these results indicate that the amine groups are grafted 

to the surface of the iron oxide/Y composites.  The commercial scale oxide in c showed a 

very similar pattern to the nano zeolite in d.   The binding appears to be similar in both 

composites. 

 
 
 

 
 

Figure 3.3. XPS spectra of the Fe region of the XPS spectra for a) iron oxide/Y-
Zeolyst-APTES and b) iron oxide/Y-nano-APTES.  XPS spectra of the N1s region of 
the XPS spectrum for c) iron oxide/Y-Zeolyst-APTES and d) iron oxide/Y-nano-
APTES 
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Magnetism was a key desired property to facilitate removal of the materials after 

use.  Figure 3.4 shows the magnetism of the particles.   This magnetism held in the 

solution state, the particles were attracted to the magnet and were settled out of solution 

within 20 minutes.  The settling took hours when there was no magnet.  The sample in 

the Figure was commercial zeolite/iron oxide composite, though the property held 

through in all size ranges. 

 
 
 

 
 
Figure 3.4. Photograph showing the magnetic properties of the iron 

oxide/zeolite composites  
 
 
 

3.6 Conclusions 

Iron oxide zeolite Y composites with surface amine groups and magnetic 

properties were synthesized.  The iron oxide phase in the composite materials was 

identified as maghemite by Mössbauer and XPS.   Crystallinity as well was maintained 
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during the addition of the iron oxide.  While surface area was rather low for these 

samples, functionalization was comparable to the silicalite crystals.   Chromate 

adsorption for these samples will be addressed in Chapter 4. 
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CHAPTER 4: CHROMATE ADSORPTION STUDIES 
 

4.1 Introduction 

Through surface functionalization, the properties of the nanocrystalline zeolite 

external surface can be tailored for specific applications [3, 46-48]. For example, the 

hydrophobicity of the external surface of the zeolite can be increased through 

functionalization with long chain hydrocarbons, such as octylmethyltrichlorosilane [48]. 

Similarly, specific functional groups, sulfonic acid groups (–SO3H) or amine groups (–

NH2) can be placed on the external surface to promote acid catalyzed reactions or 

adsorption of DNA, respectively.  

Methods used for functionalization of silanol groups in silica based materials, 

such as mesoporous silica [43, 49-51]can be readily adapted for zeolites with the main 

difference being that the functionalization occurs exclusively on tzhe external zeolite 

surface due to the zeolite pore sizes that restrict access to the internal zeolite surface for 

most organosilane reactants [3, 52]. The advantage of nanocrystalline zeolites in this 

regard is the extremely high external surface area relative to micron-sized zeolites.  High 

surface area results in a high number of silanol groups, which are primarily found on the 

surface of the zeolite.  These silanol groups are a reactive site, and can be used to attach 

organic functionalities.  The reaction of a surface silanol group on the zeolite external 

surface with APTES results in an amine-functionalized zeolite as shown schematically in 

fig 4.1. This method is versatile because many different organosilane reagents can be 

used to introduce different functionalities to the zeolite surface.  These functionalities can 
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change surface properties in a variety of ways, and can be used for a variety of 

applications such as adsorption, as seen here. 

 
 
 

 
 
 Figure 4.1 Schematic diagram showing the functionalization of silicalite surface with 
APTES and the protonation of the surface at low pH, followed by the adsorption of 
chromate 
 
 
 

Hexavalent chromium is highly toxic and strictly regulated by the EPA (50 ug/L 

limit in drinking water) [19, 29, 53].  Hexavalent chromium is found in industrial waste 

effluents (electroplating, tannery and textile), such that the effluent must be treated before 

being discharged into the environment to be compliant with EPA regulations. Adsorption 

is a relatively easy and efficient way to remove hexavalent chromium from waste water 

effluents and many different adsorbents have been investigated including activated 

carbon, clays, ion-exchange resins, zeolites and mesoporous silica [1, 13, 20, 28, 40, 54-

59]. Recently, there have been several studies of chromate adsorption on amine-

functionalized mesoporous silica (MCM-41 and SBA-15) [1, 56-59]and studies of 

chromate adsorption on organic functionalized natural zeolites [19, 42, 51, 60]. Surface 
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modification is accomplished through reaction of surface silanol groups with 

organosilane reagents. This strategy has been widely adopted to functionalize 

mesoporous silica materials [31, 33, 61]with catalytically active or biologically 

compatible functional groups [14,33]. SBA-15 and MCM-41 have been functionalized 

with amine functional groups using organosilanes, such as amino- propyltriethoxysilane 

(APTES) [20, 32, 55]. The amine functionalized mesoporous silica samples exhibited 

very high adsorption capacities for chromate.   

Silicalite is the purely siliceous form of the zeolite, ZSM-5 which has the MFI 

structure with 5.6 Å pore diameters. Nanocrystalline silicalite with a crystal size of 32 nm 

and an external surface area of 100 m2/g was functionalized with varying amounts of 

APTES so that the surface properties (such as zeta potential) could be systematically 

varied and tailored for chromate adsorption. The functionalized silicalite was 

characterized by powder X-ray diffraction, 29Si magic angle spinning (MAS) NMR, 

thermal gravimetric analysis (TGA), nitrogen adsorption isotherms, and zeta potential 

measurements as discussed in Chapter 3.  Chromate (Cr2O7
2-) adsorption on the APTES 

functionalized silicalite (32 nm) and on the iron oxide/zeolite composites was measured 

in batch experiments. 

The iron oxide/zeolite Y composites were effective adsorbents for contaminants, 

such as Cr6+, Cu2+ and Zn2+, from water and were also magnetic, thus facilitating easy 

removal from aqueous solution using a permanent magnet, as shown in Figure 3.4.  Other 

groups have reported the preparation of magnetic zeolites for seawater purification[41] 

and biomedical applications[27, 28].  The preparation of magnetic mesoporous silica 

materials for use as magnetic adsorbents [42] and for biomedical applications[29-31] has 
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also been reported.  Recently, Yeung and coworkers have reported the prepation of a 

magnetic mesoporous adsorbent  with grafted amine groups that is an effective adsorbent 

for chromium(VI) and arsenic (V). Magnetic iron oxide/zeolite Y composites were also 

prepared and were then functionalized with amine groups to form a bifunctional, 

magnetic zeolite.  The objective is to prepare a functionalized zeolite material that has 

enhanced adsorptive properties for chromate due to functional groups on the surface, 

combined with facile recovery of the adsorbent via the magnetic iron oxide component of 

the composite material.   

In this chapter, the adsorption of chromate on APTES funcionalized silicalite and 

on magnetic APTES functionalized NaY composites will be discussed.  The effect of pH 

on the adsorption capacity will be investigated.  The optimal conditions will be 

determined for both the iron containing zeolite composites and for functionalized 

silicalite-1 crystals. 

4.2 Experimental Section 

Ten milligrams of each zeolite sample was added to 10 mL of 50 ppm solution 

prepared from K2Cr2O7 and controlled at pH 2 with HNO3. The zeolite/chromate solution 

was stirred for 2 h at room temperature. After centrifugation, the solids were separated 

from the supernatant and both were analyzed for chromium content using a Varian 720-

ES Inductively Coupled Plasma/Optical Emission Spectrometer (ICP/OES) spectrometer. 

The chromium concentrations of the solutions were measured directly using the Cr 

205.56 nm line of the ICP/OES. The solids were dissolved in 3 mL HF, 1 mL HNO3 and 

15 mL H3BO4, diluted to 25 mL with deionized water and the resulting solutions were 

analyzed for chromium concentration by ICP/OES. Calibrations were done before each 
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set of measurements using three solutions of known concentration (25, 50 and 100 ppm) 

made from standards purchased from Inorganic Ventures. Three sample replicates were 

run for each sample and were averaged to provide the final chromium solution 

concentrations. Single component adsorption isotherms for Cr2O7 
-2were measured using 

10 mg of zeolite and 10 mL of solution with concentrations ranging from 0.1 to 2 mM. 

The samples were allowed to equilibrate for 2 h at room temperature 

4.2.1 Chromate Adsorption on Functionalized Silicalite-1 

The equilibrium adsorption of chromate (50 ppm) on silicalite-32 nm and APTES 

functionalized silicalite-32 nm was measured using ICP/OES to determine the chromium 

concentrations in the solution and in the solids as listed in Table 4.1.  The mass balance 

for the individual experiments ranged from 65% to 100%.  The variable mass balance is 

attributed to the difficulty in recovering all of the solids after the adsorption experiments, 

leading to lower than predicted amounts of chromium in the solids.  Incomplete solid 

recovery lead to the loss of mass.  Very little chromium was adsorbed on the 

unfunctionalized silicalite despite the fact that it has the highest surface area supporting 

the idea that the adsorption occurs on the amine functional groups, which are not present 

on the unfunctionalized silicalite.   

The amount of chromium adsorbed on the APTES functionalized silicalite 

samples increased as the amount of functionalization increased as shown in Table 4.1.  

The adsorption follows the trend in zeta potential and the reverse of the trend in surface 

area seen in Chapter 2.  An adsorption isotherm for chromate on 0.5 mL APTES 

silicalite-32 nm is shown in Figure 4.2 and was obtained using chromate concentrations 
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ranging from 0.1 to 2 mM. The adsorption isotherm was fit using the Langmuir model. 

The model is described by qe = qmax*b*Ce/(1+bCe) 

 
Table 4.1 Adsorption Properties of Amine Functionalized Silicalite-1 

Sample mmol 
APTES/g 

Zeta 
potential/ 
mV 

mmol/g 
Cr 
adsorbed 
solution 

mmol/g 
Cr 
adsorbed 
solids 

Cr/N 
molar 
ratio 

Mass 
Balance 
% 

Silicalite-1 
0 APTES 

0 -41 0 0 N.A. 100 

Silicalite-1 
.25mL APTES 

< .31 -25 0.29 0.28 N.A. 48 

Silicalite-1 
.5mL APTES 

.31 -15 0.43 0.34 1.4 65 

Silicalite-1 
1mL APTES 

.4 -3 0.56 0.42 1.4 81 

 
 
 

 

The monolayer adsorption capacity, qe is the adsorption capacity in mmol/g, Ce is 

the equilibrium concentration of chromium in mM, b in mM-1 is a constant related to the 

free energy of adsorption, and qmax is monolayer adsorption capacity. The Langmuir fit to 

the data gave a value of 2.3 mM -1 for b and 0.58 mmol/g for qmax.  Fitting to the 

Langmuir isotherm assumes that all sites are equal and independent of binding in other 

sites.  The fit is the largest source of uncertainty in these  measurements, with an error of 

generally around 20%. 
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Figure 4.2 Langmuir isotherm fit for Cr on 1 mL amine functionalized silicalite-1 

 
 
 

4.2.2 Chromate Adsorption on Iron Oxide/Zeolite Composites 

Chromate adsorption on the different zeolite composite samples was evaluated.  

Initially, the adsorption as a function of pH was investigated for APTES functionalized 

zeolites and zeolite composites and it was found that acidic pH of ~2 is required for 

optimal chromate adsorption.  The data for the pH dependence of the chromate 

adsorption is provided in fig 4.3.  The acidic pH is required because the amine functional 

group is protonated at acidic pH values and this is where the chromate anion is believed 

to electrostatically bind to the zeolite.[12, 24]  The amine functionalized zeolite had a 

higher surface charge at the same pH than the unfunctionalized composites, as seen 

previously in Chapter 3.  The trend in adsorption capacity does not follow the trends in 

surface areas, since the amine functionalization decreases surface area. 
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An initial screening of the adsorption on the different zeolite composites was 

conducted using 40 ppm chromate solution adjusted to pH=2 and the results are listed in 

Table 4.1.  The iron oxide/Y-Zeolyst composite showed reduced adsorption capacity 

relative to the APTES functionalized iron oxide composites iron oxide/Y-Zeolyst APTES.  

The Y-Zeolyst APTES showed similar adsorption capacities in this comparison suggesting 

that the amine functionalization is required for optimal adsorption. 

 
 
 
Table 4.2 Adsorption on Iron Oxide/Zeolite Composites in 40 ppm Cr at pH 2 

sample Cr adsorbed/mmol/g Standard Deviation/ mmol/g 

iron oxide/Y-Zeolyst  0.15 0.03 

iron oxide/Y-Zeolyst 
APTES 

0.42 0.03 

Y-Zeolyst APTES 0.41 0.07 

Y Zeolyst -- -- 

iron oxide/Y-nano APTES 
0.84 0.03 

iron oxide/Y-nano 0.6 0.02 
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Adsorption isotherms (Figure 4.4) were obtained for iron oxide/Y-nano-APTES 

and iron oxide/Y-Zeolyst-APTES to compare the adsorption in more detail for these two 

samples.  Previous research has shown that adsorption on zeolites can typically be 

modeled using a Langmuir isotherm. The adsorption isotherms for chromate in Figure 4.4 

were obtained using chromate concentrations ranging from 0.1 to 2 mM Cr.  

The Langmuir fits to the data are provided in Table 4.3.  The adsorption capacities 

determined from the fit to the Langmuir isotherm are 0.72 and 0.85 mmol/g for iron 

oxide/Y-nano-APTES and iron oxide/Y-Zeolyst-APTES, respectively.  The iron oxide/Y-

Zeolyst-APTES sample performs marginally better relative to the iron oxide/Y-nano-

APTES sample seen from Table 4.3, though the difference between them is roughly the 

error in the measurements.  This may be due to the slightly higher APTES loading that 

was achieved on the iron oxide/Y-Zeolyst-APTES sample (see Table 3.4). 

To explain these interactions, electrostatic interactions between positively charged 

amine groups and negatively charged chromate ions are believed to be the basis for 

adsorption.[12, 22, 24]  The chromium adsorption to APTES loading ratios were ~1.5 to 

1.2 for the iron oxide/Y-Zeolyst-APTES and iron oxide/Y-nano-APTES samples, 

respectively, using the adsorption capacity determined from the Langmuir isotherm fitted 

data.  The ratios are similar to the ratio of 1.4 found for two different amounts of 

functionalization of silicalite-1 reported in Table 4.1.  The similarity of ratios could 

indicate a similar type of binding.  The pH effects seen on the iron oxide/Zeolyst-APTES 

indicate that the adsorption is strongly sensitive to the environment, and probably not 

strongly bonded-changing the pH caused the dichromate to desorb with a change in pH.  

The equilibria discussed in chapter 2 indicate the effect on protonation and zeta potential.  
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Figure 4.3.  Chromate adsorption on iron oxide/Y-Zeolyst-APTES as a 
function of pH.  The pH was adjusted by HNO3 and NaOH.  10 mL of 40 ppm 
chromate solution was used. 

 
 
 

 
 
Figure 4.4.  Chromate adsorption at pH 2 on iron oxide/Y-Zeolyst-APTES 

(triangles) and iron oxide/Y-nano-APTES (circles) fit to a Langmuir isotherm.   
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Functionalization of both iron oxide/Y-Zeolyst-APTES and iron oxide/Y-nano-

APTES composites increases the chromium adsorption from 0.14 to 0.42 mmol/g at 40 

ppm.  Both the iron-containing functionalized samples were just as effective as the Y-

Zeolyst-APTES samples without iron for chromate adsorption.  The surface area loss due 

to the iron doesn’t appear to affect the adsorption capacity of the materials, suggesting 

that the adsorption occurs exclusively on the external surface.  The difference in surface 

areas can be seen in Table 4.1, while no difference in adsorption is noticed. 

 
 
 
Table 4.3: Langmuir Adsorption Isotherm Parameters a 

Sample b (mM-1) qmax (mmol/g) R 

iron oxide/Y-nano-APTES 1.0 (0.4) 0.72 (0.13) 0.964 

iron oxide/Y-Zeolyst-APTES 1.2 (0.6) 0.85 (0.18) 0.966 

 

a Fitting errors are given in parenthesis, as the fitting is the most significant source of 
error. 

 
 
 

The iron oxide phase does not interfere with the surface interactions between 

chromate and the amine functional groups on the surface.   The requirement of such low 

pH values may be an impediment to practical applications of this technology.  

Applications would be more likely to be mining or industrial uses, before water is 

returned to the environment.  Recent results suggest that improved chromate adsorption 

can be obtained at higher pH by preadsorbing Fe3+ to the amine functionalized 
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material.[6, 21, 22, 44]  The composite powder material is attracted to the wall of the vial 

by the magnetic field.  This suggests that these materials will be easily removed from 

aqueous solution after use with a permanent magnet.   

4.3 Results and Discussion-Comparison of Adsorption Capacities 

The highest adsorption capacity for Cr2O7
2- on silicalite-1 obtained in this study 

was approximately 0.54 mmol/g silicalite-32 nm for the silicalite sample containing the 

highest concentration of amine groups (silicalite-1 32 nm 1mL) as seen in Table 4.1.  

While this adsorption capacity is comparable to chitosan (0.65 mmol/g) [62, 63] and 

much greater than organo-modified zeolite (0.0041 mmol/g) [13], it is 2–3 times lower 

than the adsorption capacities achieved for functionalized mesoporous materials, such as 

amine modified MCM-41 and amine-modified SBA-15[12, 13, 15, 18, 34, 56]. The larger 

adsorption capacity for mesoporous silica materials is attributed to the higher surface area 

and higher concentrations of functional groups that can be achieved in mesoporous 

materials.  Table 4.4 shows a comparison of various chromate adsorption capacities. 

However, the Cr/N molar ratio obtained in this study is greater than one (Table 

4.1) suggesting that all of the functional groups are accessible to the chromate. This is in 

contrast to mesoporous materials where overall adsorption capacity per gram of solid is 

higher but the Cr/N ratio is lower varying from 0.5 in ref [21] to 0.8 in ref [30] in 

different studies. Since some degradation of zeolite structure is observed by X-ray 

diffraction, future work will also focus on using milder conditions for the adsorption 

process so that the zeolite framework will remain stable.  

The approximately 1:1 correspondence between surface amine group 

concentration and Cr adsorption suggests that the interaction is electrostatic and that all 
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of the functional groups are accessible to the chromate.  Potentially, the adsorption 

capacity for nanocrystalline silicalite could be increased by increasing the external 

surface area and the concomitantly increasing the functionalization of the external 

surface. 

The external surface area for silicalite (assuming a cubic crystal) is given by SAext 

= 3214/x where x is the crystal size in nanometers [64]. Decreasing the crystal size by a 

factor of two should double the external surface area. For a 30 nm silicalite crystal, the 

external surface area is 100 m2/g and the external surface area for a 15 nm silicalite 

crystal is 200 m2/g. Therefore, we would predict that an approximately 2-fold increase in 

adsorption capacity for chromate anions could potentially be gained by going to smaller 

silicalite crystal sizes.  Extremely small crystals are unstable.  However, silicalite-1 

crystals with an MFI structure are believed to be stable at these sizes 

 
 
 

Table 4.4 Comparison of Zeolite Adsorption Capacities in mg/g 

 amine 
MCM 

amine 
zeolite 

unfunc 
zeolite 

tannin clay Chitosan 

literature 23 3.95 2.4 1.6 55 27 

This work 

(silicalite) 

27 23.9 1.84    

ref  [50] [18] [18]  [59]  [59]  [59] 
 
 
 
The iron oxide had a maximum adsorption capacity slightly higher than the silicalite-1 

crystals, despite lower surface areas.   This is believed to be related to the larger number 

of functional groups on these materials.  Tubes all showed lower adsorption than the 

single crystals, no matter where they were functionalized.   The difference in iron oxide 
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composite adsorption capacity was not large enough that it changes the comparison to 

literature adsorbents discussed earlier.   

Chromate speciation and pH dependence is an important part of the adsorption 

picture[65, 66]   At pH 2, chromate is mostly in the form of hydrogen chromate Cr2O7
-2.   

The speciation diagram is found in Figure 4.5.  This form of chromium appears to be 

more easily adsorbed than the chromate or hydrogen chromate found at higher pH or 

lower pHs, as shown by the adsorption on the magnetic composite.  Dichromate would 

help explain the greater than 1:1 ratio of Cr:N seen on the silicalite-1 and iron samples. 

 
 
 

  
 
Figure 4.5 Diagram showing chromate speciation as a function of pH 
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The pH effects on adsorption show a clear negative trend, as seen in Figure 4.3.  

Going up to pH 7 halts all adsorption.   The effect can be used as a method for 

desorption and recycling method. 

4.4 Conclusions 

Chromate was adsorbed on both silicalite-1 nanocrystals and Fe2O3/zeolite 

composite.  The surface area after functionalization decreases, but this did not appear to 

adversely affect the chromate adsorption, suggesting that adsorption occurs on the 

external surface.  Adsorption is dependent on the loading of functional group and the 

surface charge, consistent with an electrostatic interaction.  The maintenance of 

adsorption capacity coupled with the easy removal render these magnetic zeolite 

composites an attractive material for large scale water purification applications.   

Crystallinity as well as adsorption capacity was maintained under adsorption 

conditions.  One potential drawback of this method is the low pH’s required for optimal 

adsorption capacity.  Methods of adsorbing cations to the amine functional group to 

increase the optimal pH for adsorption have been suggested for the future work.  

Nanocrystalline silicalite-1 with a crystal size of 32 nm was functionalized with 

varying amounts of APTES. Adsorption capacity increased as the amount of APTES 

functionalization increased. The maximum adsorption capacity was approximately 0.6 

mmol Cr/g zeolite. These results demonstrate that the external zeolite surface of 

nanocrystalline zeolites can be tailored through functionalization in order to increase the 

adsorption capacity for a specific adsorbate, in this case chromate. Future improvements 

in adsorption capacity of nanocrystalline zeolites can potentially be achieved by further 

decreasing the zeolite crystal size and thus increasing the external surface area. 
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CHAPTER 5: ARSENIC ADSORPTION ON IRON CONTAINING ZEOLITE 
COMPOSITES. 

 

5.1 Introduction 

Arsenic in drinking water is a global problem.  Arsenic occurs naturally in rocks 

and soil, water, air, and plants and animals. It can be further released into the 

environment through natural activities such as volcanic action, erosion of rocks and forest 

fires, or through human actions. Approximately 90 percent of industrial arsenic in the 

U.S. is currently used as a wood preservative, but arsenic is also used in paints, dyes, 

metals, drugs, soaps and semi-conductors. High arsenic levels can also come from certain 

fertilizers and animal feeding operations. Industry practices such as copper smelting, 

mining and coal burning also contribute to arsenic in our environment. 

Arsenic is a large problem in groundwater in Bangladesh and other places in the 

world.  The current recommended exposure level by the World Health Organization 

(WHO) and the legal limit in the US is 10 ppb.[22]  The ideal level for health is believed 

to be even lower than this value, however measuring much lower concentrations can be 

difficult at best, and 10 ppb is the provisional limit.  Many natural sources in the US and 

other parts of the world give levels of above 50 ppb.   Arsenic exposure can cause a 

variety of mental and physical symptoms, including cancer, neurological problems and 

death.    

Adsorption has been shown to be an effective method for arsenic removal.  

Zeolites have been shown to be useful as adsorbents because of their high surface 

area.[20, 67-71]  Surface modification has been shown to be applicable in the case of 

mesoporous materials, and has been shown to be useful in zeolites as well.[1, 16, 72-77].  
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To expand the pH range to neutral pH, previous studies have shown that Fe3+ 

preadsorbed on amine functionalized materials facilitates anion adsorption at neutral pH.  

This research aims to take advantage of these interactions and previously seen adsorption 

behavior of anions on zeolite[43] to facilitate removal of arsenate species from water 

solutions at neutral pH.  Iron-exchanged zeolite Y, iron oxide/zeolite Y, iron oxide/Y-

APTES and iron oxide/Y-APTES –Fe3+ composite materials were prepared as and were 

evaluated for arsenic removal from aqueous solution. 

5.2 Materials Synthesis 

5.2.1 Synthesis of Iron Oxide/Zeolite Composites 

Nanocrystalline NaY (Y-nano) with a size of approximately 58 nm and Si/Al=1.9 

was synthesized according to a previously published procedure[64].   Textural properties 

of NaY (Zeolyst and Y-nano) are provided in Table 5.1.  Following the procedure of 

Oliveira and co-workers[39], iron oxide/Y composites were formed.   NaY (Zeolyst or 

nano) was added to 200 mL of nitrogen purged water and then 30 mL of a 1:2 mol ratio 

of FeCl3:FeCl2 was added dropwise in a glove bag under nitrogen.  The resulting iron 

oxide/zeolite composite will be designated iron oxide/Y-Zeolyst or iron oxide /Y-nano.   

The composite materials were washed with water and ethanol, dried in an oven overnight 

at 368 K, and then annealed under N2 for 6 h. at 723K.   

5.2.2 APTES Functionalization of Zeolite Composites 

After annealing, the iron oxide/zeolite material was functionalized with 

aminopropyltriethoxysilane (APTES) according to literature procedures.[43]  0.5 g of 

iron oxide/zeolite composite (or zeolite Y) was refluxed in 50 mL toluene and 1.5 mL 
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APTES for 4.5 h.  The samples were washed with water and ethanol and dried at room 

temperature.  These APTES functionalized samples are designated as iron oxide/Y-nano-

APTES and iron oxide/Y-Zeolyst-APTES. 

5.2.3 Fe3+ exchanged iron oxide/Y-APTES 

Following literature procedure[42] iron oxide/Y-APTES and Y-nano were ion 

exchanged overnight from 1M ethanol solution of FeCl3 (Aldrich).   Samples were then 

washed with ethanol and dried at room temperature.  These exchanged samples are 

designated iron oxide/Y-nano-APTES-Fe3+, iron oxide/Y-Zeolyst-APTES-Fe3+ and iron-

exchanged Y-nano.  

5.2.4 Characterization 

The zeolite Y and zeolite Y composite samples were characterized by powder 

X-ray diffraction (XRD), nitrogen adsorption isotherms (BET method), inductively 

coupled plasma optical emission spectroscopy (ICP-OES), zeta potential measurements, 

thermal gravimetric analysis (TGA), Mössbauer spectroscopy and X-ray photoelectron 

spectroscopy (XPS).  

XRD patterns were obtained using a Rigaku Mini Flex II system with a Cobalt 

X-ray source and a Fe K-beta filter to filter out the K-beta lines from the Co source.  

XRD patterns were collected between 2θ = 5 and 75 degrees with a step size of 0.04° and 

were analyzed with MDI Jade software. Nitrogen adsorption isotherms were obtained on 

a Quantachrome Nova 4200e multipoint BET apparatus using approximately 0.1 g of 

sample for each measurement. Prior to the N2 adsorption, each sample was vacuum 

degassed at 120 °C for 2–3 h. The specific surface area was calculated by the BET 

method using the Nova 4200e instrument software.  
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ICP/OES analysis was conducted using a Varian 720-ES ICP/OES 

spectrometer.  Typically, 10 mg of the sample was digested in 1.6 mL 70:30 HCl: HF 

mixture. Then 0.56 mL of concentrated nitric acid and 8.4 mL of 5% boric acid were 

added and the volume was adjusted to 14 mL with deionized water. 1 ppm solution of 

yttrium was used as an internal standard during the measurements. TGA was performed 

on a TA Instruments Q500 TGA by heating from room temperature at 5.00 °C/min to 

1000 °C under N2. The results were analyzed using TA Universal Analysis with the 

amine peak appearing at approximately 350 °C.  

The iron oxide species were characterized using Mössbauer spectroscopy and 

XPS. Mössbauer spectra were collected in transmission mode with a constant 

acceleration drive system and a 57Co source.  Samples for Mössbauer spectroscopy were 

mounted in a top loading Janis exchange-gas cryostat. The source was maintained at 

room temperature during analysis. Data were calibrated against an α-Fe metal foil 

collected at room temperature.  Spectral fitting was done with the Recoil software 

package. The Mössbauer spectra were compared to known spectra of superparamagnetic 

iron oxide materials.  For XPS spectroscopy, a monochromatic Al Kα X-ray source was 

used to scan the samples.  The pressure in the analysis chamber was maintained in the 

range of 1.33*10-6 to 1.33*10-7 Pa.  Low energy electrons were used to maintain a 

uniform charge on the samples.  Wide energy range survey scans were acquired using 

following parameters: energy range from 1200 to -5 eV, pass energy of 160 eV, step size 

of 1 eV, dwell time 200 ms, x-ray spot size 700 x 300 mm.  High resolution spectra were 

acquired using following parameters: energy range of 50 - 20 eV depending on the peak 

examined, pass energy of 20 eV, step size of 0.1 eV, dwell time of 1000 ms. Three 
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sweeps were used for the Fe 2p region to enhance signal to noise.  The spectra were fit 

using Shirley background Gaussian-Lorentzian (30) fitting program with the Kratos 

software package 

5.2.5 Arsenate Adsorption Experiments 

10 mg of each iron oxide/zeolite Y composite sample was added to 10 mL of 

solution of the given concentration prepared from KHAsO4 from Aldrich.  The pH was 

adjusted to 2 with nitric acid for low pH samples and left unmodified at pH~7 for higher 

pH samples. The mixture was stirred overnight at room temperature. After centrifugation, 

the solids were separated from the supernatant and analyzed for arsenic content using 

ICP/OES (Varian 720-ES). The arsenic concentrations of the solutions were measured 

directly using the As 188.6 nm line. Calibrations were done before each set of 

measurements using three solutions of known concentration (25, 50 and 75 ppm) made 

from standards purchased from Inorganic Ventures. Three sample replicates were run for 

each sample and were averaged to provide the final arsenic solution concentrations.  

5.3 Results and Discussion 

5.3.1 Physicochemical Characterization of Iron  

Oxide/zeolite Y Composites  

Powder XRD was used to evaluate crystallinity and potentially identify the 

different component phases of the iron oxide/zeolite materials.  The powder XRD 

patterns of as-synthesized iron oxide [39],  zeolite Y-Zeolyst and iron oxide/Y 

composites are shown in Figure 5.1.    The XRD powder pattern for the parent Y zeolite 

without modification is shown in Figure 5.1a for comparison with the composite 

materials.  The XRD powder patterns of the iron oxide/Y-nano-APTES, iron oxide/Y-
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nano-APTES-Fe3+, and iron oxide/Y-commercial-APTES-Fe3+, are shown in Figure 5.1 

b, c and d, respectively.  The XRD pattern of maghemite is shown for comparison.  The 

dominant features are the zeolite Y reflections with possible weak contributions from the 

iron oxide phase at a 2~ 42°.  The XRD lines of the iron oxide/Y-nano-APTES-Fe3 

 

 
 

 
Figure 5.1 Powder X-ray diffraction patterns for a) Y-nano, b) iron oxide/Y-nano-
APTES, c) iron oxide/Y-nano-APTES-Fe3+ and d) iron oxide/Y-commercial-APTES-Fe3+ 
and e)  iron oxide (Fe2O3) as synthesized.  Dashed lines indicate the iron oxide (Fe2O3 
and/or Fe3O4) reflections. 

 
 
 
The specific surface areas of the samples were measured by nitrogen adsorption + 

composite (Figure 5.1c) and iron oxide/Y-commercial-Fe3+ composite (Figure 5.1d) are 
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significantly broadened relative to the nano Y (Figure 5.1a).  There appears to be some 

loss of crystallinity that is causing the decrease in powder XRD intensity.  The line 

broadening could also be attributed to a decrease in particle size. 

Zeta potential and BET analysis and are listed in Table 5.1. The external surface 

area for as-synthesized Y-nano was measured with the template still in the pores of 

zeolite Y and was 70 m2/g  which can be used to calculate the particle size assuming 

cubic crystals.  The external surface area corresponds to a NaY crystal size of 

approximately 58 nm according to x=4061/Sext where x= crystal size in nm and Sext is the 

external surface area.[78]  The iron oxide/Y (both nano and Zeolyst) composites 

exhibited a decrease in specific surface area after functionalization or iron loading (Table 

5.1).  In both cases, the surface areas of iron oxide/Y-nano- APTES-Fe3+ and iron 

oxide/Y-Zeolyst- APTES-Fe3+ were 33 and 17 m2/g, respectively.   The decrease of 

surface area is due to blocking of the zeolite pores by the iron oxide species and/or 

functional groups and has been observed previously for related materials.  Pore blocking 

leads to restricted access to the internal zeolite surface.   

The BET surface areas for the iron oxide/Y-Zeolyst-APTES Fe3+and iron 

oxide/Y-nano-APTES Fe3+ were extremely small 33 and 16 m2/g, respectively.  The 

surface areas are decreased by blocking increasingly in each step of the synthesis, as seen 

from Table 5.1.  Fe3+ exchange did not decrease the zeta potential back down to the range 

for magnetic composites before functionalization.  The positive surface charge from the 

protonated amines remains. 

The zeta potential varies with pH and ionic strength and represents the surface 

charge. [36]  The zeta potential for the Zeolyst Y and nano-Y and the iron oxide / zeolite 
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composites at pH=7 are listed in Table 5.1. The zeta potential of the parent Y zeolites 

reflects the protonation of surface hydroxyl group.  The zeta potentials (@pH=7) were -

18 and -15 mV, for the Zeolyst and nano NaY samples, respectively.  The zeta potential 

increased slightly after exchange with iron and functionalization with APTES.  When 

zeolite Y is functionalized with APTES, the zeta potential will change relative to the 

parent zeolite due to the protonation of the surface amine groups as shown in Chapter 2 

Functionalization of zeolite Y with APTES leads to an pH-dependent increase in the zeta 

potential relative to the parent zeolite.  Similarly, APTES functionalization of iron 

oxide/Y composites leads to a similar increase in zeta potential.  

 
 
 

Table 5.1 Physicochemical Properties of Iron Containing Zeolite Composites 

sample Zeta potentiala/ mV Surface.Areab m2/g 

HY nano -15 550 

iron oxide /Y-nano -11 88 

iron oxide/Y-nano-APTES -8 58 

iron oxide/Y-nano-APTES-Fe3+ -5.4 33 

HY Zeolyst -18 440 

iron oxide/Y-Zeolyst -15 420 

iron oxide/Y-Zeolyst-APTES -7 160 

iron oxide/Y-Zeolyst-APTES-Fe3+ -6 16. 

Fe exchanged -12 73. 
 

aZeta potential was measured at pH=7 
 
b estimated %error for the surface area measurement is 8% 
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5.3.2 Characterization of Iron by Mossbauer Spectroscopy and XPS 

Mossbauer spectra of iron oxide/Y-Zeolyst-APTES-Fe3+, iron oxide/Y-nano-

APTES-Fe3+ and iron-exchanged Y-nano are shown in Figure 5.2 a-c.  The signal to noise 

is poor and precludes spectral fitting.  The spectra are complex with magnetic and 

paramagnetic iron species present in the samples.  There appear to be multiple forms of 

iron present but due to the poor signal to noise, the spectra cannot be deconvoluted.  

Samples showed some sorbed Fe3+ in addition to the ordered phase, as evidenced by the  

 
 
 

Figure 5.2 Mössbauer spectra of iron containing zeolite composites. 
Mössbauer spectra obtained at 13 K for a) iron oxide/Y-Zeolyst-APTES-Fe3+, b) iron 
oxide/Y-nano-APTES-Fe3+ and c) iron oxide/Y-nano 
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presence of two different Fe3+ sextets in the spectra at 13K.  The multiple phases 

and weak signals makes it difficult to interpret the spectra in more detail. 

 
 
 

 

Figure 5.3: XPS spectra of the Fe region of the XPS spectra for a) iron oxide/Y-
nano-APTES-Fe3+ and b)Iron-exchanged Y-nano and c) iron oxide/Y-Zeolyst 

 
 
 
XPS spectra of iron oxide/Y-nano-APTES-Fe3+, iron-exchanged Y-nano and iron 

oxide/Y-Zeolyst obtained in the Fe 2p region are shown in Figure 5.3a,b,c respectively. 

The Fe 2p region of the XPS spectrum is complex and often includes contributions from 

overlapping peaks of Fe0, Fe2+ and Fe3+ oxides.  Fe2O3 (Fe3+) has a binding energy of 

711.1 eV (with shake-up satellite peak at 719.8 eV[44]) and FeO (Fe2+) has a binding 

energy of 709.9 eV  (with shake-up satellite peak at ~715 eV[44]).  The mixed valence 

compound Fe3O4 has a binding energy ranging from 710.5 to 711.2 eV.[45]  These iron 

700705710715720725730735740

In
te

ns
it

y

Binding energy (eV)

c)

b)

Fe
2p3/2

 

satellite peak
719

Fe
2p1/2

 

724

Fe
2p3/2

 

711

a)
x1.5



70 

 

 

 

oxide species have been previously observed in XPS studies of iron-exchanged 

zeolites[43-45]  A sharp Fe 2p3/2 peak is seen at a binding energy of ~711 eV in Figure 

5.3 b,c.  This peak is primarily attributed to Fe3+ oxide species present in the zeolites; 

however, the presence of some Fe2+ (sharp Fe 2p3/2 peak at 709.9 eV for FeO) cannot be 

ruled out.  A characteristic Fe3+ shake-up satellite peak at ~719 eV is observed for both 

samples (Figure 5.3 b,c) further confirming the presence of Fe3+.  The XPS spectrum in 

Figure 5.3a is very weak and difficult to interpret.  

5.3.3 Arsenic Adsorption on Iron-Containing Zeolite Materials 

Arsenic typically adsorbs and reduces on most iron containing species[79].  Total 

equilibrium measurements performed reflect loss from both of these mechanisms.  The 

equilibrium removal of arsenic on the iron-containing zeolites at pH=7 and pH=2 are 

listed in Table 5.2.  The samples containing Fe3+ showed the greatest removal at pH 7 

relative to pH 2.  The data in the table shows some removal on Y-nano-APTES, Iron 

oxide/Y-nano-APTES, Iron oxide/Y-nano-APTES-Fe3+, and Iron oxide/Y-Zeolyst-

APTES-Fe3+. The greatest adsorption capacities of approximately 0.6 mmol/g was 

observed for iron oxide/Y-Zeolyst-APTES-Fe3+ and iron-exchanged Y-nano at pH 7, 

however.   

Previous research has shown that adsorption on zeolites can typically be modeled 

using a Langmuir isotherm. The adsorption isotherm for arsenate adsorption on iron-

exchanged Y-nano is shown in Figure 5.3.  The adsorption isotherm was fit using the 

Langmuir model where qe is the adsorption capacity in mmol/g, Ce is the equilibrium 

concentration of arsenic in mM,  b is a constant related to the free energy of adsorption, 
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and qmax is monolayer adsorption capacity. [16]  The fitted parameters are b=3.0 (8) and 

qmax=0.57 (4) mmol/g.   

Table 5.2 Adsorption on Iron Containing Zeolite Composites 
Sample As adsorption (mmol/g) 

 @pH=2 @pH=7 

Y-nano --- 0.02 

Y-nano-APTES 0.15 0.12 

Iron oxide /Y-nano 0.11 0.09 

Iron oxide/Y-nano-APTES 0.13 0.02 

Iron oxide/Y-nano-APTES-Fe3+ 0.20 0.45 

Iron oxide/Y-Zeolyst-APTES-Fe3+ 0.18 0.65 

Iron-exchanged Y-nano -- 0.60 

 
 
 

Table 5.3 Comparison of Iron Containing Materials for As Adsoprtion 

Material Adsorption(mmol/g) Chuita[65] 

synthetic zeolite 0.96 Mayo[69] 

maghemite 0.55 Yokoi[50] 

Fe3+-MCM-41 1.5 Menhaje-
Bena[72] 

Fe modified natural 
zeolite 

0.6 Kumar[66] 

amino MCM-41 0.24 Payne[70] 

activated carbon 0.5 Davila-
Jimenez[71] 

Fe clilntopolite Tuff 0.1 Chuita[65] 
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 Figure 5.4 Langmuir isotherm fit for Fe3+ exchanged zeolite 
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For comparison, the arsenic adsorption capacities for related adsorbents are 

provided in Table 5.3.   The adsorption capacities of activated carbon (0.5 mmol/g) and 

maghemite (0.55 mmol.g) are similar to those reported here for the zeolite composites.  

Fe3+-MCM-41 has a higher arsenic adsorption capacity of 1.5 mmol/g most likely due to 

the increased surface area of these materials relative to the zeolites used in this study. 

The arsenate interaction with surface Fe3+ is expected to be electrostatic.  

However, it is known that iron arsenate interactions can be quite complex.  The adsorbed 

or exchanged Fe 3+ is required for adsorption at pH 7.    

 The %composition of the zeolite samples measured by ICP/OES is listed in Table 

5.4.  The last column of Table 5.4 shows the amount of sorbed Fe calculated by 

difference using the iron % composition before and after iron adsorption.  Similar 

amounts of Fe3+ are sorbed on the Iron oxide/Y-Zeolyst-APTES-Fe 3+ and iron-exchanged 

Y-nano.  They both show very similar adsorption capacities for Fe3+. Some of the iron 

was leached into solution; however, the magnetic properties of the material remained 

unchanged.  Iron leaching was lower for the iron oxide/Y-APTES samples relative to 

iron-exchanged Y-nano with values of ~30-35 mg g-1*L-1 and ~ 200 mg g-1*L-1, 

respectively.  The magnetic properties of the iron oxide/Y composites can be observed 

visually. The composite powder material is attracted to the wall of the glass vial by 

applying a magnetic field with a permanent magnet.  This suggests that these materials 

will be easily removed from aqueous solution using an inexpensive permanent magnet.  

This makes the magnetic composites much simpler and more convenient to use relative to 

some other adsorbents.  The Fe-exchanged samples do not share this magnetic property, a 
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possible drawback for commercial applications, because these samples required 

centrifugation for separation. 

 
 
 

Table 5.4 Elemental Compositions (wt %) of Iron-Containing Zeolites Measured by 
ICP/OES 
Sample  Si  Al  Fe  Fe ads 

Commercial NH
3
-

/Fe
2
O

3
 -Fe

3+ 
 

11.5%  5.0%  10.5% .009 mmol/g 

nano NH3-/Fe
2
O

3
 -

Fe
3+

  

10.5%  6.5%  6.8% .001 mmol/g 

Commercial Fe
2
O

3
 

Y  

11.9%  6.2%  5.5% 0 

nano Fe
2
O

3
 Y  29.7%  16.0%  4.9% 0 

Fe
3+

 exchanged Y  11,5%  8.5%  5.2%  .0095 mmol/g 

 
 
 

Some of the iron was desorbed into solution; however the magnetic properties of 

the material remained unchanged.  Iron leaching was lower for the magnetic/amine/Fe3+ 

samples 30-35 mg*g-1*L-1 as compared to the Fe3+ exchanged samples of approximately 

200 mg*g-1*L-1.  The magnetic properties of the iron oxide/Y composites can be observed 

visually. The composite powder material is attracted to the wall of the vial by the 

magnetic field.  This suggests that these materials will be easily removed from aqueous 

solution after use with a permanent magnet.  This makes the magnetic composites much 

simpler and more convenient to use than many materials.  The Fe exchanged samples do 
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not share this magnetic property, a possible drawback for commercial applications, 

because these samples required centrifugation. 

The form of As that are removed is an area of interest.  All As in these 

experiments started out as As(V) and is believed to remain that way due to atmospheric 

oxygen, which has a pE(a measure of oxidation potential) of around 8.  No samples were 

kept in an anoxic environment.  From Figure 5.5, taken from ref[80, 81] the main form of 

As will depend on pH but will be some form of arsenate. 

 

Figure 5.5 Pourbaix diagram of arsenic species 

5.4 Conclusions 

The magnetic zeolite composites with adsorbed iron and the iron-exchanged 

zeolite show both easy removal and sufficient adsorption of arsenate from aqueous 
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solution for environmental applications.  The iron oxide phase in the composite materials 

was investigated by Mossbauer and XPS but weak signals precluded definitive 

assignments.   The surface area after functionalization is small, but this did not appear to 

adversely affect the adsorption.  Adsorption is dependent on the loading of Fe3+.  The 

maintenance of adsorption capacity coupled with the easy removal renders these 

magnetic zeolite composites an attractive material for large scale water purification 

applications.  Crystallinity as well as adsorption capacity was maintained somewhat 

under adsorption conditions.  The optimal pH range was found to be near neutral-pH 7.   
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
 

Nanocrystalline silicalite and hollow silicalite tubes were functionalized with 

organosilanes and iron oxide zeolite Y composites with surface amine groups and 

magnetic properties were synthesized.  Nanocrystalline silicalite with a size of 

approximately 30 nm was systematically functionalized with varying amounts of 

APTES.  The APTES functionalized silicalite was characterized by powder XRD, solid 

state 29Si MAS NMR, TGA, and zeta potential.   The trend of decreasing surface area 

and zeta potential with increasing APTES functionalization was observed.  These results 

demonstrate that the external surface of nanocrystalline zeolites can be tailored through 

functionalization in order to achieve desired results.   Hollow silicalite tubes were 

functionalized with APTES or MPTMS.  29Si MAS NMR and XPS were used to 

characterize the resulting sulfur functional groups. Nanocrystalline silicalite with a 

crystal size of 32 nm was functionalized with varying amounts of APTES and chromate 

adsorption was measured.  Adsorption capacity increased as the amount of APTES 

functionalization increased. The maximum adsorption capacity was approximately 0.6 

mmol Cr/g zeolite for silicalite-1. These results demonstrate that the external zeolite 

surface of nanocrystalline zeolites can be tailored through functionalization in order to 

increase the adsorption capacity for a specific adsorbate, in this case chromate. 

For iron oxide composites, the iron oxide phase in the composite materials was 

identified as maghemite by Mössbauer and XPS.   Crystallinity of the zeolite was 

maintained during the addition of the iron oxide.  While surface area was rather low for 
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these samples, functionalization was comparable to the silicalite crystals.  Iron oxide 

composites were tested for adsorption of chromate and arsenate anions 

The magnetic zeolite composites with adsorbed iron and the iron exchange zeolite 

show both easy removal and sufficient adsorption of arsenate from aqueous solution for 

environmental applications.  The iron oxide phase in the composite materials was 

identified as mixed by Mössbauer and XPS.   The surface area after functionalization is 

small, but this did not appear to adversely affect the adsorption.  Adsorption is dependent 

on the loading of iron 3+.  The maintenance of adsorption capacity coupled with the easy 

removal renders these magnetic zeolite composites an attractive material for large scale 

water purification applications.  Crystallinity as well as adsorption capacity was 

maintained somewhat under adsorption conditions.  The optimal pH range was found to 

be near neutral-pH 7.   

Chromate was adsorbed on the Fe2O3 as well.  The surface area after 

functionalization decreases, but this did not appear to adversely affect the chromate 

adsorption, suggesting that adsorption occurs on the external surface.  Adsorption is 

dependent on the loading of functional group and the surface charge, consistent with an 

electrostatic interaction.  The adsorption capacity was .72 mmol/g for nanoscale and 

.845 mmol/g for commercial samples.  These are attractive capacities and competitive 

with currently existing technologies.  The maintenance of adsorption capacity coupled 

with the easy removal renders these magnetic zeolite composites an attractive material 

for large scale water purification applications.   

Crystallinity as well as adsorption capacity was maintained under adsorption 

conditions.  One potential drawback of this method is the low pH’s required for optimal 
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adsorption capacity.  Methods of adsorbing cations to the amine functional group to 

increase the optimal pH fro adsorption have been suggested for the future work.  The pH 

is dependent on the solution states of the metal in question, and was shown to be 

different for chromate and arsenate in this work.  

Future work could improve on the magnetism of these materials, attempt to 

address the iron leaching, or look at appropriate functional groups and conditions for 

adsorption of other contaminants.  Improvements in the zeolite host such as increased 

external surface area would also be beneficial. 
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