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ABSTRACT

SUPRAMOLECULAR ASSEMBLY OF ORGANO-FUNCTIONAL

MESOSTRUCTURES: SYNTHESIS, CHARACTERIZATION, AND APPLICATIONS

IN ENVIRONMENTAL REMEDIATION

By

Emily Jane McKimmy

lV'lercury and arsenic are two heavy elements whose presence and persistence are

of erwironmental concem due to their deleterious effects to human health. One

promising technique for achieving the removal of low levels of mercury and arsenic from

ground water is to trap them using complexing ligands (eg. thiols and amines) that are

covalently linked to porous Structures. The overall goal of this work was to design

organofunctional Silica mesostructures for heavy element trapping. The organic moiety

incorporation into the framework was accomplished by the direct assembly method and a

hydrogen-bonding supramolecular assembly pathway between neutral alkylamine

surfactant and nonionic Silica source was utilized. The mesostructure thus prepared is

denoted H MS.l

The advantage of functionalized mesoporous Silicas for environmental

remediation are their high surface areas, well-defined pore Size, a framework structure

that is stable under regeneration conditions, and the ability to covalently link organic

groups to the framework to allow for selective adsorption of toxic heavy elements such as

mercury and arsenic. A thiol-functionalized mesoporous silica with the anhydrous

fonnula of(SiOg)1-x(LSiOt5),, where L is a mercaptoalkyl group and x is the fraction of

. . . . 2 .

functionalIzed framework Silicon centers, denoted MP-HMS was examined for mercury



and arsenite (Astlll)) remediation. MP-HMS has the highest mercury binding capacity of

any reported mercaptan-functionalized mesostructure at 7.3 mmol Hg2+/g. In addition to

the exceptional binding capacity, microspherical MP-HMS with x=().5(') is capable of

being packed into a column and to reduce mercury effluent concentration to the parts per

trillion range, well below the EPA drinking water limit of2 parts per billion. This work is

also the first report of a functionalized mesostructure being used to trap arsenite. The

binding capacity of MP-HMS for arsenite was 1.22 mmol AS(OH:.)/g.

In addition to the synthesis and utilization of mono-functionalized mesoporous

Silicas, bi—functionalized HMS materials were prepared. Mercaptopropyl and

aminopropyl organic moieties were incorporated into the HMS, and denoted MP+AP-

HMS. The MP+AP-HMS was made with up to 25% of the silicon Sites having thiol

moieties, and 25% having amine moieties. This is the highest reported organic loading

for a bi-functional mesostructure. The thiol groups were able to adsorb mercury and

arsenite while the protonated amine groups had an affinity for arsenate (AS(V)).

Furthermore, the MP+AP-HMS appears to mimic the biologically important arsenate

reductase mechanism. This is the system by which arsenate is reduced to arsenite in the

body in order to rid itselfofthe pollutant.3 Organically functionalized mesostructures are

potentially valuable environmental remediation materials.

(I) Tanev, P. T.; Pinnavaia, T. .I. Science 1995, 267, 865-867.

(2) Mori, Y.; Pinnavaia, T. J. Chem. Mater. 2001, 13, 2173-2178.

(3) Mcssens, J.; Martins, J. C.; Van Belle, K.; Brosens, E.; Desmyter, A.; De Gieter,

M.; Wieruszeski, J.-M.; Willem, R.; Wyns, L.; chers, I. P. Natl. Acad. Sci. (/1814.

2002, 99, 8506-851].
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Chapter 1

Introduction

1.1 Research Objectives

The lntemational Union of Pure and Applied Chemistry, IUPAC, has classified

porous materials as microporous if the pore diameter is less than 2.0 nm, mesoporous for

pore diameters between 2-50 nm, and macroporous for pore diameters greater than 50

nm. Porous materials are of interest to chemists due to their expansive applicability.

Applications of porous materials include that of ion-exchangers, heterogeneous catalysts,

gas adsorbents, and environmental remediation agents. The accessibility of the void

space, i.e. pore size, of porous materials dictates the processes for which the porous

derivative can be utilized, thus structures in the mesopore range are of great interest.

Mesoporous materials were first synthesized by Mobil Corporation in 1992 using

an inorganic precursor and a surfactant as a porogen.l With their high surface areas (up

to 1,400 mZ/g) and ability to easily tune the pore size (2-30 rim), mesoporous structures

have been the focus of extensive research. To further expand the use of mesoporous

Silicas, organic functional groups have‘been incorporated into the framework of the

structures. By the choice of organic moiety, mesoporous derivatives can be designed to

selectively trap toxic pollutants such as mercury,2 arsenic,3 and lead, 4 as a support to

immobilize enzymes,5 or as chemical sensors.6 There are two different pathways by

which the organic functionality can be incorporated into the mesostructure, grafting or

direct-assembly. Grafting is the incorporation of organic moieties into a Silica network

accomplished by surface anchoring through the hydroxyls of the incompletely condensed

Silica. The direct-assembly procedure for incorporation of organic groups in the Silica



mesostructure framework entails the direct co—condensation of the organosilane with the

inorganic precursor in the initial reaction mixture. Of the two different approaches,

direct-assembly allows for a greater number of organic groups to be incorporated in to the

mesostructure framework, more homogenous distribution of organic ligands, and fewer

steps in the synthesis.

The interaction between the inorganic precursor and the surfactant template can

be either an electrostatic or a hydrogen bonding assembly pathway. Electrostatic

interactions between the surfactant and inorganic precursor yield mesostructures with

long-range hexagonal morphology. Mesostructures prepared through hydrogen bonding

interaction between the surfactant and inorganic precursor have Short range order and a

wormhole morphology. The wormhole morphology has been shown to allow for greater

accessibility to ligands present in the pores.7

The overall goal of this work iS to design organo-functional silica mesostructures

for heavy element trapping. The organic moiety incorporation into the framework will be

accomplished by the direct assembly method and a hydrogen bonding supramolecular

assembly pathway between neutral alkylamine surfactant and nonionic silica source will

be utilized. Specifically, this objective will be achieved by:

1. Preparation of functionalized mesoporous spheres for use in column adsorption

applications. Spheres in both the nanoscale regime as well as the micron size

range will be studied.



2. Development of a synthesis strategy to incorporate high loadings of two

different organic moieties in a wormhole framework mesostructure to allow

for selective adsorption oftwo different pollutants.

3. Examination of mercury remediation, regeneration, leaching of the trapped

mercury, and coordination of the bound mercury including, but not limited to,

columns packed with the Spherical functionalized mesostructure.

4. Examination of the arsenite and arsenate adsorption capacity of functionalized

wormhole mesostructures and large pore foam mesostructures.

1.2 Background of the Synthesis of Mesoporous Molecular Sieves

1.2.1 Electrostatic S+I' Assembly

In an attempt to expand the utility of microporous zeolites by enlarging the pore

diameter to the meso range, Mobil Corporation researchers synthesized a new class of

materials known as, Mobil Composition of Matter1 and denoted MCM-41 (hexagonal),

MCM-48 (cubic) and MCM-50 (lamellar). The MCM Silicas are in the mesoporous

range and are products of an electrostatic, hydrothermal reaction of aluminosilicate gel in

the presence of quaternary ammonium surfactant under basic conditions. Electrostatic

assembly utilizes charge matching of a cationic surfactant (8+) and an anionic inorganic

precursor (I') to produce long range ordered mesoporous materials with uniform pore Size

distribution. Surfactants are molecules which have a hydrophobic alkyl chain “tail” and a

hydrophilic quaternary ammonium cation “head” [CnH2n+1(CH3)3N]+. Individual

surfactant molecules aggregate to form a micelle and in turn self assemble into close

packed hexagonal arrays. These hexagonal arrays are the template around which the

inorganic precursor assembles to yield a long—range ordered hexagonal mesoporous



silica. The mechanism for the assembly of long-range-ordered hexagonal MCM-41 was

explained as the electrostatic charge matching assembly (S+I') between the cationic

surfactant (8+) and anionic inorganic precursor (I'). Brunauer-Emmett-Teller (BET)

surface areas are estimated to be 1000 mz/g for MCM-41.8 The pore diameter can be

tailored by use of swelling agents such as mesitylene or by varying the alkyl chain length,

to range in size from 3.0 to ~10.0 nm.9

1.2.2 A Second Electrostatic Assembly Pathway, S+X'I+

Stucky and co-workers assembled mesoporous materials via an electrostatic

assembly between the cationic surfactant and cationic silica source mediated by a

'0‘” The synthesis uses non-ioniccounter anion (S+X'l+), denoted SBA materials.

triblock copolymer polyethylene oxide (PEO)-polypropylene oxide-polyethylene oxide

(EOx-POy-EOX) based surfactants and an inorganic precursor like tetraethylorthosilicate

(TEOS) at pH conditions near the isoelectric point of silica (pH~2). At these low pH

values the silica source hydrolyzes into Silicic acid and the PEO surfactants have the

hydronium ion associated with them leading to the formation of a variety of

mesophases via the electrostatic pathway (N0H+)(X'I+) depending on the choice of

surfactant used. '2

The high acid, low pH synthesis in the presence of high molecular weight tri-

block co-polymer surfactants of the Pluronic series results in the formation of

hexagonal mesoporous material designated as SBA-15'0 The pore diameter of SBA-15

can be tailored to range from 5.0 to 30.0 nm, and the material has a surface area above

800 mz/g. Additionally, SBA-15 has a regular structure and 'much thicker silica walls



than MCM-41, which impart a greater hydrothermal stability to the material.10 The

hexagonal mesopores of SBA-15 are interconnected by micropores.

1.2.3. Neutral S"I0 Assembly Pathway

Tanev and Pinnavaia synthesized mesostructured silica termed HMS.l3 HMS is

assembled through non-electrostatic hydrogen-bonding interactions between neutral

primary alkylamine surfactant micelles (S0) and an uncharged silica species (10) as the

inorganic precursor. As opposed to the long range order of hexagonal MCM-41 and

SBA-15, HMS has a large number of short disordered channels. Moreover, the pores are

regular in diameter yet they lack long-range packing order. The unique nature of the

HMS morphology has been termed wormhole as opposed to the long range ordered

hexagonal MCM-41. HMS has a surface area of about 1000 mZ/g and pore diameters in

the range of 3-5 nm.l4 Furthermore, the preparation conditions used in the SOI0 assembly

pathway are much milder than the electrostatic pathways. Also the alkyl amine surfactant

template can be easily recovered by solvent extraction and recycled instead of the

destructive calcination used to remove the quaternary ammonium template.

1.2.4 Non-Ionic N010 Assembly

Like HMS, MSU-Xl5 mesostructures utilize a hydrogen-bonding interaction

between an uncharged silica Species (10) and the surfactant (SO), in contrast to an

electrostatic assembly pathway. The synthesis of MSU-X employs PEO surfactants as

the porogen. Amphiphillic PEO-based surfactants have hydrophilic ethylene ether -

(CH2CH20)- segments connected to hydrophobic R groups of varying lengths and

functionality depending on the type of surfactant examples of surfactants used. The R



group could be an alkyl group as in the case of Brij and Tergitol surfactants or could be

a phenyl group as in case of IGEPAL-RC and TRITON-X surfactants. Concomitantly,

this material has a wormhole motif, a surface area of up to 1200 mZ/g, and a pore

diameter of up to 5.8 nm.”’'6

1.2.5 Microemulsion Assembly

In an ever-present quest for bigger and better, Stucky synthesized mesostructural

cellar foams (MCF).l7 These foams have large cell dimensions in the range of 24-44 nm

and pore volumes of 1.0- 2.4 cm3/g, depending on the microemulsion template and

reaction conditions. MCFS were synthesized under strongly acidic conditions by

formation of an aqueous microemulsion. Using 1,3,5-trimethylbenzene (TMB) as a pore-

expander and a triblock copolymer (Pluronic P123, EOzoPOmEOzo) in an acidic media a

microemulsion was formed around which TEOS polymerized. This process yielded

extremely large cage-like structures. These large pores are attractive for enzyme

immobilization, protein separations, accommodation of bulky functional groups as well

as for separation and reactions of other large molecules.”"20

1.3 Characterization Techniques

Mesoporous molecular sieves are typically characterized by a battery of

techniques including Powder X-ray diffraction (XRD), nitrogen adsorption ,

Transmission Electron Microscopy (TEM), 29Si and 13C Magic Angle Spinning Nuclear

Magnetic Resonance (”Si or l3C MAS-NMR), Scanning Electron Microscopy (SEM),

Thermogravimetric Analysis (TGA), Infrared Spectroscopy (IR), and elemental analysis.



XRD patterns for mesoporous materials are dominated by low-angle peaks and

based on the reflection pattern it can be determined if the structure is of hexagonal or

wormhole morphology. Representative XRD patterns for HMS and MCM-41 are Shown

in Figure 1.1. The HMS mesostructure exhibits a Single low-angle peak indicating no

long range order. The XRD patterns for MCM-41 typically Show at least 3 peaks (d100,

d110, dzoo) that can be indexed to the hexagonal unit cell with a unit cell parameter ao=

2d100/ \l3 and indicate hexagonal long-range order.

Representative nitrogen adsorption/desorption isotherms for HMS and MCM-41

are shown in Figure 1.2. The isotherms Show a sharp step characteristic of adsorption

uptake due to capillary condensation of the nitrogen within the framework mesopores.

The relative pressure at which the step occurs is determined by the pore size and shifts

to higher relative pressures as the pore diameter increases. Both the HMS and MCM-41

mesoporous molecular sieves exhibit a well defined mesopore step in the P/Po region of

0.4 and have Type IV isotherms.2| However, the HMS isotherm has an additional uptake

of nitrogen in the P/Po region above 0.8 indicative of textural porosity. Textural porosity

is considered to be the void space between particles. The MCM-41 mesostructures do

not display this second uptake of nitrogen and do not have textural porosity. The

nitrogen isotherms are used to determine surface area by the Brunauer-Emmett-Teller

(BET) model as well as pore volume and pore size. Pore size distribution is calculated

from the adsorption branch using either the Horvath Kawazoe (HK) or Barrett-Joyner-

Halenda (BJH) model.22

A broad Single XRD peak usually typifies a wormhole structure where as the

multiple low-angle peaks are typically indicative of a hexagonal structure. To confirm



the morphology of mesostructures, TEM analysis is done. Figure 1.3 Shows the TEM

images for a wormhole and hexagonal morphologies ofHMS and MCM-41, respectively.

In the TEM image for HMS, the Sponge-like structure which gives rise to the textural

porosity is observed. The presence of the textural porosity is indicated in the nitrogen

isotherm and confirmed in the TEM image.

29Si MAS NMR is done to asses the degree of framework cross-linking and

degree of organic functionalization. The latter of which will be discussed in detail in the

next section of this chapter. '3C MAS-NMR is done in conjunction with 29Si MAS NMR

for characterization of the incorporation of organic moieties in the mesostructures. SEM

is used to examine the topology of the mesostructures; the compositions can be

23 TGA is typically done to determine if thesynthesized to be Spherical or rod-like.

surfactant is completely removed and to probe the thermal stability as well as

hydrophobic or hydrophilic character of the structures. The latter property is imparted by

the organofunctionalization of the mesostructures. IR and elemental analysis are also

primarily used for characterization of organically modified mesoporous Silicas.
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Figure 1.1. Representative XRD patterns for surfactant-free A. wormhole HMS

mesostructure. B. hexagonal MCM-41 mesostructure.
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MCM-41 mesostructure.

Figure 1.3. Representative TEM images for top wormhole HMS and bottom hexagonal

 



1.4 Organofunctionalization of Mesoporous Silicas

The advent of mesoporous materials opened new realms of possibility for

catalysis of larger compounds that were too big for traditional zeolites. To expand

utilization of mesoporous materials they have been functionalized with various organic

moieties. Catalysis and environmental remediation are the two foremost fields where

functionalized mesoporous materials have been employed. By addition of an appropriate

organic group, mesoporous materials can be tuned for a specific reactivity, such as amine

24

modification for arsenate adsorption3’ or thiol functionalization of structures for

4 25

mercury adsorption.2‘ A myriad of catalytic reactions such as: oxidation reactions,

28,29

acid catalysis?!"27 base catalysis, and chiral catalysis30'31 have been accomplished

over surface-modified mesoporous Silicas. In addition, new fields such as enzyme

”’35 and chemical sensors36 are also beingimmobilization,5’20'3‘2 drug delivery systems,

examined as applications for functionalized mesoporous materials. In addition to

advantages of mesoporous Silicas due to their increased pore Size, they also have greater

catalytic activity and stability than modified silica gels.” There are two primary

methods of functionalization: post-synthesis grafting and direct-assembly (co-

condensation).

1.4.1 lncorporation of the Organic Functionality by Grafting

Grafting is the organic fiinctionalization of Silicas accomplished by surface

anchoring of the organic moieties through the hydroxyls of the incompletely condensed

silica as illustrated in Figure 1.4. Grafting was first employed by Beck et al.8 Using

12



chlorotrimethylsilane as the organic moiety. Grafting has Since been used to add organic

functionality to MCM-41,4 SBA-15,38 and HMS.2

With pores in the 30 nm range, mesostructural cellular foams (MCFS) are

attractive mesostructures for enzyme immobilization, protein separations,

accommodation of bulky functional groups as well as for separation and reactions of

other large molecules. In order to be used in these applications, MCFS have been

functionalized by the two-step grafting method approach for protein separation and to

immobilize enzymes like chloroperoxidase.'9‘39

Because there is no control over the location of the Silanol groups, the grafting

method of functionalization tends to yield islands of organic groups, limited loading of

functionality, and cause pore blockage. Rehydration or degassing of the calcined

material has been done in order to maximize the Silanol content.4 Yet this adds an extra

step in the synthesis and complicates an already tedious procedure. Furthermore, the

surface area and pore volume have been found to decrease upon organic modification by

grafting. 4° Concomitantly, as more organic groups are grafted on, the more pronounced

the decrease in surface area and pore volume. Also the accessibility of the grafted

materials is typically less than that of the directly-assembled material. 3’7‘41‘42
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1.4.2 Incorporation of the Organic Functionality by Direct-Assembly

Direct-assembly is co-condensation of an organosilane with the inorganic

precursor in the initial reaction mixture as shown in Figure 1.5. The resulting products

have the anhydrous formula (Si02)1.x (LSiO 1.5),, where L is the organic group of interest

and x is the fraction of framework silicon centers that are functionalized. Thus the

organic moiety is covalently linked within the structure through a non-hydrolyzable Si-C

bond. This one-pot synthesis allows for a greater loading of the organic group, fewer

steps in the overall synthesis, recovery of the surfactant, greater accessibility to the

organic groups, and more homogenous distribution of the organic groups. Table 1.1

illustrates the multitude of directly-assembled functionalized mesoporous materials and

some applications of these structures. Until recently, direct-assembly was limited to

organosilanes and TEOS, Since the two are miscible. However, this process has recently

been extended to the use of sodium Silicate as the inorganic Silica source.“44

Mesoporous materials prepared with sodium silicate as the inorganic precursor are also

included in Table 1.1.

By incorporating organic moieties in the mesostructure framework via the direct-

assembly route, the organic groups are dangling like pendants and typically very

accessible. Heteroatoms at the end of a propyl chain, e.g. mercaptopropyl, aminopropyl,

or cyanopropyl are the most commonly incorporated groups. This is due to their myriad

of applications in catalysis and environmental remediation and the length of the alkyl

chain. One of the more complex moieties incorporated by direct-assembly is the

calix[8]arene moiety.45 The synthesis is Shown in Figure 1.6. The calix[8]arene amide

molecule was modified to form monomer 1 which in turn was co-polymerized with

15



tetramethoxysilane around the surfactant CTAB under basic conditions to form an

O O 4

organo-functlonallzed mesostructure. 6

l6
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Table 1.1 Comparison of directly-assembled functionalized mesoporous Silicas.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

Mesostructure Organofunctional Maximum Uses

group organic loading

incorporated

mmong

MCM—41“7 Vy 8.32

MCM-41“"48 Vy 3.5 added

MCM-41‘” Ph, octyl 2.72, 1.5 added

MCM-4150 MP, SO3H 4.7 Solid acid catalyst and

mercury adsorption

MCM-4140 MP 4.03 Mercury adsorption

MCM-4142 AP, NN, NNN 1.6, 1.70, 1.78 Iron and cobalt adsorption

MCM-41SI AP, NN, NNN, 1.7, 0.7, 1.0, 0.9,

UDP, ICP, CN, Vy 1.5, 1.4, 1.7

MCM-4152 MP,AP, EP,Vy 2.7 added

MCM-4P3 diMe 5.35 added

(CH3);SiO

MCM-4145 Calix[8]arene 4 % Humic acid removal

SBA-1552' MP, SO3H 2.7 added Examined acid capacities

SBA-1555 Et, NN 2.7 added Cu2+ adsorption

SBA-15S6 AP 1.18

SBA-15“ AP, MP, Vy, Pb, 1.4, 2.14, 2.14,

BN 3.8, 2.14 added

HMS58 MP 5.6

HMS” MP,AP,NN,NNN 2.1,l.8,1 .6,1.1 Cu2*,Ni?*,Co“,Cd2*,cto42'

adsorption I

HMS“) Octyl, MP, Ph, Bu, 0.86, 122,083,

Pr, Et 0.90, 0.68, 0.30

HMS‘W2 AP, CN 1.5, 1.5 added Knoevenagel condensation of

ketones with ethyl

cyanoacetate

HMS63 AP, MeNH, Cl, 3.0, 3.6, 3.9, 3.7,

CN, Vy 3.6

HMS64 AP, NN 5.0, 3.7 Scavenge electrophiles

HMS and Cl 1.5, 1.24 React with cyclam to in turn

MSU-X65 trap metal salts

MSU-X66'6r MP 2.3 Mercury adsorption

MSU-X’“ AP, MP, CN, Ph, 2.69, 2.83, 5.06,

2.72

Msu-X’44 Me, MP, Vy 1.5, 1.35, 1.35   
AP—aminopropyl, BN-butyronitrile, CN-cyanopropyl, EP-(epoxypropoxy)propy1,

ICP- isocyanatopropyl, MP-mercaptopropyl, NN-ethylenediamine, NNN-

diethylenetriamine, Octyl-Cg, Ph-phenyl, UDP-ureidopropyl, Vy-vinyl
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Figure 1.6. A. The synthetic route to CX-8-containing monomer 1. B. The synthetic route

to ordered mesoporous CX-8-X% Silicas.45
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Stein examined the stability and reactivity of vinyl groups incorporated by direct

assembly versus grafted on hexagonal MCM-41.4| It was concluded that the vinyl groups

incorporated by the grafting method were not unifomly distributed though the material,

yet the grafted mesostructure was more hydrothermally stable. The grafting process also

allows for the hexagonal long-range order of material to be retained. Directly assembled

mesoporous silicas typically lose long-range order after 20% of the silanes are

functionalized.

Mercier and Pinnavaia60 compared various organo-functionalized HMS silicas

prepared by direct assembly and grafiing. It was determined that the silicas prepared by

direct-assembly method of organo-functionalization retained higher surface areas (891 vs.

722 mz/g) and pore volumes (0.60 vs. 0.56) than the grafted counter parts.60 Moreover,

the directly-assembled functionalized HMS displayed more unifomly distributed

functional groups in the pore channels than the grafied silicas, based on the narrower pore

size distributions from the Horvath-Kawazoe method of pore size distribution.

Overall, direct-assembly is the preferred method of organic incorporation, but

amines seem to be a caveat to this generality. One of the difficulties with incorporation

of amine in the mesostructure is their reactivity. Under acidic conditions, protonated

terminal amine groups can interact with Silanol groups to form zwitterions (-NH3+ ---'

SiO)40 thus disrupting the interaction of the silane with the surfactant. Another problem

is that the mesostructure might collapse due to the basic character of the amine which can

contribute to the local hydrolysis of the organosilane reagent in the presence of water.40

Tatsumi et a1. examined the incorporation of mono-, di- and tri-amines via direct-

assembly and grafting.42 With the grafting procedure, more functionality could be
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integrated into the mesostructure than with direct—assembly (up to 3.8 mmol/g versus 1.78

mmol/g respectively). Nonetheless, in cobalt and iron adsorption with an amine

functionalized mesostructure the metal uptake was linear with respect to the amount of

amines present for the direct-assembly method, i.e. the more amine ligands the greater the

metal uptake. This was not the case for the amine grafted mesostructures. Cobalt

adsorption was greatest for the monoamine and less for the di- and triamines. All of the

grafied mesostructures adsorbed less cobalt than that of the directly-assembled materials.

Iron uptake by the grafted mono-, di-, and triamine was independent of the amount of

ligand present, but uptake was greater than for that of the direct-assembly method. The

grafted triamine functionalized mesostructure had an uptake of iron less than that of the

directly-assembled triamine as well as the grafted mono- and diamine mesostructure. All

of which illustrates the inaccessibility and randomness of organic moiety distribution in

the case of the grafting method.
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1.4.4 Multifunctional Mesoporous Silicas

Going beyond the organo-functionalization of mesoporous materials with one

functional group, the incorporation of two or more different organic groups has been

accomplished. Incorporation of different organic groups within the same sample allows

for those properties unique to each functional group to be imparted to the material. For

example, one functional group might serve as a catalyst (covalent/active site), and the

second will provide noncovalent interactions (change hydrophobicity/hydrophilicity). In

addition to imparting different chemical properties to the material, bi-functionality can be

used to control particle morphologys ' As with mono-functional group incorporation, bi-

functionality can be accomplished by either direct assembly incorporation of one moiety

then grafting of the second organic group or direct-assembly of both organic groups.

Lin et al. has synthesized mercaptan functionalized MCM-41 by direct-assembly

and then grafted propyl, phenyl, or pentafluorophenyl groups.6 All other bi-functional

mesoporous materials have been synthesized using the direct assembly approach for

functionalization. Directly assembled multi-organically functionalized mesoporous

materials have been prepared by both electrostatic and hydrogen bonding pathways. The

resulting products have the anhydrous formula (Si02)1.(x +y,(LSiO|_5)x(L'SiO.,5)y, where L

and L' are the organic groups of interest and x and y are the fraction of framework silicon

centers that are functionalized. Hexagonal MCM-4170 was synthesized with triamine

functionality and mercaptopropyl, or allyl, or ureidopropyl and used for competitive

catalytic nitroaldol reactions. By the addition of the second organic moiety the polarity

and hydrophobicity of the system was varied and in turn the selectivity for the product,

alkoxybenzaldehyde. Hexagonal SBA-1554 was synthesized with mercaptopropyl and
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benzyl or mercaptopropyl and methyl groups. The mercaptopropyl moieties were

oxidized with hydrogen peroxide to sulfonic acid groups, and the solid acid properties of '

the sulfonic acid functionalized structures assessed by monitoring the 3'P MAS NMR

chemical shift of triethylphosphineoxide. With the addition of the second functional

group, a single somewhat broader 3 IP MAS NMR peak with a larger chemical shift was

observed as compared to the mono-functionalized 31P MAS NMR spectra. Wormhole

162”"73and even tri-functional74 moieties viaHMS has been synthesized with bi-functiona

direct assembly incorporation of the organic groups. Lee et a1. incorporated aminopropyl

and mercaptopropyl moieties and examined the mercury binding capacity.7|

Mercaptopropy] (MP) groups are known to efficiently trap mercury, but the

addition of MP groups causes the mesostructure to become more hydrophobic.

Therefore, by the addition of hydrophilic aminopropyl groups they believed the dual

functionalized HMS would be able to be more easily wetted and hence trap mercury more

efficiently. The dual functional HMS did adsorb mercury, however, the mercury

adsorption capacity was small as compared with other mercaptan only functionalized

adsorbents, 0.76 mmol Hg2+/ g71 versus 2.3 mmol Hg2+/ g.67 One reason for the lower

adsorption of mercury for the multifunctional mesostructure is the low loading of

mercaptan 1.70 mmol SH/g for the multifunctional7l versus 2.3 mmol SH/g for the

l.67 The total organic moiety incorporation of the multifunctionalmonofunctiona

mesostructures to date has not been greater than 20 percent of the silicon centers being

functionalized, as compared to up to 65 percent of the silicon centers being

functionalized47 for monofunctiona] mesoporous silicas. Present work is an effort to
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achieve the synthesis of bi-functional HMS and incorporate high loadings (in excess of

20 mole percent) of the organosilanes.

1.5 Shape Modification of Mesoporous Materials

Shape control, specifically that of forming spheres for mesoporous materials, is of

great importance. The ability to selectively manipulate the size and shape of mesoporous

materials allows for expanded utilization in such areas as chromatography, optical

materials, drug delivery, or catalytic supports. One method of forming silica spheres was

75 The Stoeber synthesis is an ammonia-catalyzed reaction ofdeveloped by Stoeber.

tetraethylorthosilicate with water in low-molecular-weight alcohols which produces

monodispersed spherical silica nanoparticles that range in size from 5—2000 nm. Under

the dilute reaction conditions, nucleation is competitive with propagation of particle

growth. The spherical shape is formed because it minimizes the interface between silica

and solution. The Stoeber method has been adapted to make mesoporous spheres.”78

Mesoporous spheres have also been synthesized by control of the condensation

and hydrolysis of the silica source, typically tetraethylorthosilicate (TEOS). The

isoelectronic point of silica is at pH=2.0, above this point, silica particles are charged. By

controlling the pH and concentration of silica particles or forming an emulsion, spherical

”'80 assembly pathwayssilica can be synthesized. Electrostatic79 and hydrogen bonding

have been able to produce spherical mesoporous materials.

Although spherical mesoporous materials are of interest, add to this the ability to

organically functionalize the spheres, and a very powerful media is born. Functionalized

mesoporous materials will open new opportunities in the field of chromatography,

catalysis, and drug delivery among others. The ability to specifically tune
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chromatography columns for heavy metal adsorption, catalysis, or control hydrophobicity

will allow for a myriad of new applications. Functionalized spherical mesoporous silicas

have been prepared by both electrostatics"83 and hydrogen bonding84 pathways with up to

40 percent of the silicon sites being functionalized. One objective of this work is to

develop synthesis strategies for the formation of organo-functionalized mesoporous

spheres.

1.6 Remediation of Recalcitrant Compounds with Functionalized Mesoporous

Silicas

1.6.1 Mercury Trapping

Table 1.1 illustrates a few processes for which organo-functionalized mesoporous

silicas have been used. One prominent and well-studied use of functionalized

mesoporous derivatives is for removal of pollutants. Mercury is a ubiquitous toxic heavy

metal, which has deleterious effects to human health. Mercury is released from the

burning of fossil fuels, chlor-alkali plants, waste incinerators, and volcanic eruptions.

The form of mercury usually released to the atmosphere is that of the elemental mercury

vapor. The mercury vapor is then photochemically oxidized by ozone to inorganic Hg”,

85,86

and the ionic mercury is washed into water bodies by precipitation. Traditional

approaches to the removal of mercury ions from solutions have included the use of

. 7 . . . 9 . . 9 . . 9

act1vated carbon,8 , zeolites,88 s111ca gel,8 sulfide precrpltates, 0 ion-exchange resms,9" 2

”‘94 as trapping agents. Low loading capacities, poor selectivity, and in someand clays

cases relatively small metal ion binding constants, have impeded the adoption of these

materials for remediation applications. As a “soft” Lewis acid, Hg2+ forms stable

complexes preferentially with soft Lewis bases such as mercaptan ligands. Therefore, the
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selectivity and binding constants of the mercuric ion to the adsorbent can be vastly

improved by attaching chelating mercaptan ligands to a support matrix. Mercaptan

95-97 67,71,98-103 104,105

functionalized clays and mercaptan functionalized mesoporous silicas

have been shown to be highly selective, have good accessibility to the mercaptan ligands,

and have a significantly higher binding capacity than the traditional mercury remediation

agents. One research objective of this work is to examine mercury remediation with a

functionalized mesoporous silica, denoted MP-HMS which has the anhydrous

composition (SiOz)1.x (LSiOI.5)x where L is the organic group, specifically

mercaptopropyl, and x is the fraction of framework silicon centers that are functionalized.

In addition to mesoporous materials functionalized with mercaptans being used

for mercury trapping, other functional groups incorporated into mesoporous silicas have

been examined for removal of mercury from solution. A 1-ally1-3-propy1thiourea(ATU)

(H2C=CHCH2NHC(=S)NHCHZCHZCHz) modified mesoporous silica was synthesized

and found to have a maximum binding capacity of 1.5 mmol Hg2+/g adsorbent.106 To

prepare the 1-allyl-3-propylthiourea functionalized MCM-41, aminopropyl moieties were

grafted onto the framework of hexagonal MCM-41 mesostructure. The aminopropyl

fimctionalized MCM-41 was then reacted with allyl isothiocyanate to produce the final

product ATU-MCM-4l. Although the ATU functional groups did adsorb mercury, 1.5

mmol Hg2+/g adsorbent is lower than the highest reported binding capacity of a

mercaptan functionalized mesostructure of 3.8 mmol Hg2+/g adsorbent.104’105

Furthermore, the process used to prepare the functional group is tedious, and the

surface area of functionalized ATU MCM-41 is a third of the parent material, 320 vs. 900

mZ/g, respectively. Building upon this method Jaroniec also prepared 1-benzoyl-3-
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propylthiourea, C6H5C(=O)NHC(=S)NHCHZCHZCH3, functionalized MCM-41.107

Aminopropyl functionalized MCM-41 was prepared by grafting of

aminopropyltrimethoxysilane onto MCM-41, followed by reaction of benzoyl

isothiocyanate to yield 1-benzoyl-3-propylthiourea functionalized MCM-41. The

mercury adsorption capacity of this silica was quite high, 5.0 mmol Hg2+/g adsorbent,

which is a 3 to 1 mercury: ligand ratio. The increased coordination was attributed to the

formation ofHg—N bonds in addition to Hg-S bonds.107

1.6.2 Arsenic Trapping

Arsenic contaminated drinking water is a problem in many countries, including

the United States. With the new 10 ppb US EPA MCL (maximum contaminant level),

new technologies will be needed to remediate the drinking water. Arsenic in naturally

occurring form is found in soil, air, and water. Of the two forms of inorganic arsenic

found in ground water, namely, arsenite (As (111)) and arsenate (As (V)), arsenite is the

predominant form found in ground water, whereas the arsenate is the major species

associated with surface waters. A variety of health effects, e. g. skin and internal cancers,

cardiovascular, and neurological effects have been attributed to arsenic exposure,

primarily from drinking water.108 Furthermore, arsenite is estimated to be 60-times more

1 10’] 1 I (e.g., coagulation,toxic than arsenate.109 However, current remediation techniques

nanofiltration, or ion-exchange) are effective only in removing arsenate, but not arsenite.

This is due in part to arsenite being a neutral species below pH 8.5 in aqueous solution.

Thus, the common approach to the removal of arsenite from ground water anticipates

oxidizing arsenite to arsenate.
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Mesoporous materials have many benefits over traditional recalcitrant compound

adsorbents. These include large surface areas, tailoring of pore sizes to be especially

accessible, incorporation of organic ligands to provide selectivity towards a specific

metal, and great access to the complexing ligands.

Current arsenic remediation efforts based on organo-functionalized mesoporous

materials have focused on the trapping of arsenate.24’”2’H3 One method of arsenate

adsorption relies on the Lewis base properties of the anion and the formation of a

complex with a Lewis acid metal centers (i.e., copper(II) or iron(III)) immobilized in the

pores of the mesostructurem’m Also, ion pairing of arsenate to tethered ammonium

cations24 has been used as a mechanism for trapping arsenate in mesostructures.

However, neither binding mechanism is effective in trapping arsenite. This work will

examine the synthesis of functionalized mesoporous silicas for of trapping arsenate, as

well as arsenite, without oxidation of the latter to the former.

1.6.2 Radioactive Element Trapping

The US has vast amounts of mixed radioactive waste generated from nuclear

arsenals built up during the Cold War era; these wastes include actinides. One ligand

known to be suitable for chelation of the actinide cation is the carbamoylphospine oxide

(CMPO) ligand(O=PC=ONH2).”4 Aminopropyltrimethoxysilane was reacted with a

tri fluoroethyl ester in the reaction shown below, and the product was grafted onto MCM-

41 to form CMPO functionalized MCM-41.114

O
O

o o

/P OCHZCF3 + NH2(CH2)3SI(OEt)3 _ ’ P NH(CH2)3Si(OEt)3

F3CH2C \ F3CH2C \

CHZCF3 CHzCF3
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The CMPO MCM-41 has proven to be a highly efficient and selective Pu(IV)

sequestrate.115 The distribution coefficient (Kd) for the adsorption of Pu(IV) was 20,000.

The Kd is a mass-weighted partition coefficient, defining the distribution of the target

analyte between the solution and the solid at equilibrium. Thus with a K, of 20,000,

there was 200 times as much Pu(IV) adsorbed to the solid as was left in the filtrate.115

In addition to contamination with actinides, the production of nuclear materials

also generated radionuclides including isotopes of cesium and technetium. Ferrocyanides

have been shown to have a high affinity for the radiocesium.1l6 The synthesis and use of

copper ferrocyanide immobilized on MCM-41 for the sequestration of cesium has been

reported.117 The synthesis of cesium selective SAMMS (self-assembled monolayers on

mesoporous supports) is depicted below. ”7

H2N HzN H2” NH 72+ <\TUH r4%(3-FetCNI-j 2'

\\\

888
HN/hCl“ANN”) Fe(cN)64'

NC! \ /\/NH2
NH

7'”?*8“w 
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The parent mesostructure SAMMS is MCM-41 silica which is calcined to remove

the surfactant. Ethylenediamine ligands were grafted onto the mesoporous support, and

copper ions, from cuprous chloride were bonded to the amine ligands to form octahedral

complexes on the surface of the mesoporous silica. Then, ferrocyanide was immobilized

on the surface of the mesoporous silica by coordination with the copper. The final

product denoted Cu-FC-EDA-SAMMS was used for cesium adsorption.”7 The cesium

concentration was reduced from 2 ppm to less than 4 ppb within 1 min and to less than 1

ppb within 2 h.1 17
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Chapter 2

Synthesis of spherical organo-functional wormhole mesoporous silicas using

dodecylamine as the porogen.

2.1 Introduction

Polystyrene is widely used as a support or stationary phase for many types of

chromatography and chemical reactions, due in part to low manufacturing cost.

However, the polystyrene backbone can influence the behavior of the column in terms of

solvent compatibility and reaction rate. Conventional functionalized polystyrene can be

slow to react due to the long periods of time it takes for diffusion through the polymer

and the reaction can be further slowed by the polymer’s ability or inability to swell. Due

to its chemical stability and the fact that it neither swells nor shrinks in the presence of

solvents, silica can be a better choice of material for chromatography or supported

chemical reactions.

Mesoporous metal oxides with their large surface areas, easily tunable pore sizes,

and their ability to be fimctionalized for specific applications are an ideal support

matrices for chromatography and supported chemical reactions. In addition to concern

over the chemical composition of a support matrix, attention needs to be paid to the shape

of the support particles. Spheres in the micron size range are very desirable due to their

ability pack uniformly, as well as being easier to handle than powders. Aggregated as

well as individual/monodispersed spherical mesoporous materials have been reported.

Monodispersed spheres are more desirable since they have better packing properties than

large aggregated spheres.
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A myriad of mesoporous spheres have been synthesized by control of the

condensation and hydrolysis of the silica source, typically tetraethylorthosilicate (TEOS).

The isoelectric point of silica is at pH=2.0. Above this pH, silica particles are negatively

charged. At pH values < 2.0, the particles become protonated and have a positive charge.

By controlling the pH and concentration of silica reagents, spherical silica can be

synthesized.

One example of a spherical mesoporous silica was synthesized by simply

controlling the reaction stoichiometry of a wormhole framework HMS silica.l In a

typical reaction, the silica : surfactant ratio (IO/SO) is equal to 4.0; this yields fractal or

sponge-like particles.2 However, when the (IO/SO) ratio was increased to 8.0, the TEM

images showed non-uniform, monolithic, spherical particles ranging in size from 100 nm

to 200 nm.

3'4 utilized a sodium fluoride catalyzed reaction in a mildly acidicBoissiere

medium to produce wormhole MSU-X with spherical particles ranging in size from 3-8

pm. This synthesis produces a spherical morphology by discriminating the assembly

process from the tetraethylorthosilicate (TEOS) hydrolysis process. The silica source,

TEOS, was dispersed in a non-ionic surfactant solution to obtain an emulsion.

Hydrochloric acid was added to destroy the emulsion within minutes, giving a

microemulsion composed of monodispersed particles containing both surfactant and

silica oligomers. In a second step carried out 18 h later, the hydrolysis of TEOS was

induced by the addition of a catalyst, sodium fluoride.

A second report of the synthesis of spherical forms of mesoporous silica also

involved forming an emulsion precursor in acidic aqueous media.5 Primary alkylamine
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surfactants were used as the porogen under dilute acidic conditions to produce hard

spheres, thick walled spheres, hollow spheres and thin walled hollow spheres. The type of

sphere produced was dependent upon the chain length of the alkylamine surfactant, as

well as the concentration and volume of the acidic aqueous solution.

Hollow spheres of silica with mesoporous walls were synthesized by dilution and

neutralization of an aqueous reaction system.6 The reaction began with a mixture of

TEOS in an alkaline aqueous solution of cetyltrimethylammonium bromide (CTAB),

which was quickly subjected to quenching by dilution, with a large amount of water,

followed by pH neutralization with hydrochloric acid. A layer of white product slowly

formed at the air-water interface.

Mesoporous solid spheres have also been synthesized through phase separation

and emulsion chemistry.7 The oil component in this case is the hydrophobic silicon

source, tetrabutylorthosilicate (TBOS). The synthesis procedure simply involved adding

TBOS with stirring to an alkaline aqueous solution of CTAB and controlling the stirring

speed to vary the size and shape of the final product. The TBOS hydrolyzed to give butyl

alcohol (BuOH), which is immiscible with water. Hydrogen bonding between BuOH and

water provided a diffusion pathway for the surfactant and water to penetrate the

TBOS/BuOH oil droplets. The hydrolysis of TBOS in the droplets form mesoporous

spheres ranging in size from 0.2-0.5 mm.

Another emulsion system which has been used for the preparation of mesoporous

microspheres utilizes kerosene.8 Hollow silica spheres were synthesized by a sol-gel

process of TEOS in a nonionic water-oil emulsion containing kerosene, sorbitan

monooleate, and water.
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Psuedomorphic synthesis has been used for the morphological control of MCM-

41.9 A pseudomorph is defined as an altered mineral phase having the outward

appearance of another mineral species, and in this case, the MCM-41 grains are

pseudomorphs of the silica gel grains (the silica source). Commercial silica gel spheres

were mixed in an alkaline solution of CTAB and then autoclaved at 115 °C for 24 h.

Although the parent silica was amorphous, the CTAB-treated solid showed X-ray

diffraction properties and nitrogen isotherms consistent with MCM-41 mesoporous silica.

A final method for the formation of mesoporous silica spheres is the Stoeber

method.lo The Stoeber synthesis is an ammonia-catalyzed reaction of TEOS with water

in low-molecular-weight alcohols which produces monodispersed spherical silica

nanoparticles that range in size from 5-2000 nm. Under the dilute reaction conditions

nucleation is competitive with propagation of particle growth. The spherical shape is

favored because it minimizes the interface between silica and solution.

The ability to control sphere size is important for many applications. In order to

achieve high speed and high resolution separation for HPLC (high performance liquid

chromatography), the column packing should be less than 20 pm in diameter. Typically,

2-10 pm is desired. Packing of small diameter spheres reduces band broadening and

gives narrow peaks. However, high pressure is required to move the eluent though the

column. In addition to chromatographic applications, spherical nanoscale mesoporous

materials are of interest for use in surface polishing, catalysis, medical implants, and drug

delivery. Nanospherical mesoporous MCM-41 was first synthesized using a dilute

solution catalyzed by ammonia.II The utilization of ammonia as a catalyst in a dilute
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system is an adaptation of the Stoeber method. Other groups have also modified the

Stoeber method to form nanospherical mesostructures.”l3

Add the advantages of spherical silica particles to the ability to organically

functionalize the spheres and a very powerful media is born. Functionalized spherical

mesoporous materials could open new opportunities in the fields of chromatography,

catalysis, drug delivery, sensors, membrane technologies, among others. The ability to

specifically tune adsorption columns for heavy metal adsorption, catalysis, or control

hydrophobicity may allow for a innumerable of new applications to be developed.

The Stoeber and psuedomorphic synthetic methods have been utilized for the

synthesis of organo-functionalized mesostructures via the grafting method. Grafting is

the organic functionalization of silicas accomplished by surface anchoring of the organic

moieties through the hydroxyls of the incompletely condensed silica. Aminopropyl (AP)

and octyl (C3) moieties have been grafted onto cubic MCM-48 silica to form

functionalized MCM-48.l4 The water and acetaldehyde adsorption properties of these

materials were examined. Octyl moieties have also been grafted onto hexagonal MCM-

41 spheres prepared by the psuedomorphic method'5 and successfully used in reverse-

phase liquid chromatography applications.

In addition to the grafting of organic groups to mesoporous silicas, some of the

aforementioned methods for preparing non-functionalized mesoporous silicas have been

adapted to form directly assembled functionalized mesoporous spheres. Direct-assembly

is a process involving co-condensation of an organosilane with the inorganic precursor in

the initial reaction mixture. One synthetic strategy that has been successful in forming

functionalized mesoporous silicas is the Stoeber method. This process has also been used
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to directly-assemble microspherical mercaptopropyl (MP) and aminopropyl (AP)

functionalized MCM—41 mesoporous derivatives.”19

Mercaptopropy] functionalized, monodisperse spheres of wormhole MSU-X silica

have been synthesized by direct assembly methods under mild acid hydrolysis conditions

using sodium fluoride as a catalyst.20 It has been proposed that spheres are formed in a

two-step fluoride assisted pathway.“ In the first step a silicon alkoxide was hydrolyzed

in a nonionic surfactant solution at pH = 2.0-4.0. In this pH range, TEOS quickly

hydrolyzes, but is slow to condense. This solution contained hybrid objects composed of

nonionic micelles and silica oligomers. The silica oligomers then were condensed in the

PEO corona of the micelles by the addition of sodium fluoride. The mechanism of

formation for organofunctionalized spheres is similar.

A third pathway for the direct-assembly of organofunctional mesoporous silica

spheres having MCM-41 hexagonal framework topology has been reported.22

Mercaptopropyl, aminopropyl, and vinyl functional groups were directly incorporated

into hexagonal MCM-41 nanoparticle spheres. An electrostatic S+I' interaction between

the cationic surfactant (8+) and the anionic silica source (I') was achieved by initially

mixing the surfactant (CTAB) at an alkaline pH. After 40 seconds, the mixture was

diluted with water. After a few minutes, neutralization was accomplished by the addition

of 2 M hydrochloric acid (HCl). Various nanoparticle shapes were formed depending on

the time delay prior to acid quenching. Additionally, dinitrophenylaminopropyl (DNP)

functionalized mesostructured nanoparticles prepared under dilution/neutralization

conditions with CTAB as the surfactant have been reported.23
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Direct-assembly has also been used to prepare mercaptan-functionalized spheres

using a primary amine surfactant.24 Amine surfactants have been previously used to

synthesize highly functionalized MP-HMS wormhole framework structures under near

neutral conditions.25 Kosuge et al.24 modified the HMS synthesis method and adapted the

controlled growth mechanism of Boissiere3'4 to form thiol-functionalized spheres using a

primary amine surfactant. They suggested that a neutral S010 assembly was initially

formed from a mixed suspension of alkoxides (TEOS and MPTMS) and the surfactant

(dodecylamine). The addition of aqueous hydrochloric acid resulted in immediate

nucleation and the assembly of a mesostructure by a S+X'I+ pathway. The end result was

the formation of the functionalized mesostructural spheres. As an aside, the stirring rate

during both the initial Sol0 assembly, as well as after addition of the HCl, was

instrumental in the determination of the sphere size.

One other class of interesting mesoporous organofunctional silica derivatives that

have been prepared in spherical form, but are not mesostructured, are the silicas reported

26 These hybrid silica spherical particles have an integratedby the Waters Corporation.

alcohol moiety on the surface. However, no XRD or TEM data were provided in support

of the structural assignment. The method utilized is more likely to produce a xerogel

rather than a MCM4l-type material. A xerogel is the term used for dried forms of open

structures which have passed through a gel stage during preparation (e.g. silica gel). The

pore structure of a xerogel is not as ordered as a mesostructure, and the surface area is

typically less than 100 mZ/g. The silicon alkoxides and organosilicon precursors were

added to a solution of surfactant (Triton X), ethanol, and water under high shear mixing

to form oil droplets in a continuous water/ethanol phase. The oil droplets were gelled to
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form hybrid silicate spherical particles by the addition of ammonium hydroxide. The

organofunctional reagent was [3-(methacryloxy)propyl]-trimethoxysi1ane

[(CH3O)3SiCHzCHzCHzOC(O)C(CH3)=CH2]. Through base-catalyzed ester hydrolysis

and hydrothermal conditioning, the methacryloxypropyl group was reacted to produce

hydroxypropyl moieties. The hydroxypropyl groups were further transformed through a

series of classical alcohol reactions including bromination and esterification. Table 2.1

summarizes the various reported organo-functional mesoporous spheres and the method

used for their synthesis.

The objective of the present work was to prepare functionalized mesostructured

silica spheres using a primary alkylamine as the surfactant. The preparation of spheres in

the nanoscale regime, as well as the micron size range, was examined. The resulting

products have the anhydrous formula (SiO;;)1.x (LSiOI.5)x, where L is the organic group of

interest and x is the fraction of framework silicon centers that are functionalized. The

organofunctional group selected for this work was the mercaptopropyl group, because of

its affinity for mercury and arsenite, as well as the ability of this group to be oxidized to

sulfonic acid moieties. The latter functionality is potentially useful for acid catalyzed

organic transformations.

For the synthesis of nanoscale functionalized mesoporous silicas, a modified

Stoeber method was utilized. The preparation of nanoscale mesoporous silicas using

dilute conditions and an alkylamine surfactant has been previously reported.'3 In order to

expand on the utilization of the spheres, it was decided to prepare organically

functionalized nanoscale mesoporous silica spheres following this method.
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In order to synthesize micron-sized spheres, the electrically neutral pathway, Solo,

was utilized because of the ability to easily extract and recycle the surfactant. Also this

pathway affords higher organic loading than other methods and yields a wormhole

framework which is more accessible than hexagonal frameworks. At the time this work

was begun, there were no reports of highly functionalized mesoporous nanospheres or

22’” and micro-microspheres. Reports of highly functionalized mesoporous nanospheres

24,16,19,27,26 - . . . . .
spheres have smce been publ1shed and are g1ven 1n Table 2.1. In additlon to

the report of the synthesis of these spherical mesoporous silicas, the adsorption properties

- 4 9
of the structures have been examinedws'2 "6" '27
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2.2 Experimental

2.2.1 Reagents

Mercaptopropyltrimethoxysilane, tetraethylorthosilicate, dodecylamine, and

ammonia (a 2 M solution in 2-proponol) were purchased from Aldrich and used without

further purification. Absolute ethanol was purchased in-house. Water used in the

synthesis was double-exchanged to remove cations and anions via a Millipore filter

apparatus.

2.2.2 Direct- assembly of mercaptopropyl functionalized Stoeber nanospheres.

Mercaptopropyl-functionalized nano-sized spheres with the composition (SiOz)t.x

(LSiOI.5)x, were synthesized from tetraethylorthosilicate (TEOS) and

mercaptopropyltrimethoxysilane (MPTMS) using the direct-assembly method of organic

group incorporation. An amine surfactant was used as the structure — directing agent,

under dilute conditions in the presence of ammonia. Ethanol was used to dissolve the

surfactant, and dodecylamine (DDA). Then, water was added to this solution. Next a 2

M solution of ammonia in propanol was added drop wise with a syringe, and the mixture

was equilibrated for 5 min. A mixture of TEOS and MPTMS, in absence of a solvent,

then was added and the entire mixture was shaken for 24 h at room temperature. The

mixture was centrifuged to collect the precipitate, which was then air-dried. The

surfactant was removed by Soxhlet extraction in hot ethanol. The overall molar

stoichiometry was: 1-x TEOS : x MPTMS : 0.29 DDA : 351 EtOH : 1143 H20 : 3.79

NH3 : 23.3 propanol. The x-values used in the synthesis were x=0.0, 0.10, 0.30, and

0.50.
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2.2.3 Direct-assembly of mercaptopropyl functionalized HMS micron sized spheres

Mercaptopropy]-functionalized micron-sized spheres were synthesized using the

direct-assembly method for organic group incorporation. An amine surfactant, with

hydrodynamic forces applied during the beginning of the synthesis yielding the

composition (SiOz)..x (LSiOI.5)x. There were four different methods used to determine

the optimal conditions for functionalized mesoporous microsphere formation.

Method I. A mixture of MPTMS and TEOS was added to a solution of surfactant and

EtOH and shaken for 30 5. After the water was added to the silane surfactant solution, the

reaction mixture was shaken for 2 min and aged statically. Ethanol, warmed to 65 °C,

was used to dissolve the surfactant, dodecylamine. A premixed solution of l-x TEOS and

x MPTMS, was then added to the surfactant solution. The solution was vigorously

shaken for 30 s and the silanes were allowed to prehydrolyze in the surfactant solution for

40 min. Next, water, pre-warmed to 65 °C, was rapidly added by volume to the

surfactant silane solution. The entire mixture was then vigorously shaken for 2 min and

left under static conditions in an oven at 65 °C for 36 h. Finally, the solution was filtered,

the precipitate collected and air-dried, followed by Soxhlet extraction with ethanol to

remove the surfactant. The overall molar stoichiometry employed was: l-x TEOS : x

MPTMS : 0.22 DDA : 6.7 EtOH : 160 H20.

Method 11. The synthesis follows as in Method 1, except that the reaction mixture is aged

in a reciprocating water bath at 200 rpm at 65 °C instead of statically. Ethanol, warmed

to 65 °C, was used to dissolve the surfactant, dodecylamine. A premixed solution of l-x

TEOS and x MPTMS, with x=0.10 or 0.50, was then added to the surfactant solution.

The solution was vigorously shaken for 30 s, and the silanes were allowed to
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prehydrolyze in the surfactant solution for 40 min. Next, water, pre-warmed to 65 °C,

was rapidly added by volume to the surfactant silane solution. The entire mixture was

then vigorously shaken for 2 min and aged in a reciprocating water bath at 65 °C for 36 h.

Finally, the solution was filtered, the precipitate collected, and air-dried, followed by

Soxhlet extraction with ethanol to remove the surfactant. The overall molar stoichiometry

employed was: l-x TEOS : x MPTMS : 0.22 DDA : 6.7 EtOH : 160 H2O.

Method III. The synthesis follows as in Method 11, except that the silanes were

allowed to prehydrolyze in the surfactant solution for 40 min instead of 30 s and the

shaking time after the addition of water was shortened. Ethanol, warmed to 65 °C, was

used to dissolve the surfactant, dodecylamine. A premixed solution of 1-x TEOS and x

MPTMS, with x values of x=0.10, 0.30, 0.50, 0.60, 0.70, or 0.80 was then added to the

surfactant solution. The solution was vigorously shaken for 20 s and the silanes were

allowed to prehydrolyze in the surfactant solution for 40 min. Next, water, pre-warmed

to 65 °C, was rapidly added by volume to the surfactant silane solution. The entire

mixture was then vigorously shaken for 20 s and aged at 65 °C and 200 rpm in a water

bath for 36 h. Finally, the solution was filtered, the precipitate collected, and air-dried,

followed by Soxhlet extraction with ethanol to remove the surfactant. The overall molar

stoichiometry employed was: l-x TEOS : x MPTMS : 0.22 DDA : 6.7 EtOH : 160 H2O.

Method IV. The synthesis follows as in Method 111, except that the order of the addition

of water was altered. Ethanol, warmed to 65 °C, was used to dissolve the surfactant,

dodecylamine. Next, water, pre-warmed to 65 °C, was rapidly added by volume to the

surfactant solution. A premixed solution of l-x TEOS and x MPTMS was then added to

the surfactant-water mixture. The entire mixture was then vigorously shaken for 20 sec
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and aged at 65 °C and 200 rpm in a water bath for 36 h. Finally, the solution was filtered,

the precipitate collected, and air-dried, followed by Soxhlet extraction with ethanol to

remove the surfactant. The overall molar stoichiometry employed was: l-x TEOS : x

MPTMS : 0.22 DDA : 5.0 EtOH : 160 H2O.

2.3 Physical Measurements

The physical properties of the mercaptopropyl-functionalized Stoeber

nanospheres were determined by nitrogen adsorption, powder XRD, and TEM. Nitrogen

adsorption-desorption isotherms were measured at —l96 °C on a Micrometrics ASAP

2010 sorptometer, the samples being outgassed at 80 °C and 10'6 Torr prior to

measurement. Powder XRD patterns were collected on a Rigaku rotaflex diffractometer

using Cu K01 radiation. TEM images were obtained on a JOEL 100CX microscope with

a CeB6 filament and an accelerating voltage of 120 KV. Sample grids were prepared by

sonicating samples in ethanol for 20 min, and evaporating one drop of the suspension

onto a carbon coated, holey film supported on a 3 mm, 300 mesh copper grid.

The physical properties of the microspherical MP-HMS were determined by

nitrogen adsorption, 29Si magic angle spinning nuclear magnetic resonance (MAS-NMR),

TEM, scanning electron microscopy (SEM), XRD, and Raman spectroscopy. 29Si MAS-

NMR spectra were collected on a Varian 400 solid state NMR spectrometer with a field

strength of 400 MHz, under single-pulse mode with a zirconia rotor at a spinning

frequency of 4 kHz. A pulse delay of 400 seconds was employed so that there was

sufficient time for the nuclei to relax before application of another pulse. Talc was used

as a reference. TEM images were obtained on a JOEL 100CX microscope with a CeB6

filament and an accelerating voltage of 120 KV. Samples were microtomed for TEM via
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two different methods. The first set of samples were embedded in LR White and cured

for 2 days at 60 °C. The second method used a harder resin denoted Poly/Bed 812

embedding media, cured for 24 h. Two different microtomes were utilized for thin

sectioning. SEM samples were gold coated for 4 min with a coating application of 7

nm/min. Imaging was done at an accelerating voltage of 15 IN on a JEOL JSM-6400V.

For Raman spectroscopy, samples were packed into glass capillary tubes and analyzed

with a Bio-Rad FT Raman Spectrometer equipped with a CCD camera detector using 633

nm radiation from a HeNe laser for excitation and a resolution of 4cm". Laser power at

the sample was estimated to be about 5mW, and the focused laser beam diameter was

~10 micrometer. A total of 200 scans was used to obtain the spectra.

53



2.4 Results and Discussion

2.4.1 Direct-assembly of mercaptopropyl functionalized Stoeber nanospheres

The equation for the formation of silica spheres via the Stoeber method is shown

in Equation 2.1.

NH3

(2+y) H20 + Si(0CH2CH3)4 ——-> 3102* y H20 + CH3CH20H

H20/Et0H

Equation 2.1

Under the dilute reaction conditions employed, nucleation is synchronous with

propagation of particle growth. Thus, tiny particles are generated. In order to minimize

the interface between silica and solution, spheres spontaneously form. Ammonia is used

for the base catalyzed hydrolysis of TEOS. Monodisperse mesoporous silica nanospheres

with a particle size of 60 nm have been recently reported for the reaction of TEOS and

dodecylamine under modified Stoeber conditions.'3 In order to use these materials for

different applications such as catalysis, medical implants, or drug delivery,

organofunctionalization is necessary. The present work reports the direct assembly of

mercaptopropyl-functionalized silica nanospheres prepared in the presence of an amine

surfactant as a porogen and ammonia as a catalyst for TEOS hydrolysis under dilute

reaction conditions. The anhydrous reaction for the formation of the nanospherical

product is shown in Equation 2.2, where L equals the mercaptopropyl group.

NH3

l-x Si(0CH2CH3)4 + x LSi(OCH3)3 ——-> ($102)._,(Sio.,L)x+ (311304on +CH3OH

DDA/Hzo/EtOH

Equation 2.2
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Increasing the organosilicon content (x) of the reaction mixture greatly influenced

the structure of the nanospheres. As evident from the TEM images (Figures 2.1 and 2.2),

the mesostructure formed at x=0.10 exhibited a beautiful wormhole structure, quite

similar to that of the non-functionalized nanospheres. Increasing the organic content of

the reaction mixture to x=0.30 and x=0.50 produces more dense spheres, as observed in

the TEM micrographs (Figures 2.3 and 2.4). For both the x=0.0 and 0.10 compositions,

the TEM images show the presence of non-spherical particles, in addition to the spheres.

Only spherical silica particles were observed by Nooney et al.13 The x=0.30 and 0.50

compositions are totally spherical. The lack of non-spherical powder is most probably

due to the increased hydrophobicity of the system from the increased organic content.

The tendency to minimize the silica-solution interface is increased by the additional

organic groups present. Sphere sizes up to 3,000 nm were observed for the x=0.30 and

0.50 compositions. This is substantially larger that the nanoscale sphere size of £100 nm

3 Due to thethat was previously reported for nanospherical mesoporous structures.l

organic content of the functionalized spheres, the growth of the silica particles was faster

than the nucleation, thus the larger size spheres.
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Figure 2.1. Transmission electron microscope image of pure silica (x=0.0) nanospheres

at low and high magnification.
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Figure 2.2. Transmission electron microscope image of functionalized (SiO2)|.x

(LSiO|_5)x compositions (L=mercaptopropy1) with x=0.10 and a wormhole framework

structure at low and high magnification.
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Figure 2.3. Transmission electron microscope image of functionalized (8102)].x

(LSiOI.5)x compositions (L=mercaptopropyl) with x=0.30 at low and high magnification.
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Figure 2.4. Transmission electron microscope image of functionalized (SiO2)l.x

(LSiOt_5),, compositions (L=mercaptopropyl) with x=0.50 at low and high magnification.
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Figure 2.5 provides the powder XRD patterns for the mesoporous mercaptopropyl

functionalized Stoeber nanospheres. As the degree of functionalization increases, a loss

of mesoporosity is observed as evidenced by the broadening of the peaks. The increase

in 20 for the nanospheres with x=0.30 is due to the decrease in pore size. The intensity

decrease can also be attributed to contrast matching between the organic moieties and the

silicon framework. The product with x=0.50 (not shown) gave a very weak and broad 20

reflection, indicating little or no mesoporosity.

Figure 2.6 provides the nitrogen adsorption — desorption isotherms for the

mesostructured (Si02)1.x (LSiOm)x reaction products. The nanospheres with x=0.00 and

0.10 display a well defined mesopore step in the P/Po region of 0.4 and a Type IV

isotherm. The compositions with x=0.30 exhibits only a small knee at a very low P/Po

value, below 0.20. This isotherm is reminiscent of a microporous Type I isotherm. The

nitrogen isotherm for the x=0.50 composition indicates the sample is non-porous. The

physical properties of the mesoporous mercaptopropyl fimctionalized Stoeber

nanospheres are given in Table 2.2. As the mercaptan content increases, the surface area,

pore volume and pore size decreases. This is a common result for directly assembled

functionalized mesoporous materials, attributable to pore congestion by the organic

moieties.
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Figure 2.5. XRD patterns of functionalized (SiO2)1.x(LSi01,5)x Stoeber nanospheres

(L=mercaptopropyl) with x=0.10, 0.30, 0.50.
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Figure 2.6. Nitrogen Isotherm for functionalized (Si02)1.,,(LSi01,5)x Stoeber nanospheres

(L=mercaptopropyl) with x=0.0, 0.10, 0.30, and 0.50.
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To date there has been no report of a nanospherical organically functionalized

mesoporous material assembled with an amine surfactant under dilute conditions using

ammonia as a catalyst. However, a mercaptopropyl functionalized MCM-41 material has

been reported which was synthesized from TEOS and CTAB as a porogen following a

modified Stoeber method.'8 Table 2.3 gives a direct comparison between the

mercaptopropyl functionalized Stoeber nanospheres using an alkylamine surfactant and

nanospherical MP-MCM-4l. As illustrated in Figures 2.1-2.4, the mercaptopropyl

functionalized Stoeber nanospheres are predominately individual spheres as opposed to

the aggregated spheres reported for the MP-MCM-41.l8 Walcariusl8 was able to

incorporate a greater amount of organic functionality, up to x=0.50 for the MP-MCM-4l

nanospheres, as opposed to a maximum of x=0.30 with mercaptopropyl functionalized

Stoeber nanospheres in this work. Nitrogen adsorption measurements of the

nanospherical MP-MCM-4l obtained from fractions of organosilane larger than x=0.25

l8

yielded type I microporous isotherms. The XRD patterns for the compositions with

'8 The molar ratio of thex=0.40 and 0.50 are very weak and have high 2 theta values.

reagents was different for the two nanospheres; the ratio in this work was more dilute

than in Walcarius.l8 The nanospherical molar ratio was: 1.0 SiO2: 0.41 CTAB: 11.8

ammonia: 65 EtOHzl75 H20 . The nanospherical molar ratio used in this work was: 1.0

Si02: 0.29 DDA: 351 EtOH: 1143 H20: 3.79 NH3: 23.3 propanol. Under the more dilute

reaction system of this work large aggregated particles were not observed as with the

other reported work.18
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Table 2.3. Comparison of physical properties of mercaptopropyl functionalized Stoeber

nanospheres synthesized with an alkylamine structure director and nanospherical MP-

MCM-41.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Author x um SAa mz/g Sphere size Aggregate

um size pm

WalcariusT8 0.00 1264 0.56 5.8 J.- 1.4

McKimmy 0.00 1752 0.2 TEM

Walcarius‘s 0.10 1598 0.62 6.5 :- 1.9

McKimmy 0.10 1507 0.2-0.6

TEM

Waieat-iusF8 0.20 1073 0.58 6.4 a: 1.1

Walcarius‘g 0.30 757 0.55 9.3 :- 1.4

McKimmy 0.30 777 2-3 TEM

Waioarius'8 0.50 340 0.5 15.9 i 1.1

McKimmy 0.50 6.0 1.0 TEM

Walcarius‘s 0.70 3.4 0.51 14.8 i 0.7

Walcariusjg 1.00 2.5 0.44 22.0 i 2.0      
 

aCalculated from nitrogen adsorption isotherms by BET method.

65



2.4.2 Direct-assembly of mercaptopropyl functionalized HMS microspheres

After examining the results of the mercaptopropyl functionalized Stoeber

nanospheres and observing phase segregation in the reaction mixture at high organosilane

loadings, a second method for forming functionalized mesoporous spheres was examined.

It was hypothesized that due to the presences of organosilanes, there was phase

separation between the silanes and water. Vigorous shaking of the phase-segregated

reaction mixture will induce the silanes to form mesosphere reagents to minimize the

interface between the silica and solution. By increasing the amount of organic

functionality in the system, the hydrophobicity of the system is increased. This increased

hydrophobicity aides in the formation of spheres by forming an emulsion-like system. As

a result of applying vigorous shaking to an emulsion-like system as described in each of

the four Methods, mesoporous microspheres form. This would allow spheres to form

without the necessity of using very dilute reaction conditions as is typical of a Stoeber

reaction system.

Mercaptopropy]-functionalized microspheres have been prepared using direct-

assembly organic incorporation in the presence of an amine surfactant as a porogen.

These spheres are denoted as microspherical MP-HMS and have the anhydrous formula

(Si02)1.x (LSi0.__<,)x where L is the mercaptopropyl moiety. By simply vigorously shaking

the initial reaction mixture for 20 seconds, beautiful mesoporous spheres with varying

levels of organic group incorporation were synthesized. The spherical shape is more

easily prepared at organic loadings of x=0.30 values and above, as illustrated in Figures

2.7 and 2.8. The microspherical MP-HMS with x=0.10 resulted in the formation of

spheres which are predominantly aggregated. Also, at x=0.10 a bulk powder is present in
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addition to the silica spheres, whereas the mesostructure compositions with x=0.30, 0.50,

and 0.60 are totally spherical, with no bulk powder present. The fact that the higher the

organic incorporation, the more spherical the product, indicates that the hydrophobicity

of the organic group does play a role in the formation of spheres. The organosilane does

not dissolve in ethanol to the extent TEOS does, therefore as the organic component

increases, the two different alkoxysilanes (MPTMS and TEOS) form isolated droplets

and have a greater interaction with the micelle than the bulk solution.

In synthetic Method I and 11, all the reagents are added in the same order and in

the same molar quantity. The only difference between the two methods is in the degree

of agitation used after all the reagents are mixed, spheres prepared by Method I are aged

under static conditions and spheres prepared by Method II are aged with stirring in a

reciprocal water bath. Figure 2.9 shows microspherical MP-HMS with x=0.50 made by

syntheses Method 1 and Method 11. The sizes of the spheres, as well as the distribution of

the spheres’ sizes, are quite comparable, indicating that spheres form in the initial part of

the synthesis, and that the aging conditions are not a factor for sphere formation. SEM

micrographs (not shown) for microspherical MP-HMS with x=0.10, 0.30, and 0.60

prepared by Method 1 versus Method 11 illustrate the same results, that spheres are

formed in the beginning of the synthesis.
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5 11m 
Figure 2.7. SEM image of microspherical functionalized (SiO2)1_,,(LSiOL5)x

(L=mercaptopropy1), denoted microspherical MP-HMS a. x=0.10 prepared by Method I

b. x=0.30 prepared by Method 1.
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Figure 2.8. SEM image of microspherical functionalized (SiO2)..,,(LSiOI,5)x

(L=mercaptopropy1), denoted microspherical MP-HMS a. x=0.50 prepared by Method 1

b. x=0.60 prepared by Method 1.
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. 20 pm 
Figure 2.9. SEM image of microspherical functionalized (SiO2)..,,(LSiOL5)x

(L=mercaptopropy1), denoted microspherical MP-HMS a. x=0.50 prepared by Method I

b. x=0.50 prepared by Method 11.
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In addition to SEM micrographs, nitrogen isotherms, XRD, and Raman

spectroscopy were used for the characterization of the microspheres prepared by Methods

I and II. The results of the nitrogen isotherm analysis, shown in Table 2.4, further

indicate that there is very little difference between static aging of the synthesis mixture

(Method 1) and agitating the mixture during aging (Method 11). The XRD patterns (not

shown) of microspherical MP-HMS are characteristic of wormhole MP-HMS XRD

structure. One low angle peak is observed with the peak intensity decreasing as organic

incorporation increases. However, Raman spectroscopy (Figure 2.10) of microspherical

MP-HMS reveals a difference between the synthesis methods. The mercaptan S-H

stretch is an intense band at 2560 cm".28‘29 The disulfide S-S band is at 500 cm", and the

C-H stretch is an intense band 2900 cm".28‘29 The disulfide is present from the oxidation

by air of two adjacent mercaptan moieties. Microspheres prepared by Method 1 have a

more intense S-H band and a weaker S-S band than microspheres prepared by Method 11.

Thus, more mercaptan is oxidized by dioxygen to form disulfide when the reaction

mixture is continually shaken, as in Method 11. The concern with disulfide occurrence is

that if these materials are used for mercury or arsenite trapping, high disulfide presence

will compromise adsorption because these groups are not expected to be active toward

reaction with mercury or arsenic. For mercaptan-fianctionalized mesostructures to be

utilized, it is important that the mercaptan not be oxidized to disulfide. The NMR results

indicate that more of the organosilane is incorporated in the product prepared by Method

11, but one must keep in mind that the mercaptan and disulfide both give rise to T3 bands

of the same chemical shift in the 29Si NMR. Thus, the 29Si NMR results do not

differentiate between mercaptan and disulfide linkages. Furthermore, by comparing the
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Q4/Q3- fully cross-linked silicon centers Si(0Si)4 /incompletely condensed silicon centers

Si(OSi)3(OH)- the ratios are the same for products of both Method 1 and Method 11

(Q4/Q3=1 .5); indicating the cross-linking is the same for both synthetic methods.
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Figure 2.10. Raman spectra of functionalized (Si02)..x(LSiOi_5)x (L=mercaptopropy1),

denoted microspherical MP-HMS. a. x=0.30 prepared by Method 11 (aging with

shaking), b. x=0.30 prepared by Method I (static aging) c. x=0.50 prepared by Method I

d. x=0.50 prepared by Method 11 e. x=0.60 prepared by Method I f. x=0.60 prepared by

Method 11. The spectra are offset on the y-axis for clarity.
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The results of microsphere MP-HMS formation by Methods I and II indicate that

spheres are formed at the beginning of the reaction. But if the order of addition of the

reagents changed, would that affect the formation of spheres? Alkoxysilanes begin

polymerizing once they come into contact with water. Therefore, it would be prudent to

examine the timing of the addition of water on the formation of spheres. The effects of

the order of addition of reagents on sphere formation were examined by comparing

synthesis Method 111 to Method IV. In Method 111 water is added to a surfactant silane

reaction mixture, whereas in Method IV the silanes are added to a water-surfactant

mixture. The physical properties of microspherical MP-HMS synthesized by method 111

and IV are given in Table 2.5. The physical properties for each product are very similar

and essentially, there is no difference in the surface area, pore volume, and pore diameter

between mesostructures synthesized by the two methods. The nitrogen isotherms show

nearly identical Type I isotherms for microspherical MP-HMS with x=0.50. However,

the isotherms for microspherical MP-HMS with x=0.30 are slightly different for the two

preparation methods. The microspherical MP-HMS with x=0.3 made by Method IV has

no textural porosity while, the microspherical MP-HMS with x=0.3, synthesized by

Method 111, has textural porosity as evidenced in the nitrogen isotherm. Framework

mesoporosity is the porosity within the silica particles created by the alkylamine porogen,

whereas, textural porosity is the porosity between the silica particles. In addition, both

synthetic methods yield spheres, as shown in the SEM images of the microspherical MP-

HMS in Figures 2.11 and 2.12. Nonetheless, there is a difference between the products

synthesized by the two different methods of the microspherical MP-HMS as seen by the

Raman spectra. The Method IV synthesis of microspheres produces higher disulfide
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content than Method 111 spheres, as shown in Figure 2.12. It is fascinating that synthesis

Method IV yields spheres so similar in shape and physical properties to synthesis Method

111.
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Figure 2.1 1. SEM image of microspherical fimctionalized (S102)1.,,(LSiO.,5)x

(L=mercaptopropy1), denoted microspherical MP-HMS a. x=0.30 prepared by Method 111

b. x=0.30 prepared by Method IV.
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Figure 2.12. SEM image of functionalized (SiO2)l.x(LSiO.,5)x (L=mercaptopropy1),

denoted microspherical MP-HMS a. x=0.50 prepared by Method 111 b. x=0.50 prepared

by Method IV.
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Figure 2.13. Raman spectra of microspherical functionalized (SiO2)1.,,(LSiOL5)X

(L=mercaptopropy1), denoted microspherical MP-HMS a. x=0.50 synthesized by Method

111 b. x=0.50 synthesized by Method IV.
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Of interest is the inside of the spheres; are they hollow or solid? In order to

examine the inside of the microspherical MP-HMS with x=0.50, thin-sectioning was

done. Thin-sectioning consists of embedding the sample in a resin or epoxy and

microtoming nm thick sections to examine by TEM microscopy. The TEM and SEM

images of the thin-sectioning are shown in Figure 2.14. From Figure 2.14 b it would

appear that the microspheres are solid and have a lamellar pore structure. Yet the

spacings of the lamellae are much larger size than the pore size indicated from the

nitrogen isotherm results. These lines are actually artifacts3O produced during the

microtoming. To further verify this hypothesis, a sample was made by condensing only

TEOS and MPTMS, without any porogen. With no surfactant present, there shouldn’t be

any pores, so if the lines are present in this sample, the “lamellae” are truly artifacts.

Figure 2.16 illustrates that the lamellae are indeed artifacts from the microtoming

process. The determination of the spheres being hollow or solid must be made from the

SEM images. Both hollow and solid spheres are seen in various SEM images. But

hollow spheres appear more numerous than the hollow ones.

This is the first reported example of using near neutral synthesis conditions for

assembling functionalized mesoporous spheres. There has been one recent report of

mercaptopropyl functionalized spheres synthesized using an electrostatic pathway.24

Table 2.6 gives a comparison of this work and Kosuge’s reported work.24 The present

work is able to incorporate higher organic loading, has better cross-linking, and provides

a more facile synthesis method. Higher organic loadings are important for heavy metal

trapping, catalysis, and other uses. The increased cross-linking is significant because the
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greater the cross linking, the greater the stability of the material. Both methods form

monodispersed spheres of comparable size.
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Figure 2.14. Functionalized (SiO2)1.,((LSiO._5)x (L=mercaptopropy1), denoted

microspherical MP-HMS prepared by Method III with x=0.50. a. b. and c. thin-section

TEM micrographs and d. SEM micrograph.
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Figure 2.15. Functionalized (Si02)1.,,(LSiOL5)x (L=mercaptopropyl) composite

synthesized in absence of a surfactant, using the synthesis order of Method III. a. and b.

SEM images for the powdered samples. c and d. thin-section TEM images.
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Table 2.6. Comparison of physical properties of microspherical MP-HMS made by

Method 111 and a microspherical mercaptopropyl functionalized MCM-41 type

mesoporous silica prepared under acidic conditions according to Kosuge.24

 

 

 

 

 

 

 

       

Author xthco SAa mmol SH/gb Sphere size (11m)

from SEM

(mz/g)

McKimmy 0.10 1042 1.3 Spheres plus bulk powder

Kosuge24 0.10 810 5—20

Kosuge24 0.20 847 5-30

McKimmy 0.30 1090 3 .21 2-20

Kosuge24 0.40 807 5-25

McKimmy 0.50 600 5.03 2-20

McKimmy 0.60 368 4.64 0.8-14
 

aCalculated from the from nitrogen adsorption isotherms by BET method. bDetermined

from ”$1 MAs NMR.

Kosuge24 mol ratio: l-x TEOS: x MPTMS : 0.35 DDA: 0.004 HCl: 0.9 EtOH: 39.0 H20

McKimmy mol ratio: l-x TEOS : x MPTMS : 0.22 DDA : 6.7 EtOH : 160 H20
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2.5 Conclusion

2.5.1 Direct-assembly of mercaptopropyl-functionalized Stoeber nanospheres

Mercaptopropyl functionalized mesoporous nanospheres have been successfully

synthesized using a modified Stoeber process in the presence of dodecylamine as a

surfactant. Up to 30% of the silicon centers were functionalized with retention of a high

specific surface area. Nonetheless, the highly diluted reaction system, which is necessary

for nanospheres formation, is not desirable for large scale or commercial applications.

Also the large quantities of solvents used are in opposition to the “green chemistry”

approach that industry is moving towards. Furthermore, the level of mercaptopropyl

functionalization is not as high as can be achieved using other synthetic methods.

2.5.2 Direct-assembly of mercaptopropyl functionalized HMS microspheres

Microspherical mercaptopropyl functionalized HMS silica with a wormhole

framework structure has been successfully synthesized from TEOS, MPTMS, and

dodecylamine. By simply applying vigorous shaking once all the reagents were added,

mesoporous microspheres with functionalization levels of up to 60% have been prepared.

This is the first report of mesoporous spheres being made in this simple, one-step manner.

Furthermore, these spheres have the highest incorporation of organo-functional groups

reported to date. Additionally, the use of a near neutral assembly pathway allows for

simple extraction and recyclability of the surfactant. Microspherical MP-HMS has great

potential for use in chromatography, heavy metal adsorption, and drug delivery.

Mercury trapping column studies by microspherical MP-HMS have been examined and

will be discussed in Chapter 4.
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Chapter 3

Synthesis of bi-functional mesoporous organo-functionalized silicas with a

wormhole framework structure.

3.1 Introduction

A host of organo-functionalized mesoporous materials have been synthesized and

5’6 7’8 chromatography}12 andexamined for use in catalysis,"2 3'4 heavy element trapping,

sensing.l3 The interest in these materials is due to their high surface area, the ability to

specifically tune the organic group and the loading of organic moiety, and control of

particle morphology. In an attempt to further expand the versatility of organo-

functionalized mesoporous materials, multi-functionalized materials have been

synthesized. These functionalized mesostructures contain two or more different organic

groups. The incorporation of various organic groups within the same framework allows

for those properties unique to each functional group to be imparted to the material. For

example, one functional group might serve as a catalyst (covalent/active site), and the

second might provide noncovalent interactions (change hydrophobicity/hydrophilicity).

In addition to imparting different chemical properties to the same framework, bi-

functionality can be used to control particle morphology.”15

As with the incorporation of a single functional group types in a mesostructured

framework, bi-functionality can be accomplished by grafting, or direct assembly, or a

combination of both. Grafting is the incorporation of organic moieties into a silica

network accomplished by surface anchoring through the hydroxyls of the incompletely

condensed silica. The direct assembly procedure entails the direct co-condensation of the
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organosilane with the inorganic precursor in the initial reaction mixture to incorporate the

organic moiety. Lin et a1. synthesized mercapto-functionalized hexagonal MCM-41 by

direct-assembly and then grafted propyl, phenyl, or pentafluorophenyl groups to the

'3 The mercaptan moieties were used to anchormercapto-functionalized mesostructure.

phthalic dicarboxaldehyde thus forming an amine-sensitive o-phthalic hemithioacetal

(0PTA)-derived material to be used for sensing of dopamine, a hormone-like substance

and an important neurotransmitter. A schematic representationof the o-phthalic

hemithioacetal (0PTA) functionalized mesoporous silica material and their fluorescent

detection of amines (R = siloxy, propyl, phenyl, or pentafluorophenyl groups; R'-NH2 =

dopamine or glucosamine) is shown in Scheme 3.1.I3

 

  

  

Scheme 3.]13

90



The mesostructures with a second functional group of pentafluorophenyl were

more reactive towards dopamine than the structures with propyl or phenyl moieties.l3

The increase in reactivity was attributed to the better 71-1: donor/acceptor stacking of the

catechol rings of dopamine molecules and the pentafluorophenyl groups than was

possible with the propyl or phenyl moieties.

Hexagonal framework MCM-41 functionalized by grafting with amines or

polyamines have been used effectively as catalysts for nitroaldol reactions to produce

nitroalkenes in high yields.l6 The mono-functionalized MCM-41 was able to catalyze the

reaction of 4-hydroxybenzaldehyde with nitromethane to produce nitroalkenes. Yet

when a series of three competitive nitroaldol reactions, consisting of various chain length

alkoxybenzaldehyde and 4-hydroxybenzaldehyde were performed with the

propyldiethylenetriamine (NNN) MCM-41, there was no reaction selectivity observed for

the desired product, the alkoxy 4-(2-nitro-vinyl) benzene.l7 Rather 4-(2-nitrovinyl)

phenol and the alkoxy 4-(2-nitrovinyl) benzene were produced in nearly a 1:1 ratio. Yet,

by introducing a secondary functional group, specifically a mercaptopropyl (MP) or vinyl

(Vy) group to the NNN functionalized MCM-41, an increase of reaction selectivity

towards the alkoxy 4-(2-nitrovinyl) benzene product was observed. Both organic

moieties were incorporated simultaneously by direct-assembly. The results suggested

that the hydrophobic secondary groups (MP and Vy) played a significant role in

preferentially allowing the more hydrophobic reactants to penetrate into the mesopores

and react with the triamine functionality. The competitive nitroaldol reaction using a bi-

functionalized mesostructure is shown below in Scheme 3.2.]-I
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The variation of particle morphology with the direct incorporation of two

different fimctional groups (bi-functionality) has been reported by Lin.14 By using two

different organosilanes and varying the ratio between the organosilanes (the total

organosilane amount was held constant at 1 mole organosilane to 8 moles of

tetraethylorthosilicate (TEOS) added), different shaped mesostructures were formed. A

combination of a NNN and mercaptopropyl moieties created spherical particles with

diameters around 1.5 pm. By changing the ratio of NNN to MP groups, the size of the
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spheres were varied. Combining the functional groups cyanopropyl and mercaptopropyl

produced an oblong rod-like mesostructure.

Other groups have also synthesized multi-functional mesostructures by direct-

assembly. Table 3.1 summarizes the materials prepared, as well as some of the

applications that have been examined. Electrostatic and hydrogen-bonded synthesis

conditions are useful for the direct synthesis of multi-functional mesoporous materials.

However, all loadings of organic groups are limited to a maximum of 20 mole percent.

There is mention of only one attempt to incorporate higher organic group loadings.18 It

was reported that increasing organic incorporation from 20 to 40% gave structures in

which T2 (RSi(OSi)20H) and Q2 (Si(OSi)2(OH)2) sites were predominant. Significant

amounts of uncondensed Si-OH centers typically result in weak or collapsed structures.

It is likely that other endeavors to synthesize higher functional dual mesostructures have

also been attempted, but resulted in collapsed structures.

The intention of the present work is to develop a syntheSis strategy to incorporate

high loadings of two different organic moieties in a wormhole mesostructure prepared

through a direct supramolecular assembly pathway. The resulting products have the

anhydrous formula (Si02)1.(x +,.-)(LSi01,5)x(L'SiOi.5)» where L and L' are the organic

groups of interest and (x+y) is the fraction of framework silicon centers that are

functionalized. The organofunctional groups selected for this work were mercaptopropyl

and aminopropyl groups. The former organic moiety was chosen because of its affinity

for mercury and arsenite and the latter for its ability to trap arsenate. Although dual

functionalized HMS wormhole structures have been synthesized,'9 the loadings of the
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organic groups was limited to x+y=0.25, and the only application examined was trapping

of mercury.

The US Environmental Protection Agency (EPA) has set a limit of 10 parts per

billion (ppb) for the amount of total arsenic that is allowable in drinking water. The

possibility of utilizing a dual-functionalized mesostructure with high organic loadings for

the remediation of both arsenite and arsenate will be examined in Chapter 5.
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3.2 Experimental

3.2.1 Reagents

Mercaptopropyltrimethoxysilane, tetraethylorthosilicate, dodecylamine, and

aminopropyltrimethoxysilane were purchased from Aldrich and used without further

purification. Absolute ethanol was purchased in-house. Water was double-exchanged to

remove cations and anions via a Millipore filter apparatus.

3.2.2 Direct assembly of dual mercaptopropyl and aminopropyl functionalized HMS

Mercaptopropyl and aminopropyl-fimctionalized HMS with the composition

formula (SiO2)1.(x +y)(LSi01_5)x(L'Si01_5)y, were synthesized from tetraethylorthosilicate

(TEOS), mercapt0propyltrimethoxysilane (MPTMS), and aminopropyltrimethoxysilane

(APTMS) using the direct-assembly method of organic group incorporation. An amine

surfactant was used as the structure — directing agent, Specifically dodecylamine (DDA),

and the synthesis conditions were that of an electrostatically neutral one, S010. There

were five different methods used to determine the optimal conditions for dual

functionalized mesoporous silica formation.

Method 1. A mixture of MPTMS, APTMS, TEOS was added to a solution of surfactant,

E1011, and water to form the reaction mixture. Ethanol, dodecylamine (DDA) surfactant,

and water were mixed and warmed to 35 °C. A x : y : l-(x+y) molar mixture of x

MPTMS, y aminopropyltrimethoxysilane (APTMS), and 1-(x+y) TEOS was added drop

wise to the surfactant water mixture. The entire mixture was shaken for 48 h at 35 °C.

Finally, the solution was filtered, the precipitate collected and air-dried, followed by
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Soxhlet extraction with ethanol to remove the surfactant. The overall molar stoichiometry

was:

l-(x+y) TEOS : x MPTMS : y APTMS : 0.22 DDA : 5.0 EtOH : 160 H2O

Method 11. A partially hydrolyzed solution of MPTMS, APTMS, TEOS in EtOH was

added to an ethanol and surfactant solution, and water was added to complete the reaction

mixture. A x : y : l-(x+y) molar mixture of x MPTMS, y aminopropyltrimethoxysilane

(APTMS), and l-(x+y) TEOS was added to one-half of the total ethanol needed for the

reaction. This silane ethanol solution was aged at 35 °C for l h. After this 1 h of pre-

hydrolysis time, the remaining ethanol and the surfactant, dodecylamine (DDA), were

added. The silane, surfactant, and ethanol mixture was allowed to react for 5 min before

the water was added. The entire mixture was shaken for 48 h at 35 °C. Finally, the

solution was filtered, the precipitate collected and air-dried, followed by Soxhlet

extraction with ethanol to remove the surfactant. The overall molar stoichiometry was:

1-(x+y) TEOS : x MPTMS : y APTMS : 0.22 DDA : 5.0 EtOH : 160 H20

Method 111. A partially hydrolyzed solution of MPTMS and TEOS in EtOH was added

to an ethanol and surfactant solution with APTMS being added in this step. Then, water

was added to complete the reaction mixture. A x : l-(x+y) molar mixture of x MPTMS

and l-(x+y) TEOS was added to one-half of the ethanol and aged at 35 °C for 1 h. After

this 1 h of pre-hydrolysis time, the y APTMS, remaining ethanol, and surfactant, DDA,

were added. The silane, surfactant and ethanol mixture was allowed to react for 5 min

before the water was added. The entire mixture was shaken for 48 h at 35 °C. Finally,

the solution was filtered, the precipitate collected and air-dried, followed by Soxhlet
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extraction with ethanol to remove the surfactant. The overall molar stoichiometry

employed was:

l-(x+y) TEOS : x MPTMS : y APTMS : 0.22 DDA : 5.0 EtOH : 160 H2O

Method IV. TEOS, MPTMS, APTMS were sequentially added to ethanol. The

surfactant solution and then water was added to complete the reaction mixture. Each

silane was added dropwise one by one, beginning with the molar quantity l-(x+y)

TEOS, followed by x MPTMS, and finally y APTMS to the surfactant, DDA, ethanol

mixture, which had been pre-warmed to 35 °C. This silane, surfactant, and ethanol

mixture was allowed to react for 5 min before the water was added. The entire mixture

was shaken for 48 h at 35 °C. Finally, the solution was filtered, the precipitate collected

and air-dried, followed by Soxhlet extraction with ethanol to remove the surfactant. The

overall molar stoichiometry was:

l-(x+y) TEOS : x MPTMS : y APTMS : 0.22 DDA : 5.0 EtOH : 160 H2O

Method V. A mixture of TEOS, MPTMS, and APTMS was added to a surfactant

solution, and water was added to form the reaction mixture. A x : y : l-(x+y) molar

mixture of x MPTMS, y APTMS, and 1-(x+y) TEOS was added to a surfactant, DDA,

ethanol mixture, which had been pre-warmed to 35 °C. This silane, surfactant, and

ethanol mixture was allowed to react for 5 minutes before the water was added. The

entire mixture was shaken for 48 h at 35 °C. Finally, the solution was filtered, the

precipitate collected and air-dried, followed by Soxhlet extraction with ethanol to remove

the surfactant. The overall molar stoichiometry employed was:

1-(x+y) TEOS : x MPTMS : y APTMS : 0.22 DDA : 5.0 EtOH : 160 H20
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3.3 Physical Measurements

The physical properties of the dual mercaptopropyl and amino functionalized

HMS were determined by nitrogen adsorption, powder X-ray diffraction (XRD), 29Si

magic angle spinning nuclear magnetic resonance (MAS-NMR), Raman spectroscopy,

Transmission Electron Microscopy (TEM), and Infrared Spectroscopy. Nitrogen

adsorption-desorption isotherms were measured at -l96 °C on a Micrometrics ASAP

2010 sorptometer, the samples being outgassed at 80 °C and 104’ Torr prior to

measurement. Powder XRD patterns were collected on a Rigaku rotaflex diffractometer

using Cu K01 radiation. 29Si MAS-NMR spectra were collected on a Varian 400 solid

state NMR spectrometer with a field strength of 400 MHz, under single-pulse mode with

a zirconia rotor at a spinning frequency of 4 kHz. A pulse delay of 400 seconds was

employed so that there was sufficient time for the nuclei to relax before application of

another pulse. Talc was used as a reference. For Raman spectroscopy, samples were

packed into glass capillary tubes and analyzed with a Bio-Rad FT Raman Spectrometer

equipped with a germanium CCD camera detector and 633 nm radiation from a HeNe

laser for excitation with a resolution of 4 cm". Laser power at the sample was estimated

to be about 5mW, and the focused laser beam diameter was ~10 micrometer. A total of

200 scans was accumulated for each spectrum. TEM images were obtained on a JOEL

100CX microscope with a CeB6 filament and an accelerating voltage of 120 KV.

Sample grids were prepared by sonicating samples in ethanol for 20 min and evaporating

one drop of the suspension onto a carbon coated, holey film supported on a 3 mm, 300

mesh c0pper grid. Infrared spectra were recorded in the 4000-500 cm'I range using a
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Nicolet FTIR Protége’ 460 spectrometer equipped with a diffuse reflectance accessory

(DRIFTS).

3.4 Results and Discussion

3.4.1 Method I MP+AP-HMS Low Organic Loading

Wormhole mesostructures with two different organic moieties incorporated by

direct-assembly have been prepared under near neutral pH conditions with an amine

surfactant as the porogen. The mesostructures, denoted MP+AP-HMS, have high surface

areas as well as high level of incorporation of the organic groups. The low angle powder

x-ray diffraction patterns (XRD) are shown in Figure 3.1 for the mesostructures prepared

by Method 1. Method 1 synthesis involved adding two organosilanes and one silicon

precursor to a surfactant, ethanol, and water solution. This is essentially the preparation

method used for the assembly of monofunctiona] MP-HMS26 with

aminopropyltrimethoxysilane added as a second organosilane. For each structure, a

single broad peak was observed, indicative of a wormhole mesostructure. Variations in

the amount of functional groups lead to changes in the intensity of the diffraction peak.

The decrease in the intensity of the XRD peak with increased organic group loading is

attributed to contrast matching.27 X-rays scattered in phase cause an increase in

diffraction intensity. The scattering from the pore walls is in phase (constructive

scattering), whereas, the organosilicon scattering from within the pores is out of phase

with the wall scattering. This results in lower intensity XRD patterns. Increasing the

organic functionality also causes a shift to a higher 20, indicative of smaller pore sizes.

The MP+AP-HMS with x=0.15 y=0. l 3 has the highest organic loading, highest 20 value,

and broadest peak. The decrease in pore size with increased functionality is not
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unexpected and is attributed to a greater interaction of the hydrophobic organic moieties

with the hydrophobic center of the micelle. The increase in broadness with increase of

functionality indicates perturbation of the micelle by the organic groups due to the greater

interaction between the organic moieties and the hydrophilic core of the micelle.

The MP+AP-HMS nitrogen isotherms for the products made by Method I are

28 However, as theshown in Figure 3.2. Each mesostructure has a Type IV isotherm.

functionality increases the mesopore step occurs at a lower P/Po, which is further

evidence of a decrease in the pore size with increased organic loading. In order to

determine the amount of incorporation of the organic groups, 29Si MAS-NMR was done.

The T3 band, indicative of a silane with three hydrolyzable groups and one Si-C bond,

increases as the fiinctionalization increases. However, the Q3 band, which signifies

incompletely cross-linked Si04 centers, also increases with the increased functionality.

The 29Si MAS-NMR cannot differentiate between silicon centers that are functionalized

with the mercaptopropyl moiety or aminopropyl moiety. Instead, the technique provides

the information on the total degree of organo-functionalization. MP-HMS quantatively

incorporates the mercaptopropyl group, typically 95% of the organic group added is

incorporated. For MP+AP-HMS, there was generally less than quantative incorporation

of the organic group. The MP+AP-HMS with x=0.15 y=0.12 was the only dual—

functional composition with near quantative incorporation at 90%. The other structures

incorporated about 80% incorporation of the organic groups. Since MP-HMS exhibits

nearly quantative incorporation of the mercaptopropyl moiety, it is presumed the

incorporation of the aminopropyl group being only partially incorporated at about the

60% level. By elemental analysis, (C, H, N) it was determined that only 60-70% of the
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aminopropyl added was integrated into the mesostructure depending on the composition.

Table 3.2 provides the physical properties of the mercaptopropyl and aminopropyl

functionalized mesostructured silica prepared by Method 1.
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Figure 3.1. XRD pattern for functionalized (Si02)1.(,,+y)(LSiOLs),(L'Si01_5)y

compositions (L=mercaptopropyl, L'=aminopropyl) with a wormhole framework

structure, denoted MP+AP-HMS and assembled according to Method 1.
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wormhole framework structure, denoted MP+AP-HMS and assembled according to

Method 1. The isotherms are offset on the y-axis for clarity.
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Figure 3.3. 29Si MAS NMR spectra for functionalized (Si02).-(x+y) (LSi01_5)x (18101.5),

compositions (L=mercaptopropyl, L'=aminopropyl) with a wormhole framework

structure, denoted MP+AP-HMS and assembled according to Method 1.
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Figure 3.4. TEM images for functionalized (SiO2)|.(x+y) (LSiOLs)x (L'SiOrs)y

compositions (L=mercaptopropyl, L'=aminopropyl) with a wormhole framework

structure, denoted MP+AP-HMS and assembled according to Method 1.
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All dual-functional compositions have high surface areas (853-1203 cm3/g). The

pore volume decreases with increasing functionality indicating the organic group is

indeed being incorporated. It is interesting to note the difference between the samples

where x and y are not equal. The MP+AP-HMS with x=0.10 MP and y=0.03 AP has a

very large surface area, 1203 cm3/g, whereas, for the structure with the greater amine

loading, x=0.05 MP and y=0.07 AP, the surface area drops to 853 cm3/g. Yet, with the

surface area decrease, an unexpected pore diameter increase is observed. The two

samples have the similar total organic moiety loading, but the derivative with the higher

amine loading has different physical properties than the composition with higher

mercaptan loading.

The TEM images for MP+AP-HMS in Figure 3.4 show typical HMS wormhole

structures for the compositions with lower organic group loading (x=0.05 y=0.03), but

with increasing organic moiety loading (x=0.15 y=0.12), the derivatives form

predominately spheres. The formation of spheres by the dual functionalized HMS was

not unexpected. Differences in particle morphology caused by direct incorporation of two

different organofunctional groups had been previously reported by Lin.M In his work,

spheres were formed by mesostructures with a propyldiethylenetriamine (NNN) and

mercaptopropyl moieties, by changing the ratio of NNN to MP groups, the size of the

spheres could be varied. Additionally, combining the cyanopropyl and mercaptopropyl

functional groups produced an oblong rod-like mesostructure. No explanation was given

as to why the dual functionalized mesostructure formed spheres or rods.l4

After the initial success of the preparing MP+AP-HMS with up to 30% of the

silicon centers being functionalized, an attempt was made to prepare a mesostructure with
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50% of the silicon sites having functional groups. Since no other work had reported dual

functionalized mesostructures with such high loadings of organic groups, four different

synthesis methods were examined. The syntheses varied in the sequence of the addition

of the silanes. There has been great success in synthesizing MP functionalized

mesostructures, MP-HMS, with up to 50% of the silicon centers being functionalized has

been reported.26 However, functionalization with AP has proven to be more difficult

with the highest reported loading of the amine group being 40% of the total silicon

centers for a hexagonal MCM-41. But only 24% AP functionalization was actually

achieved.29 The difficultly in synthesizing directly assembled aminopropyl

functionalized mesostructures lies in the hydrolysis rate of APTMS, basicity of the

amines, and hydrophilicity of APTMS. The amine groups enhance water solubility as

well as catalyze rapid hydrolysis, making the synthesis of a mesostructure fimctionalized

with amines more difficult.

3.4.2 Method II-V Higher Bi-Functional Organic Incorporation

Four additional methods were used to prepare MP+AP-HMS with theoretical

loading of x=y=0.25 where x and y are the fraction of the silicon centers being

functionalized. For Method 11, all silanes were mixed together and prehydrolyzed with

half of the total ethanol needed for the reaction. The ethanol is anhydrous. However,

trace amounts of water are presumably present upon exposure to the atmosphere, but not

enough to completely hydrolyze the silanes. The silane ethanol mixture was added to the

remaining ethanol and surfactant mixture, followed by the addition of water. Method 111

involves the prehydrolysis of only MPTMS and TEOS with half the total ethanol. Then

the silane ethanol mixture was added to the rest of the ethanol and surfactant, followed by
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the addition of APTMS. Water was then added to complete the reaction mixture. For

Method IV, each silane was added one at a time, TEOS, MPTMS, and then APTMS to

the surfactant ethanol mixture. This was done to see if the “prehydrolysis” had any effect

on the resulting structure. The order of the reagents was chosen because APTMS

hydrolyzes at a faster rate than the other silanes, by adding it after the other silanes, better

incorporation of both the organosilanes might occur. Water was then added to the silane

surfactant ethanol mixture. Method V was the same as Method IV except the silanes

were premixed, not added individually.

The low angle powder x-ray diffraction patterns (XRD) are shown in Figure 3.5

for the MP+AP-HMS with x=y=0.25 prepared by Methods II-V. All powder patterns

have a single broad peak of low intensity Similar to MP-HMS with x=0.50.26 The

broadness is due in part to the presence of small particles, and the low intensity is due to

contrast matching. But there are differences in the 20 value between each synthesis

method. The silicas prepared by Method 111 have the highest 20 value, indicating the

smallest pore size. The X-ray pattern for the mesostructures prepared by Method 11, were

very broad and of lower intensity than the others indicating substantial framework

disorder.

Each mesostructure, regardless of the synthesis method, had a Type I isotherm28

(not shown). The almost horizontal plateau of a Type I isotherm is generally considered

to be an indication of a very small external surface area and of the absence of any

significant mesoporosity. The physical properties calculated from the nitrogen isotherms

are given in Table 3.3. The products have surface areas in the range of 338-654 mZ/g,

less than that of the functionalized MP+AP-HMS compositions with smaller x and y
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values, but comparable to the surface area of 695 mZ/g reported for MP-HMS with

x=0.50 using dodecylamine as the porogen.26 Pore volumes for MP+AP-HMS with

theoretical loadings of x= =0.25 range from 0.16-0.31 cm3/g which are again comparable

to the reported MP-HMS with x=0.50 pore volume of 0.35 cm3/g. The pore diameter for

all samples was < 2.0 nm.
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Figure 3.5. XRD pattern for functionalized (Si02)t.(,,+,,)(LSi01_5),,(L'Si01__<,)y

compositions (L=mercaptopropyl, L'=aminopropyl) where the theoretical organic loading

is x=y=0.25 with a wormhole framework structure, denoted MP+AP-HMS and

assembled to the method indicated.

112



Method V

Method IV

Method 111

WWW

_
’
-

Method 11

 

IJILLJH 111111

50 0 -50 -100 -150 -200 -250

ppm

Figure 3.6. 29Si MAS NMR spectra for functionalized (SiO2)t-(x+y) (LSiOI.5)x (L'SiOLs)y

compositions (L=mercaptopropyl, L'=aminopropyl) where the theoretical organic loading

is x=y=0.25 with a wormhole framework structure, denoted MP+AP-HMS and

assembled according to the method indicated.
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Figure 3.7. TEM images for functionalized (SiOZ)l-(x+y)(LSiO|_5)x(1181015)):

compositions (L=mercaptopropyl, L'=aminopropyl) where the theoretical organic loading

is x=y=0.25 with a wormhole framework structure, denoted MP+AP-HMS. The Roman

numeral indicates the synthesis method.
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Figure 3.8. TEM images for functionalized (SiO2)1.(,1+y)(LSiOLs)X (L'SiOt 5),,

compositions (L=mercaptopropyl, L'=aminopropyl) where the theoretical organic loading

is x=y=0.25 with a wormhole framework structure, denoted MP+AP-HMS. The Roman

numeral indicates the synthesis method.
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Figure 3.9. Raman spectra of functionalized (Si02)t-(x+y) (LSiOI.5)x (L'Si01_5)y

compositions (L=mercaptopropyl, L'=aminopropyl) with a wormhole framework

structure, denoted MP+AP-HMS. The mesostructure with x=0.15 y=0.12 was assembled

using Method I and the mesostructure with x=0.25 y=0.24 according to Method 11. The

spectra are offset on the y-axis for clarity.
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In order to determine the amount of incorporation of the organic group, 29Si

MAS-NMR was done, the results are shown in Figure 3.6. The T3 band, indicative of a

silane with three hydrolyzable groups and one Si-C bond, was nearly equal in intensity to

the Q band intensity, demonstrating high organic incorporation. However, the Q3 band,

which signifies incompletely cross-linked silica, changed with the different synthetic

methods. The framework cross-linking and the organosilane mole fractions were

calculated from the deconvoluted 2"Si MAS NMR spectroscopic data, and the results are

given in Table 3.3. The products of the synthetic Methods 11 and V had a 1:1 Q4/Q3 ratio.

Mesostructures prepared by Methods 111 and IV had a greater amount of incompletely

condensed silicon centers and thus a smaller Q4/Q3 ratio signifying less framework cross-

linking. Methods 11 and III produced the structures with the highest degree of organic

group incorporation with 98 and 88% of the organosilanes added being incorporated into

the framework, respectively. These results indicate that prehydrolysis of the silanes does

indeed have a positive effect on the quality of the products. The two samples made by

Methods IV and V for which the silanes were not prehydrolyzed, had around 70%

incorporation of the organic moieties. By elemental analysis, it was determined that less

than quantative organic group incorporation was due to low amine incorporation. Even

though Methods II and III for the synthesis of MP+AP-HMS with theoretical value of

x=y=0.25 had nearly quantative incorporation of the organosilanes, there were other

physical differences between the two products. The mesostructure prepared by Method

11, in which the all the silanes were simultaneously mixed and prehydrolyzed, had a lower

surface area (388 vs. 637 mz/g) area and lower pore volume (0.19 vs. 0.30 cm3/g) than the

product of Method III, where only the MPTMS and TEOS were prehydrolyzed and
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APTMS was added later. Since MPTMS is the most hydrophobic reagent in the system

and APTMS is quite hydrophilic, differentiating their addition to the reaction mixture

allows for improved pore volume and surface area properties.

The TEM images for the products of each synthesis method are shown in Figures

3.7 and 3.8. All synthetic methods for MP+AP-HMS with theoretical values of x=y=0.25

formed spheres. The change of the morphology from sponge-like particles to spheres

was observed for MP+AP-HMS with x=0.15 y=0.12. The change to a purely spherical

morphology was not unexpected with the increase of functionality. The formation of

spheres is due to the tendency of the system to minimize the interface between the silica

and solution. Synthesis Methods 111 and V produced more individualized spheres than

did synthesis Methods 11 and IV.

The presence of the thiol in the samples is easily confirmed by Raman

spectroscopy (Figure 3.9). An attempt was made to use diffuse reflectance infrared

spectroscopy (DRIFTS) to characterize the amine portion of the MP+AP—HMS (Figure

not shown). The N—H bend in primary amines results in a broad band in the range from

1640-1560 cm".30 Primary amines have two bands in the range of 3500-3300 cm'1 from

the N-H stretch.3O There were bands present in these ranges observed in the DRIFTS

spectra of MP+AP-HMS with x=y=0.25. However, there were also bands observed in

the non-functionalized HMS composition in these regions. There was a very broad band

observed in both the amine-functionalized mesostructure as well as the non-

functionalized mesostructure in the 3500-3300 cm'l region. Nonetheless, the band was

not a doublet as would indicate the presence of a primary amine. The amine stretch was

most likely overlapped by the O-H stretch in this region. Hydroxyl groups (Si-OH) are
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known to be present in both samples. The band observed at 1610 cm'1 could be due to

the bending mode of molecular water. Thus, elemental analysis was the only way to

quantify amine incorporation.

3.5 Conclusion

Dual-fimctionalized mesostructured organosilica compounds with high organic

incorporation have been assembled via the direct assembly methodology in the presence

of a neutral amine surfactant as a structure director has been accomplished. The

compositions synthesized, denoted MP+AP-HMS, have the anhydrous formula (Si02)1-

(x+y) (LSi01,5)x (L'SiOLs)y where (L=mercaptopropyl, L'=aminopropyl) . The derivatives

had a wormhole or spherical morphology depending on the organic loading level. The

functional group loading of 5.38 mmol ligand/g, is the highest reported for a

multifunctional mesostructure. Depending on the synthesis method, quantative

incorporation of both the amine and the mercaptan could be achieved. In other cases,

only 70% of the amine added was incorporated into the structure. Additionally, the dual-

functionalized mesostructures had surface areas in the range of 1203-338 mz/g and pore

sizes of 3.6-2.0 nm. The physical properties for MP+AP-HMS are analogous to those

reported for MP-HMS prepared with dodecylamine. The utilization of these

mesostructures for arsenic adsorption will be examined in Chapter 5.
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Chapter 4

Mercury Trapping by Functionalized Wormhole Mesostructures

4.1 Introduction

Mercury is a ubiquitous toxic heavy metal known to cause neurological

impairment in humans and is of great environmental concern. According to the United

States Environmental Protection Agency (EPA) the greatest source of anthropogenic

mercury is from coal-fired power plants, other sources include chlor-alkali plants, and

incineration of waste.1 During combustion, the mercury in coal is volatilized and

converted to elemental mercury (Hgo) vapor in the high temperature regions of coal-fired

boilers. As the flue gas is cooled, a series of complex reactions begin to convert Hg0 to

vapor phase ionic mercury (Hg2+) compounds and/or solid phase or particulate-bound

mercury (ng).l Atmospheric deposition of mercury is a primary route of transport of

mercury to water. Mercury is also found naturally in the environment from the eruption

of volcanoes, and it is also present in ores such as cinnabar (HgS). Leaching of these

ores contributes to the presence of mercury in water. Mercury has been listed as a

pollutant of concern to the EPA’s Great Water Program due to its persistence in the

environment, potential to bioaccumulate, and toxicity to humans and the environment.

Due to this toxicity and the prevalence of mercury in water, in 2003 45 states issued

mercury fish advisories to limit the human consumption of fish in those states.2 Although

most waterways in the US contain mercury in the parts per trillion (ppt) range of

concentration, Superfund sites, the Everglades, and countries such as India, have much

higher concentrations of mercury in water. The EPA has set a maximum contaminant
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level (MCL) of 0.002 ppm for the concentration of mercury allowable in drinking water

and a MCL of 0.020 ppm for hazardous waste.

According to the EPA, well-established and widely reported full-scale

technologies for aqueous mercury treatments are precipitation, coagulation/co-

precipitation, and activated carbon adsorption.3 Ion-exchange is also a viable technique.

Co-precipitation and ion-exchange achieve the lowest effluent mercury concentrations for

many waste streams, ranging from 0.5 to 5.0 ppb.

Remediation of mercury via the precipitation method involves the addition of a

sulfide salt to the waste stream to convert the soluble mercury to insoluble HgS. This

process is usually combined with pH adjustment and flocculation, followed by solids

separation. This method is not able to reduce mercury below 10 -100 ppb, and the

formation of soluble mercury sulfide species at excess dosage of sulfide, due to the

common ion effect, is possible.3 Another drawback is the need to dispose of the sulfide

sludge.

Coagulation/co-precipitation is a process in which one ion is adsorbed into

another bulk solid formed in situ. Alum (aluminum sulfate) is a common coagulant used.

The alum precipitates to form aluminum hydroxide which in turn adsorbs the mercury.

Effluent levels of mercury achieved by alum treatment range from 1.5 to 102 ppb, with a

value of 5 to 10 ppb being typical.3 As with other treatments, pH adjustments and

filtration are necessary steps for this treatment to be effective.

According to the US Department of Energy (DOE), granular activated carbon is

the most commonly used adsorbent system for treating industrial waste. Pretreatment or

modification of activated carbon with a carbon disulfide solution before use has been
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shown to improve mercury removal from waste. Activated carbon can reduce mercury

levels from 10 ppm to 4 ppm. The sulfur-modified activated carbon can reduce mercury

effluent from 10 ppm to 0.2 ppb.3

Ion—exchange resins have a higher loading capacity than activated carbon. The

initial trapping capacity typically is 150 g Hg(II)/L of resin, and the effluent

concentration can be reduced to below 10 ug/L.3 This technique has historically been

limited to the use of anion resins to process industrial wastewater that contains inorganic

mercury in the complex mercuric chloride form. Furthermore, most available resins are

not easily regenerated and thus need to be deposited in waste storage sites and replaced

after loading.

One promising technique for achieving the removal of low levels of mercury from

ground water is to trap it using complexing ligands (e.g. thiols) that are covalently linked

to porous structures. Thiol functionalized mesoporous silicas have been examined as

4'7 The advantages of functionalized mesoporouscandidates for mercury remediation.

silicas are their high surface areas, well-defined pore size, framework structure that is

stable under regeneration conditions, and ability to covalently link organic groups to the

framework to allow for selective adsorption of toxic heavy metals such as mercury. This

linkage of the organic moiety to the mesostructure can be accomplished by two different

means, grafting or direct-assembly. Grafiing is the process by which an organic moiety is

anchored onto a silica surface though condensation of surface silanols with alkoxy groups

of an organosiloxane. This process has been used to functionalize wormhole HMS,4'8

hexagonal MCM-41,5 and hexagonal SBA-156 mesostructures. Each of these

mesostructures has been utilized for mercury trapping. The direct-assembly pathway for
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the functionalization of a mesostructure entails the direct co-condensation of an

organosilane with a silica precursor in the initial reaction mixture to form a product with

the anhydrous composition (Si02)1.x (LSi01,5)x, where L is the organic group and x is the

fraction of the framework silicon centers that are functionalized. Both hexagonal MCM-

417’9 and wormhole MSU-XIO have been functionalized by direct-assembly and used for

mercury adsorption.

The focus of this work is to examine Hg2+ remediation with a functionalized

mesoporous silica, denoted MP-HMS, which has the anhydrous composition (SiO;;)1.x

(LSiO._5)x where L is the mercaptopropyl group and x is the fraction of framework silicon

centers that are functionalized. Since the process of direct-assembly allows for a greater

loading of the organic group, fewer steps in the overall synthesis, recovery of the

surfactant, greater accessibility to the organic groups, and a more homogenous

distribution of the organic groups, this was the desired method for functionalization

chosen in the present work. Additionally, the morphology of the trapping agent is an

important factor to be considered. The wormhole framework motif of MP-HMS

assembled through a hydrogen bonding interaction between the surfactant and silica

source provides a 3-D channel network and allows for more facile accessibility to the

trapping sites than the 1-D pore structure of hexagonal frameworks formed an

electrostatically directed assembly pathway.ll In addition to the trapping of mercury by

MP-HMS, regeneration of the spent adsorbent, leaching of the trapped mercury, and

coordination of the bound mercury by pair distribution function (PDF) analysis of

synchrotron X-ray scattering data will be examined in this chapter.
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4.2 Experimental

4.2.1 Reagents

Mercaptopropyltrimethoxysilane, tetraethylorthosilicate, and dodecylamine, were

purchased from Aldrich and used without further purification. Absolute ethanol, nitric

acid, ammonium hydroxide, and carbon tetrachloride were purchased in-house. A

standardized mercuric nitrate solution in water with a known concentration was used as

the Hg2+ source. The mercuric nitrate solution and the indicator, diphenylthiocarbazone,

were purchased from Aldrich. Water used in the synthesis was double-exchanged to

remove cations and anions via a Millipore filter apparatus.

4.2.2 Material Synthesis

4.2.3 Material for Mercury Adsorption

MP-HMS mesostructures with wormhole frameworks structures were synthesized

by the direct-assembly method using dodecylamine as the porogen. The mesostructures

which have the anhydrous composition (Si02)1.x (LSiO 1.5),“ where L equals

mercaptopropyl (MP), were examined for viability in mercury adsorption. Two different

mesostructures forms of MP-HMS were used. A powdered MP-HMS was synthesized by

direct-assembly as previously reported.‘2 The second mesostructure was micron-sized

spheres prepared by Method III as described in Chapter 2. Mercaptopropyl-

functionalized micron-sized spheres were synthesized by the application of vigorous

shaking at the beginning of the synthesis followed by aging in a reciprocating water bath

shaker.
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4.2.4 Functionalized Wormhole Structures

MP-HMS. In accord with the previously reported method,l2 ethanol, warmed to 65 °C,

was used to dissolve the surfactant, dodecylamine. A (l-x) : x molar mixture of

tetraethylorthosilicate (TEOS) and mercaptopropyltrimethoxysilane (MPTMS) was then

added to the surfactant solution. The silanes were allowed to prehydrolyzed 40 min with

a small amount of water present in the ethanol-surfactant solution. Next, water pre-

warmed to 65 °C was rapidly added to the surfactant-silane solution. The resulting

mixture was then aged in a reciprocating water bath shaker at 65 °C for 36 h. Finally, the

solution was filtered, the precipitate collected and air-dried, followed by Soxhlet

extraction with ethanol to remove the surfactant. The overall molar stoichiometry

employed was: 1-x TEOS : x MPTMS : 0.22 DDA : 6.7 EtOH : 160 H20.

Micron-sized spherical MP-HMS. The samples were made according to Method III

described in Chapter 2. Ethanol, warmed to 65 °C, was used to dissolve the surfactant,

dodecylamine. A premixed solution of l-x TEOS and x MPTMS was then added to the

surfactant solution. The solution was vigorously shaken for 30 s, and the silanes were

allowed to prehydrolyze in the surfactant solution for 40 min. Next, water, pre-warmed

to 65 °C, was rapidly added to the surfactant silane solution. The entire mixture was then

vigorously shaken for 2 min and aged in a reciprocating water bath shaker at 65 °C for 36

h. The solution was filtered, the precipitate collected and air-dried, followed by Soxhlet

extraction with ethanol to remove the surfactant. The overall molar stoichiometry

employed was: 1-x TEOS : x MPTMS : 0.22 DDA : 6.7 EtOH : 160 H20.
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4.3 Physical Measurements

The physical properties of the functionalized mesostructures were determined by

nitrogen adsorption, powder X-ray diffraction (XRD), 29Si Magic Angle Spinning

Nuclear Magnetic Resonance spectroscopy (298i MAS-NMR), and Transmission Electron

Microscopy (TEM). The binding of mercury to the mesostructures was examined by

Raman spectroscopy and Pair Distribution Function (PDF) analysis of synchrotron X-ray

scattering data. For obtaining the mercury uptake curves, the amount of mercury in the

filtrate before and after adsorption was analyzed by UV-VIS spectroscopy and cold vapor

atomic absorption spectroscopy (AAS).

Nitrogen adsorption-desorption isotherms were measured at -196 °C on a

Micrometrics ASAP 2010 sorptometer. The samples were outgassed at 80 °C and 10'6

Torr prior to measurement. Powder XRD patterns were collected on a Rigaku rotaflex

diffractometer using Cu Ka radiation. 29Si MAS-NMR spectra were collected on a

' Varian 400 solid state NMR spectrometer with a field strength-of 400 MHz, under single-

pulse mode with a zirconia rotor at a spinning frequency of 4 kHz. A pulse delay of 400

s was employed so that there was sufficient time for the nuclei to relax before application

of another pulse. Talc was used as a reference. TEM images were obtained on a JOEL

2200FS microscope with an accelerating voltage of 200 KV. Sample grids were prepared

by sonicating samples in ethanol for 20 min and evaporating one drop of the suspension

onto a carbon coated, holey film supported on a 3 mm, 300 mesh copper grid. For

Raman spectroscopy, samples were packed into glass capillary tubes and analyzed with a

Bio-Rad FT Raman Spectrometer equipped with a germanium CCD camera detector and

633 nm radiation from a HeNe laser for excitation with a resolution of 4 cm". Laser
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power at the sample was estimated to be about 5mW, and the focused laser beam

diameter was ~10 pm. A total of 200 scans was accumulated for each spectrum. The x-

ray scattering experiments were conducted on the powder samples using x-rays of energy

76 keV (x=0.16248 A) at the 6—IDD beam line at the Advanced Photon Source (APS) at

Argonne National Laboratory. Diffraction data were collected using the recently

developed rapid acquisition pair distribution function (RA-PDF) technique.'3 The UV-

VIS absorbance measurements for the colorimetric analysis of mercury were carried out

on an IBM 9430 UV-Visible double beam spectrometer at a set wavelength of 485 nm

using diphenylthiocarbazone as an indicator.

4.3.1 Batch Studies of Mercury Adsorption. A ZOO-mg quantity of MP-HMS with

x=0.30 or x=0.50 was added to a specific volume of 1000 ppm Hg(NO3)2 solution. The

volume of solution was varied to achieve specific Hg2+zSH molar ratios. The ratios of

Hg2+zSH were varied from 0.1 up to 2.0 by adjusting the weight ratio of solution to solid

from 100 to 2,000. The suspensions were agitated for 48 i 3 h, and the filtrate was

analyzed by colorimetric assay using diphenylthiocarbazone as a complexant.l4 The

spectrophotometric analysis procedure for determination of residual mercury in the

filtrate was governed by the ratio of Hg“: diphenylthiocarbazone. The maximum mole

ratio that can be accurately measured is 0.5 mol of Hg2+zl mol indicator. To ensure that

there was excess indicator, the filtrate was diluted. After the filtrate was diluted to a total

volume of 10 mL, 10 drops of concentrated nitric acid were added to ensure that all

mercury was in the 2+ oxidation state. Next 5 g of indicator solution (8.2 mg of

diphenylthiocarbazone in 500 g of carbontetrachloride) was added as well as an

additional 5 g quantity of carbon tetrachloride. The mixture was vigorously shaken, and
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the liquids were allowed to separate. All of the mercury is in the aqueous phase. To

release any excess indicator from the aqueous phase, 20 drops of concentrated

ammonium hydroxide were then added to the mixture. The aqueous phase was then

analyzed by UV-VIS at 485 nm. Using a linear calibration curve and Beer’s Law, the

concentration of the mercury in the filtrate was determined. The amount of mercury

adsorbed by the MP-HMS mesostructure is then the difference of the known amount

added to the initial reaction and the final amount in the filtrate.

5.3.2 Column Studies of Mercury Adsorption. Micron sized spherical MP-HMS

synthesized by Method 111 (described in Chapter 2) with x=0.30 or 0.50 were used for

mercury adsorption in packed column geometry. A 50 mL plastic pipet, with glass wool

in the bottom, was packed with 10-20 cc of pre-wetted solid. A plastic buret was chosen

because a glass column caused the solid to creep, disturbing the packing. In order to

optimize the flow of the column, the spherical MP-HMS was sieved (using either a 38 or

45 um sieve) to exclude small spheres. A solution of 50. ppm, 5 ppm, or 0.1 ppm

mercuric nitrate was passed through the column. The effect of different bed heights and

flow rates on mercury adsorption was examined. The effluent was acidified with 1.4 mL

of concentrated HCl and 0.4 mL of HNO; and analyzed by cold-vapor atomic absorption

spectroscopy. The MSU toxicology laboratory provided cold vapor AAS analysis for the

mercury content of the samples obtained in the column studies.

4.3.3 PDF. These studies were carried out by the research group of Professor Simon

Billinge in the Department of Physics and Astronomy, Michigan State University and

professor Valeri Petkov, Department Physics and Astronomy, Central Michigan

University. A 500-mg quantity of MP-HMS with x=0.50 was added to 1000 ppm
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Hg(NO3)2 solutions with Hg2+:SH ratios equal to 0.5 and 2.0. The suspensions were

agitated for 48 h i 3, and the filtrate was analyzed by colorimetric assay using

diphenylthiocarbazone as an indicator.'4 The air-dried solids were examined by PDF the

data were extracted from X-ray scattering data obtained at the Advanced Photon Source

(APS) at Argonne National Laboratory.

4.3.4 Regeneration Experiments. MP-HMS compositions with x = 0.10, 0.30, and 0.50

were loaded with varying amounts of mercury per mole of immobilized thiol by

equilibrating the solids with known amounts of Hg(NO3)2 solution. The slurry was

agitated for 20 h and then filtered. The solid was allowed to air-dry for 20 h and then was

washed with a 6 M HCl solution to displace the coordinated mercury. This mixture was

stirred until the material was fully wetted and sank to the bottom of the container. The

acid washed material was filtered and air-dried for 20 h. The regenerated MP-HMS was

again loaded with the same amount of Hg(NO3)2 to determine the adsorption capacity

after regeneration.

4.3.5 Leaching of mercury from MP-HMS. Mercury was loaded onto MP-HMS

compositions with x=0.10 and x=0.50 at both room temperature and at 65 °C using a

Hg2+zSH ratio greater than one. After being filtered, the mercury-saturated material was

then rinsed with water to remove any surface mercury and air-dried. A 1:100 mixture of

sample to water was stirred for 5 min with a magnetic stir bar, and the resultant pH was

measured. Since the pH of the mixture was found to be less than 5, an acetic acid-sodium

acetate buffer extraction fluid of pH = 5 was used, according to the EPA method number

1311 protocol. A sample containing 50 milligrams of the dried mercury-laden material

was then added to the acetate buffer extraction fluid. This mixture was agitated at room
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temperature at 100 rpm for 18 hr i 2 hr. After stirring, the solid was removed by

filtration and rinsed with 5 mL of deionized water. The filtrate analyzed by UV-VIS

spectroscopy. '4

4.4 Results and Discussion

4.4.1 MP-HMS Material Characterization

Wormhole mesostructures with mercaptopropyl organic moieties incorporated by

direct-assembly have been prepared under near neutral pH conditions with an amine

surfactant as the porogen. The mesostructures denoted, MP-HMS, have high surface

areas as well as a high level of incorporation of the thiol groups. Within experimental

uncertainty, all of the thiol initially present in the assembly reaction is incorporated into

the framework of the mesostructure. The low angle powder x-ray diffraction patterns

(XRD) for the powder form of MP-HMS are shown in Figure 4.1. For each structure, a

single broad diffraction peak was observed, indicative of a wormhole mesostructure.

Variations in the amount of functional groups lead to changes in the intensity of the peak.

MP-HMS silica with no thiol functionality (x=0.00) has the most intense XRD peak.

MP-HMS with x=0.50 exhibits the least intense XRD peak and the highest level of thiol.

This decrease in the intensity of the XRD peak with increased organic group loading is

attributed to contrast matching]5 There is also a marked increase in broadness of the

XRD peaks with increase in the thiol functionality. This broadness indicates increased

variation in the pore-pore correlation distances due to perturbation of the micelle by the

organic groups due to the greater interaction between the organic moieties and the

hydrophobic core of the micelle.
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The powder form of MP-HMS nitrogen isotherms are shown in Figure 4.2. The

MP-HMS with x=0.00 and 0.10 exhibit a well-defined mesopore filling step in the P/Po =

0.4 region of theType IV isotherms.‘6 The MP-HMS with x=0.30 exhibits a small knee

at a lower P/Po, near 0.2, and an uptake of nitrogenia P/Po region above 0.8 indicative of

textural porosity. Textural porosity is generated by the void space between primary

particles. MP-HMS with x=0.50 displays a Type I isotherm characteristic of a

microporous material.'6 The long, almost horizontal plateau of a Type I isotherm is

generally considered to be an indication of a very small external surface area and of the

absence of any significant mesoporosity.

The thiol loadings for MP-HMS powder with x values of 0.10 to 0.50 ranged from

1.4 to 5.2 mmol/g as calculated from the 29Si MAS NMR spectra (Figure 4.3). The thiol

incorporation of each MP-HMS composition as determined by 29Si MAS NMR was

quantative, the x values expected on the basis of the reaction stoichiometry used in the

preparation were equal to the x values in the final products. The framework cross-

linking parameters and mercaptan incorporation for MP-HMS with x=0.10, 0.30, and

0.50 are given in Table 4.1. In addition to quantative inclusion of the organic moiety, the

structures also have highly cross-linked frameworks.

The TEM images for the powder MP-HMS compositions are shown in Figure 4.4.

The wormhole morphology expected from the XRD patterns is indeed verified by the

TEM image.
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Figure 4.1. XRD patterns for powder form of functionalized (Si02)|.x(LSiOl,5)x

compositions (L=mercaptopropyl) with a wormhole framework structure denoted, MP-

HMS.
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Figure 4.2. Nitrogen adsorption-desorption isotherm for the powder form of

functionalized (Si02)l.,,(LSi01,5)x compositions (L=mercaptopropyl) with a wormhole

framework structure, denoted MP-HMS. The isotherm of x = 0.00 is offset vertically by

200 cm3/g and the isotherm of x = 0.10 is offset vertically by 100 cm3/g for clarity.
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Figure 4.3. 29Si MAS NMR spectra for the powdered form of functionalized (Si02)1.x

(LSiOI.5)x compositions (L=mercaptopropyl) with a wormhole framework structure,

denoted MP-HMS.
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Table 4.1. Cross-linking parameters and the equivalent weight of the powdered

form of functionalized (SiOZ)1-x(LSiOl .5)x compositions (L=mercaptopropyl) with a

wormhole framework structure denoted, MP-HMS. The data were obtained from the de-

convoluted solid state 2981 NMR spectra.

 

 

 

 

Xu,“, 11...,s d100 % Q“ (Q‘+T3)/(Q3/T2) Calculated mmol

(nm) cross- Formula Weight SH/g

linking g/mol Si

0.10 0.08 4.8 74 2.18 68.7 1.43

0.30 0.28 4.2 74 2.64 81.7 3.63

0.50 0.46 3.6 77 2.89 94.6 5.28          

 

Figure 4.4. TEM images for the powdered form of functionalized (Si02)1.x (LSi01_5)x

compositions (L=mercaptopropyl) with a wormhole framework structure denoted, MP-

HMS
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4.4.2 Batch Studies of Mercury Uptake by MP-HMS

As previously stated, MP—HMS with two different topologies, spherical and

powdered particles, were used for mercury trapping. The micron-sized spherical form of

MP-HMS was only used in column experiments. For all other experiments, the sponge-

like particle compositions of MP-HMS were used. Both the powder and spherical forms

of MP-HMS have comparable physical properties, and only differ in particle

morphology. The MP-HMS derivatives in powder or spherical form with x=0.50 have

the highest mercaptan content of any reported mesostructure.‘2 Therefore, it would be

expected to have the highest mercury adsorption capacity. To determine the mercury

adsorption capacity of MP-HMS, uptake curves were carried out with the powder form of

MP-HMS. Different volumes of 1,000 ppm solution and different overall Hg2+:SH molar

ratios were equilibrated with MP-HMS powder with x=0.30 and 0.50 for 48 h at ambient

temperature. The mercury uptake was determined by difference of initially added and the

final concentration in the filtrate. The uptake curves for MP-HMS with x=0.30 and 0.50

are shown in Figure 4.5.

The uptake of mercury is quantative until the total Hg2+:SH molar ratio reaches

nearly 1:1 for both MP-HMS with x=0.30 and x=0.50. For MP-HMS compositions with

x=0.30 this corresponds to quantative uptake until 0.73 g Hg2+/g. The MP-HMS

compositions with x=0.50 have quantative uptake of total mercury until 1.03 g Hg2+/g.

Above a total mercury to sulfur ratio of 0.9: 1, mercury uptake is no longer quantative,

yet mercury continues to bind in the presence of excess mercury in solution.

As expected, the mesostructure with the higher organic loading does indeed

adsorb the greatest amount of mercury. Yet what was unexpected was the maximum
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uptake of mercury. At saturation, MP-HMS compositions with x=0.30 were capable of

binding a maximum of 5.0 mmol Hg2+lg (1.0 g Hg2+/g), and the MP-HMS with x=0.50

trapped 7.3 mmol ngI/g (1.46 g Hg2+/g). Each composition was able to adsorb an

amount of mercury in excess to the mercaptan quantity when the adsorption system was

equilibrated with an excess of mercury in solution.

In addition to determination of the loading capacity of MP-HMS as a trapping

agent, the ability of a MP-HMS to effectively uptake mercury in a column system was

studied. A spherical shape is desirable for column packing because spheres pack more

uniformly than powders and provide more uniform flow of solution through the column.

For this reason micron-sized spheres of MP-HMS with x=0.30 and 0.50 were used for

column studies of mercury uptake. The spherical MP-HMS with x=0.30 has a surface

area of over 1200 mz/g, comparable to that of the powdered form of MP-HMS with

x=0.30. Nonetheless, the spherical MP-HMS with x=0.30 does not exhibit the textural

porosity of the powdered form. Both the spherical and powdered forms of MP-HMS

with x=0.50 exhibit a Type I isotherm with no textural porosity.

141



 

 

 

   

 

  

8 _ T‘Ff—FTTT‘” 1 1 111111111 1 r r 1

7 ~— x=0.30 / 3 —

A _ ,

g0 6 ,4— , / -
O 1 f. 2

E ~ 1.1" ~

v _ / ' 1

"U * 073 H 2* «"10 H 2* 1
a) 4 L - g 8 per / . g g per 9

-8 : g MP-HMS 3*. - g MP—HMS j

8 t /' j
'c 3 — ’ —1
c6 J.

+ /.W/ 1

N00 2 _ /./ 1

I o’

, /

1 i
:1

_ 1

0 ;_.*_LL.,.1- .l_._L «L444- J. i..- 1 1 1 - L A 1 1 1 4-41. r l 1 A 1

0 1 2 23 4 5 6 7 8

+

Hg added (mmol/g)

16 "_'”Y_’17”_r‘ T—"Tfl'b—TM‘T“’T_F—°THTI' ' T T T T T T I 1 I I Y T I 1

g m 1

14 E x=0.50 / / g

* /

’c‘o / '

a 1 /f. ,, PJ _.

g10 1 //

a 1 ’
8 1' /‘/ ’1"C 2+ , ——— .

3 1 1-03 g Hg per / A, _ . i “46' H 2. '

, 6; gMP-HMS . ' g g per -
N ,. . g MP-HMS .on

m . ’ *

4 ~ ,I’

»~ ,/
2 /

1: I

0 1!? 1 #1__ L.; _t_-_r____r___i_ ‘1.._L-.J__L_..L_ .L_.._.L_.L_;__L ,-J...__i_ L71 Jan -1 __1_._1.. Jed

0 2 4 6 8 1o 12 14 16

2+

Hg adsorbed (mmol/g)

Figure 4.5. Mercury uptake curves for the powdered forms of functionalized (Si02)1.x

(LSiOl_5)x compositions (L=mercaptopropyl) with a wormhole framework structure

denoted, MP-HMS. The initial concentration of the mercury solution was 1000 ppm.

The mass ofMP-HMS was 200 mg. The volume of solution was varied to achieve

different amounts of added Hg2+. The loading of SH/g for each mesostructure is given in

Table 4.1. The dashed line indicates quantative uptake of mercury.
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4.4.3 Column Studies of Mercury Adsorption by Spherical MP-HMS

The spherical form of MP-HMS synthesized by Method 111 packed unifome in a

plastic buret with a diameter of 1.7 cm and a total column height of 50 cm. The resulting

columns were able to reduce mercury effluent to EPA drinking water standards. The

results are shown in Table 4.2. Two separate reactions were run using the same contact

time of 4.0 min, but different initial mercury concentrations of 50 and 5 ppm. Both flow

rates reduced the effluent to essentially the same final mercury concentration, 0.022 and

0.018 ppm, respectively. When the bed volume was doubled, which in turn increased the

contact time to 10 min, the concentration of mercury in the effluent was reduced further

from 50 ppm to 0.011 ppm. This demonstrates that the effluent concentration was highly

dependent upon the contact time (column length/flow rate). The longer the contact time

of the solution in the column, the greater the reduction of mercury concentration.

A parallel experiment was run to determine whether the level of functionalization

of the matrix played a significant role in the column performance. For a 50 ppm initial

mercury solution and a 20 cc bed volume, MP-HMS with x=0.50 reduced the effluent to

0.011 ppm whereas MP-HMS with x=0.30 was only able to reduce the effluent

concentration to 0.097 ppm, indicating the increased functionalization does enhance

adsorption properties. The maximum reduction in mercury concentration was in the

range of 0.010 ppm for contact times 4.0-13 min, it was not until the contact time was

increased to 18 min and the initial concentration reduced to 0.11 ppm that the optimum

results were obtained. By using the aforementioned conditions, the Hg2+ concentration of

the effluent was reduced to 24 ppt, far below the EPA drinking water standard of 2 ppb.

An initial concentration of 0.11 ppm is significantly lower than the other concentrations
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used, 5 and 50 ppm. However, this lower concentration is still on the high end of what is

found in the natural environment. Thus, it is not an unreasonable approximation of the

levels of mercury found in some drinking water. The MP-HMS was sieved in some

experiments to separate particles smaller than 38' or 45 um. However, there was no

performance change in the instances when the silica was sieved and when it was not, thus

the sphere size did not play a major role in determining column efficiency. All mercury

solutions used for column experiments were at neutral pH to best simulate natural water

systems. The desired pH was achieved by dilution of the acidic standard mercuric nitrate

solution with water.

As indicated in the introduction of this chapter, there has been extensive work

done on mercury adsorption using mercaptan functionalized mesoporous materials.

Table 4.3 is a summary of the previous works that make use of immobilized thiols groups

for mercury trapping. Studies based on other organic groups are included in the table for

comparison purposes. Overall, the direct-assembly method of thiol incorporation yields

the highest level of functionalization, up to 3.2 mmol SH/g for grafting versus 5.3 mmol

SH/g for direct-assembly. Concomitantly, the directly assembled mesostructures have

the highest mercury binding capacity. A 1:1 ratio of Hg”: SH has been achieved for

both grafted as well as directly-assembled mesostructures, indicating that both types of

functionalized silicas have highly accessible ligands. It is interesting to note that the

structures that do bind 1:1 are assembled through H-bonding interactions at the micelle-

solution interface. All of the electrostatically-assembled mesostructures reached

maximum binding capacity when there was still an excess of mercaptan ligands

present.4’5‘l7‘18
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There are three silica structures, which are not mercaptan functionalized

mesostructures that are included in Table 4.3. The first is a mercaptan functionalized

organo-ceramic adsorbent synthesized by sol-gel techniques,19 denoted MP-Sol-Gel. The

synthesis conditions consisted of TEOS and MPTMS being independently condensed in a

mixture of acidic water and alcohol before being mixed together and gelled by the

addition of triethylamine. Since no porogen is used, the silica does not have ordered

mesopores and is not mesostructured. Yet, the MP-Sol-Gel was included because of its

high mercury binding capacity, 6.4 mmol/g. Also, it is the only other mercaptan-

functionalized silica to have been used in column studies.

The second mercury trapping agent is a mesostructure containing a thioether

functionality organic-inorganic mesoporous composite,20 denoted “tetrasulfide SBA-15”.

A procedure similar to that used to prepare SBA-15 was used to prepare the thioether

mesostructure. TEOS and (1 ,4)-bis(triethoxysilyl)propane tetrasulfide,

(CH3CH20)3Si(CH2)3S-S-S-S(CH2)3Si(OCH2CH3), were condensed and hydrolyzed

under acidic conditions with a tri-block copolymer (P123) as the structure director. The

mesostructure had a hexagonal morphology like that of SBA-15. The composition is of

interest because. it is reported to adsorb the highest amount of mercury namely, 13.5

mmol/g. The achievement of this extremely high adsorption results in a 3:1 Hg“ to S

ratio. This excess of mercury to ligand “could be attributed to the stereo-coordination

chemistry of S with Hg2+.” 20 Despite its high mercury binding capacity, the tetrasulfide

SBA-15 was not able to reduce the mercury effluent to low concentrations, from 10.76 to

0.23 ppm, well above the EPA drinking water and even the hazardous waste limit.
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An attempt to replicate the synthesis of tetrasulfide SBA-15 following the

reported method failed to produce an SBA-15 mesostructure, rather a wormhole

derivative was produced. Moreover, the replicated tetrasulfide SBA-15 composition was

able to adsorb mercury but not to the extent reported.

The third non-mercaptopropyl functionalized mesostructure in Table 4.3 is MCM-

41 grafted initially with aminopropyl ligands. The amine functionalized mesostructure

was then reacted with benzoyl isothiocyanate to yield MCM-41 functionalized with l-

benzoyl-3-thiolpropylurea,2| denoted BTP-MCM—4l. A schematic illustration of the

ligand present on the mesostructure is shown below.

H?
s=<. ,NH2

OH

Si 3- Si

o/i \o/|l\O/|\o

o 0 0

The aminopropyl moiety is depicted in the schematic because only around 70% of

the amines were chemically accessible. Thus, the final product had 0.65 mmol NHz/g

and 1.5 mmol/g of 1-benzoyl-3-thiolpropylurea. The MCM-41 functionalized with 1-

benzoyl—3-thiolpropylurea was able to adsorb a maximum of 5.00 mmol Hg/g, an excess
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coordination of over 3 Hg: 1 ligand.21 The excess binding of mercury was attributed to

the formation of bonds to mercury with ligands other than sulfur. After saturation of the

sulfur sites, it was proposed that the mercury formed mercury-nitrogen, mercury-oxygen,

and polymeric chains due to the binding of one ligand to two adjacent mercury ions.”

No studies were done to determine the true coordination of the mercury trapped by 1-

benzoyl-3-thiolpropylurea MCM-41 .

Of all the reported mesostructures, directly-assembled MP-HMS has the highest

thiol loading with 5.3 mmol/g. Concomitantly, MP-HMS also has the greatest mercury

binding capacity with 7.3 mmol/g, of a mercaptan-functionalized mesostructure.

Furthermore, MP-HMS with x=0.50 was able to perform well in column studies and

reduce mercury concentration to 24 ppt, well below the EPA drinking water limit of 2

ppb.
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Table 4.3. Comparison of mercury binding properties for functionalized mesoporous

materials as well as one functionalized ceramic material.

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Hg2+ Solution

Mesostructurea Ligand Ligand binding Initial Final to solid

Incorporation content capacity ppm ppm ratio

mmol/g mmol/g (mng)

FMMS22 Grafting 3.2 2.5 10 0.0012 100

MP-SBA-l 523 Grafting - 2.3 10.2 0.00 100

MP-HMS24 Grafting 1.5 1.5 1.1 0.005 10,000

MP-HMS” Grafting 2.39 1.17 - - 10,000

BTP- MCM- Grafting 1.5 5.00 - < 0.8 200

412|

MP-MCM- Direct 2.29 1.26 - - -

4125TBOS

MP-MCM-417 Direct 4.7 2.1 - - -

MP-MCM-419 Direct 4.03 3.8 - - 1,000

MP-MSU-X") Direct 2.3 2.3 30 ~0.01 500

MP-Sol- Direct 3.72 6.4 50 0.001 column

(36119.26

Tetrasulfide Direct 4.24 13 .5 10.76 0.23 100

SBA-1520

MP-HMS” Direct 0.77 0.77 -' - 10,000

2.39 1.17

MP-HMS* Direct 5.30 7.3 0.11 24 ppt column

x=0.50 '      
 

a. Ligand abbreviations used. MP-mercaptopropyl, BTP-l-benzoyl-3-thiolpropylurea,

Tetrasulfide-(l ,4)-bis(triethoxysilyl)propane tetrasulfide

* This work
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4.4.4 Examination of the Coordination of Trapped Mercury in MP—HMS by Raman

Spectroscopy

A simple stereo-coordination chemistry of S with Hg2+ has been offered as an

explanation for the excess binding of mercury to sulfin centers immobilized in a

mesostructure.20 Raman spectroscopy along with PDF X-ray techniques, were used in

the present work to examine the coordination of mercury bound to MP-HMS. The

Raman spectra are shown in Figure 4.6. The mercaptan S-H stretch appears as a strong

band at 2560 cm".27’28 A weak band at 510 cm'1 assigned to a S-S stretch indicated the

presence of a small amount of disulfide due to the air oxidation of adjacent thiol groups

on the surface of the mesostructure.28 The C—H stretch appears as a strong band 2900 cm'

l and the bands in the 1250-1500 cm'1 region correspond to OH bending modes.28 The

decrease in intensity and the eventual disappearance of the S-H stretch with increased

mercury adsorption gives evidence for the binding of the mercury to the thiol. At a

Hg/S loading of 0.50 the Hg-S stretch occurs at 324 cm". Increasing the loading of Hg/S

to 1.0 or 1.3 causes the band to shift to lower energy (275 cm"). Presence of a sharp

band in the Raman spectra of the mercury loaded mesostructures at 1049 cm'I is

consistent with the presence of free nitrate ion (uncoordinated). Free nitrate ion is known

to exhibit a strongly active Raman band at 1050 cm". 29 Moreover, the relative intensity

of the free nitrate band increases with the increasing Hg/S ratio, indicating more

increased ion-pairing between nitrate and cationic mercury complexed on the surface.

The assignment of this band to free nitrate is supported by the loss of this band when the

samples are washed in 0.1 M NaCl (spectrum not shown).
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There is no change in the intensity of the disulfide stretch upon mercury adsorption. The

disappearance of the thiol at saturation loading of mercury indicates that all the

mercaptans are accessible and utilized to trap mercury.

Raman active Hg-S stretching vibrations occur in the range of 180-400 cm’l 30'”

for mercury (11) thiolates in both the solid state and in solution. The position of the Hg-S

stretching modes strongly depends on the coordination number of mercury wherein to

sulfur centers in which the Hg-S bond length is < 2.8 A.30 Increasing the coordination

number from two to four causes a decrease in Hg-S stretching frequency.30 For mercury

in linear, two-fold coordination to methyl thiolate and ethyl thiolate ligands, the Hg —- S

stretch appears at 297 and 394 cm", respectively.34 Mercury tetrahedrally coordinated to

sterically bulky thiolate ligands in Hg(SBu’)2, exhibit a Hg-S Raman stretch at 188 cm".34

Furthermore, the stretching frequency of the C—S bond (600-725 cm") is sensitive to the

type of alkyl group bonded to the sulfur atom.”33

The shift in the Hg-S stretch frequency with increasing mercury loading is

accompanied by an increase in the intensity of the uncoordinated nitrate ion band. The

PDF results, together with the Raman results, leads us to propose that at low mercury

loading Hg/S S 0.50, the dominant surface species is an electrostatically neutral

tetrahedral coordinated complex formed through bridging of the sulfur atom to two

mercury centers as shown in Scheme 4.1.

R R

:5ng 1196;7ng

RS 0?
R

Scheme 4.1
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In addition, a lesser fraction of the bound mercury is in the form of a cation

mercury complex in which the mercury is linearly coordinated to bridging thiolate

ligands as shown in Scheme 4.2.

f R7+

I

/S\

:“9 _an\  
R84 SR

Scheme 4.2

The cation charge on the linearly coordinated mercury centers is balanced by the

free nitrate ions, as evidenced by the presence of the free nitrate band at 1049 cm". As

the Hg/S ratio is increased to 1.0 and 1.3, the linearly coordinated mercury increases at

the expense of the tetrahedral mercury complex. The shift from electrically neutral

Hg(SR); complex to cationic linear Hg(SR)+ with increasing Hg loading is supported by

the increase in the free nitrate band as well as the shift to higher frequency of the Hg-S

stretch in the Raman. Both complex species are polymeric with the sulfur centers

bridging at least two mercury centers. Triply bridging sulfur centers may also be present,

as suggested by the fact that the Hg/S can exceed a value of 1.0 without PDF evidence of

the formation of Hg-O bonds. By the time the Hg/S ratio reaches 1.30, virtually all of the

thiolate centers are involved in mercury coordination, as evidenced by the absence of the

S-H stretch at 2560 cm". With increasing mercury loading, the presence of a peak at 175

cm'I appears. We are unclear as to the exact identification of this peak. One possible

explanation is the presence of Hg”. The Hg-Hg stretching vibration of Hg;2+ is reported

to occur at 177 cm".35‘36 The formation of Hg;2+ has been reported to occur from

photochemical oxidation of Hg2",37'38
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Figure 4.6. Raman spectra of thiol functionalized (SiOz)..x (LSiOI.5)x compositions

(L=mercaptopropyl) with a wormhole framework structure, denoted MP-HMS after

binding of mercury at the Hg2+/SH levels shown. The spectra are offset on the y-axis for

clarity.
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4.4.5 Examination of the Coordination of Trapped Mercury in MP-HMS by PDF

Stoichiometric reaction of Hg2+ with two SH groups in MP-HMS would yield a

product with a Hg: molar ratio of 1:2. However, molar ratios of 1: 1 Hg: S have been

typically observed'o‘24 The 1:1 stoichiometry has been explained in terms of a bridging

0 between two Hg, each of which is linked to one S to form S-Hg-O-Hg-S linkages.22 In

a collaborative study with Professor Kim Hayes at the University of Michigan, we have

obtained EXAFS evidence in support of S-Hg-O-Hg-OH linkages.“

Understanding the nature of the Hg binding in the pores of the MP-HMS is a

challenge because of the disordered nature of both the pores and the pore-wall framework

that support the thiol groups that trap the mercury. It is therefore not possible to use

crystallographic methods to study the nature of the binding sites. From the Raman results,

it is clear that the Hg binds to sulfur centers of the mercaptan ligands. However, the

binding of Hg can exceed the number of mercaptan moieties. This implies that some kind

of network exists inside the pores where sulfur ions can be coordinate to one Hg. Just

such a situation exists in the mineral cinnabar, HgS, which has zig-zag -Hg-S-Hg-S-

chains. The structure of cinnabar, HgS, is shown in Figure 4.7.

To determine if mercury binds in chains similar to that of cinnabar, the technique of

atomic pair distribution fimction (PDF) analysis of x-ray powder diffraction data was

done by our collaborators Professors Valeri Petkov and Simon Billinge. The experiments

were conducted at the Advanced Photon Source (APS) at Argonne National Laboratory.

The samples examined were pristine MP~HMS with =0.50 and the corresponding Hg-

loaded derivatives with varying Hg: S ratios.
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PDF is a diffraction technique, widely used to study amorphous materials.42 More

recently, this technique has been successfully applied to nanocrystalline and crystalline

materials.43 This technique does not presume periodicity and can be applied to any

disordered material. It is capable of yielding definitive structural information on short and

intermediate length scales.

The PDFs, G(r), for Hg loaded MP-HMS derivatives with x=0.50 are shown in

Figure 4.8. The curves are offset from each other for clarity. Also shown is the PDF of

bulk silica glass and the parent trapping material MP-HMS with x=0.50 for comparison.

The mesostructures are glassy in nature and this is reflected in the rapid fall-off in G(r)

structural features with increasing r. The curves from both the Hg loaded samples are

similar to each other in shape, but are quite distinct from the bulk silica glass and parent

MP-HMS with x=0.50. The presence of the strongly scattering Hg is clearly evident. In

particular, strong peaks in G(r) at 2.4 A and 3.7 A are evident in the Hg loaded samples

that are not present in the silica. The peak at 1.6 A comes from the Si-O distance in the

silica network and is present in all the samples. Intensity of the peaks at 2.4 A and 3.7 A

grow with the higher Hg loading at higher-r. The rather sharp peak at 3.7 A is the last

sharp peak. However, there are broad bumps centered at 5.75 A and 6.25 A. These also

originate from the coordinated mercury, but indicate that, beyond the second nearest

neighbor, the Hg ions are quite disordered.
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Figure 4.7. Crystallographic representation ofHgS (cinnabar) structure.44
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Figure 4.8. Experimental atomic PDF, G(r), for bulk silica, and thiol functionalized

(SiOz)1.x (LSiOI.5)x compositions (L=mercaptopropyl) with x=0.50 and a wormhole

framework structure, denoted MP-HMS, before and after binding of mercury at the

Hg2+:SH levels shown.
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In view of the fact that Hg2+ prefers two — fold linear coordination to soft ligands

such as sulfur,45 an analogous coordination environment is anticipated for mercury

centers immobilized in a thiol-functionalized mesostructure. At lower mercury loadings

Hg/S _<_ 0.50 the mercury is coordinated tetrahedrally (Scheme 4.1). Whereas, the

mercury changes from tetrahedral coordination to linear as the mercury loading increases

(Scheme 4.2). Regardless of the level of mercaptopropyl functionalization (x), mercury

is linked to sulfur as indicated by the observed Hg — S distance of 2.4 A. This distance is

in agreement with the covalent bond distance of 2.36 A observed in HgS cinnabar.44

The bridging of sulfur to two mercury centers is substantiated by the observed

mercury-mercury distance of 3.7 A, which is very near the value of 3.75 A found for the

intra-chain Hg-Hg distance in solid HgS.44 However, the chains do not appear to be

uniformly spaced or ordered on the surface, because the inter-chain Hg-Hg distance of

4.15 A found in crystalline HgS was not observed for the mesostructure. We are unable

to estimate the average length of the mercury —— sulfur chainsfrom the PDF data

We find no evidence for Hg-O binding in the PDF. The loading of MP-HMS

compositions with mercury(II) ions was accomplished by reaction with standardized

aqueous mercuric nitrate solutions at an initial ambient pH of 2.3. At this initial pH, the

predominate mercury species in solution is aquated Hg”, and the minor species is

aquated Hg(OH)+.4O Thus, the presence of Hg-O bonds as well as Hg-S bonds is

anticipated for the mercury saturated MP-HMS mesostructure.

Recent EXAFS results indicate that S-Hg-S complex formation contributes little

to the overall Hg coordination structure in mercury loaded MP-HMS derivatives with

x=0.50 and Hg/S=0.05-1.4.4| The binding mode favored on the basis of the EXAFS data
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was based on -S-Hg-OH complex formation at Hg/S < 0.5. The Hg-O path appeared to

be more important at higher mercury loadings Hg/S > 0.5 with the resulting fits to the

data consistent with the formation of a double layer structure of Hg attached to sulfur

binding sites (-S-Hg-O-Hg-OH). However, we are not able to verify the presence of Hg-

0 bond formation on the basis of the PDF data. Thus, the PDF and EXAFS data do not

converge to the same surface structure for Hg2+ ions immobilized on MP-HMS

derivatives. Both methods confirm the presence of Hg-S bonds in agreement with the

Raman data. Unlike EXAFS, neither the Raman data nor the PDF data provide evidence

for Hg-O bond formation.

4.4.6 Regeneration of Mercury Loaded MP—HMS

The use of ion-exchange for mercury remediation would be more viable if the

trapping agent was able to be regenerated. To examine the regeneration potential of MP-

HMS, mercury loaded samples were washed in differing concentrations of HCl to remove

the adsorbed mercury, and then the solid was washed with water to return to a near-

neutral pH. The results for the regeneration experiments are given in Table 4.4. The

MP-HMS was able to adsorb 99% of the mercury added initially and 99% a second time

as well. These results illustrate the durability of the MP-HMS mesostructures, and its

efficacious ability to trap mercury. After the regeneration cycle, MP-HMS returns to its

initial binding capacity of mercury independent of the degree of functionalization.

Regeneration of mercury loaded FMMS (functionalized monolayers on mesoporous

supports) prepared by grafting of mercaptopropyltrimethoxysilane on MCM-41 has also

been examined.5 FMMS washed in 12 M HCl was only able to retain 41% of its binding
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capacity upon regeneration.5 For the first adsorption, FMMS trapped 2.51 mmol Hg/g

and after regeneration was only able to adsorb 1.04 mmol Hg/g.

Regeneration of mercury—loaded mesostructures, using milder conditions than

concentrated HCl has been reported.”46 Treatment by soaking the mercury laden

mesostructure in 10% thiourea solution in aqueous 0.05 M HCl, was sufficient to remove

the trapped mercury and restore more than 70% of the structures initial mercury binding

capacity.2|
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4.4.7 Leaching of Trapped Mercury

The United Stated Environmental Protection Agency has developed the Toxicity

Characteristic Leaching Procedure (TCLP). The procedure was developed under Subtitle

C of the Resource Conservation and Recovery Act (RCRA) to study the mobility of

hazardous substances. This test must be considered in the development of a trapping

agent for remediation and de-contamination technology. The test is done in order to

determine whether or not a material may be safely disposed in a landfill without further

treatment. Acetic acid is used as the extraction fluid in the TCLP because it is a major

component of typical municipal landfill leachates. The TCLP is widely used in the

United States to determine if a waste is hazardous or if a treated waste meets the

treatment standards for land disposal.47 Thus the leaching stability of mercury laden MP-

HMS under pseudo landfill conditions was evaluated in the present work.

Table 5.5 provides the results of mercury loaded MP-HMS with x=0.10 and 0.50

subjected to the TCLP. The MP-HMS was exposed tolvery high concentrations of

mercury so as to completely saturate the mesostructure. The durability and chemical

stability of the mercury-mercaptan covalent bond is evidenced by the fact that less than

0.1 percent of the trapped mercury was released to solution. Nonetheless, the EPA limit

for hazardous waste is not based on percent released but rather the mercury concentration

in the filtrate. To pass the TCLP test, the filtrate concentration must be less than 0.200

ppm. The lowest filtrate concentration observed for MP-HMS was 0.81 ppm. Thus the

mercury laden MP-HMS would need further treatment before being disposed of in a

landfill. The TCLP data reported by the Pacific Northwest National Laboratory’s group

for Hg2+ leaching from their FMMS5 mesostructure is also given in Table 4.5. Although
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they report that FMMS passes the TCLP48 the data given indicates otherwise. However,

by directly comparing the FMMS results to that of MP-HMS, the exceptional stability of

MP-HMS is evident.

In addition to the chemical stability of the trapped mercury, there is also the

stability toward bacterial degradation to consider. Inorganic mercury may be methylated

by bacteria to give methyl mercury, the deadliest form of mercury.49 The small pore size

of the MP-HMS should prevent bacteria (at least 2000 nm in size) from solubilizing the

mercury.
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4.5 Conclusion

The uptake of pollutant ions by an adsorbent is dependent on the product of

surface area, surface density of the adsorption sites, and stoichiometry of the ion—binding

site. MP-HMS has a high surface area, an ultra high surface density of thiol groups, and

excellent binding capacity. MP-HMS silicas have been shown to be quite efficacious for

mercury remediation. This is due in part to these structures having the highest thiol

loading, 5.35 mmol SH/g of any reported mercaptan functionalized mesoporous silica.

Not only does MP-HMS have the highest functional loading of mercaptan, but it is also

synthesized in a simple one-pot direct-assembly manner. Furthermore, there is greater

accessibility to the active sites in the interconnected three-dimensional wormhole pore

networks of MP-HMS as compared to the one-dimensional hexagonal pore networks of

MCM-41. This improved accessibility is evident from the high mercury binding

capacity of 7.3 mmol/g and the Hg”: S ratio of 1.4 achieved with MP-HMS with x=0.50.

In addition to the exceptional binding capacity, spherical MP—HMS with x=0.50 is

capable of being packed into a column, and reduces mercury effluent concentration to the

parts per trillion range, well below the EPA drinking water limit of 2 parts per billion.

The MP-HMS mesostructure is a stable and recyclable material with a high affinity for

mercury. We have also elucidated the nature of the Hg binding sites using the atomic

PDF local structural probe. It was determined that the local coordination environment of

Hg is rather well defined. Mercaptan moieties bind up to two Hg ions forming chains of

Hg-S-Hg units on the surface.
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Chapter 5

Arsenic trapping by functionalized mesostructures

5.1 Introduction

Arsenic, a metalloid element, is most commonly found in nature as an oxo-acid or

oxyanion in solution in two different oxidation states: As(lII) and As(V). As(lII), termed

arsenite, is present as As(OH); up to a pH of 9, beyond which it is [OAs(OH)2]'. As(V),

denoted arsenate is present as OAs(OH)3 at a pH 5 2. From pH 2-7 it is [OzAs(OH)z]', it

then loses another proton above pH 7. The final proton is lost at pH 2 11.5.

Arsenic is released into the environment from both natural and anthropogenic

sources. Arsenic is found naturally in rock, soil, water and air. The arsenic concentration

in the earth’s crust is 1.5 to 5 mg/kg. Higher concentrations are found in iron and

magnesium ores, and in sulfide ores of lead, copper and zinc. Arsenic is released into the

environment by dissolution from these rocks and ores. Ftuthermore, this dissolution is

the reason so many wells are found to be contaminated by arsenic.

The anthropogenic sources of arsenic are primarily from manufacturing of metals

and alloys, petroleum refining, pharmaceutical manufacturing, pesticide manufacturing,

and the burning of fossil fuels. Agricultural use of arsenic includes utilization in

herbicides such as monosodium methylarsonate Na[CH3Ast(OH)], and disodium

methylarsonate Na2[CH3AsO3].

The concern over arsenic in drinking water has been increasing over the last two

decades. Arsenic is now linked to several different cancers - skin, liver, bladder, lung,

kidney and colon. The United States Environmental Protection Agency (EPA) has
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recently lowered the limit of total arsenic in drinking water from 50 ppb to 10 ppb.l The

EPA estimates that approximately 350,000 people in the US drink water containing over

50 ppb, and nearly 25 million drink water containing over 25 ppb arsenic. Arsenic

contamination is a problem throughout the US,'but the problem is not as severe as in

many Asian countries. Arsenic levels in some Vietnamese groundwater wells exceed

3,000 ppb,2 ninety per cent of the wells in some areas of Bangladesh were found to

contain arsenic levels up to 14,000 times the World Health Organization (WHO) limit of

10 ppb.3 The area most affected by ‘excessive’ arsenic levels in groundwater is the

Bengal Basin, which has more than 40 million people drinking water containing

concentrations over 10 ppb.4’5

The EPA and WHO limit of 10 ppb refers to total arsenic concentration. Of the

two forms of inorganic arsenic found in natural waters, arsenite is the predominant form

found in ground water, whereas the arsenate is the major species associated With surface

waters. Arsenite adsorbs less strongly and to fewer minerals, which makes it more

mobile than arsenate.6 Moreover, arsenite is estimated to be 60-times more toxic than

arsenate.7

The list of treatment technologies for the remediation processes of arsenic

removal in water are: coagulation/precipitation, membrane/reverse osmosis, ion

exchange, permeable reactive barriers, and adsorptions‘9 Precipitation of arsenate by

alum, ferric chloride, or ferric sulfate has been the most frequently used method to treat

arsenic contaminated water, including groundwater, surface water, leachate, mine

drainage, drinking water, and wastewater. This technology typically can reduce arsenic

concentrations to the range of 50 ppb to 1,000 ppb, much higher than the EPA/WHO
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limit.8 The valence state of the arsenic and the pH of the water are important factors in

the removal of the contaminants by precipitation. Arsenite typically needs to be oxidized

to arsenate for the precipitation method to work or the pH has to be adjusted to a value 2

9 so that arsenite is in anionic form. Furthermore, the more soluble arsenite may reduce

removal efficiency. Also, other chemicals in water might react with the arsenic and

further impact the efficacy of remediation. For example, sulfate could decrease the

arsenic removal in processes using ferric chloride as a coagulant, while presence of

calcium or iron may increase the removal of arsenic in these processes.8

Membrane/reverse osmosis uses semi-permeable membranes that are selectively

permeable to water and certain solutes to separate impurities from water. Membranes are

usually expensive and therefore are typically considered in applications such as

desalination, brackish water conversion, and the removal of specific ions that are difficult

to remove by other means. This method is able to reduce the arsenic concentration to

levels comparable to precipitation, but it tends to produce larger volumes of residuals and

is more expensive than other arsenic treatment methods.8

Ion exchange is the reversible interchange of ions between the solid and liquid

phase where there is no permanent change in the structure of the solid. Synthetic ion

exchange resins are based on cross-linked polymer matrix, typically polystyrene cross-

linked with divinyl benzene. Classically, strong-base anion exchange resins (e.g.

quaternary amines) are used in arsenic removal.8 Charged functional groups such as

HCrO4', CrO42', or ClO4' are covalently bonded to the resin and these resins have a

relatively high affinity for arsenate. However, sulfate ions will compete with arsenate

and reduce the removal efficiency. Additionally, since arsenite in natural water is
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typically nonionic, it must be oxidized, or the pH adjusted to a value 2 9 for ion exchange

to work. Ion exchange reduces the concentration of arsenic to less than 50 ppb.

Permeable reactive barriers (PRB) are a newer technology and used full scale at

few sites. The barrier is typically zero valent ‘iron or limestone. The mechanism of

inorganic contaminants removal by the PRB is unclear; however, removal may be

achieved by reductive precipitation or adsorption. One mechanism postulated is that

arsenate binds tightly to the iron filling causing the zero valent iron to be oxidized to

ferrous iron aerobically or anaerobically in the presence of water as shown in the

following reactions:

(anaerobic) Fe0 + 2 H20 —> Fe2+ + H2 + OH' Equation 5.1

(aerobic) Fe0 + 2 H20 + 02 a 2 Fe2+ + 4 on' Equation 5.2

The Fe2+ then sorbs the arsenate through an electrostatic interaction.8 The

drawbacks of this method are chiefly due to the installation of the barrier. The

contaminated plume cannot be greater than 70 feet deep, and the barrier cannot be

installed in certain types of rock. In addition, the hydrolytic conductivity of the barrier

must be greater than that of the aquifer to prevent preferential flow around the barrier,

and there is concern with plugging the barrier.

Adsorption is the accumulation of materials at an interface, namely, the

liquid/solid boundary layer. It is a mass transfer process where a substance is transferred

from the liquid phase to the surface of a solid and becomes bound by chemical or

physical forces.

Functionalized mesostructures have been examined as materials suitable for

arsenate adsorptionm'” Adsorption can take place on suspended particles, as part of the
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process of coagulation/co-precipitation, or on fixed media. Yet, to date, no work has been

done utilizing mesostructures for arsenite adsorption. Two different methods have been

used to examine arsenate adsorption by functionalized mesoporous materials. The

involved arsenate adsorption by what the authors refer to as a “lock and key”

process. The “lock” was comprised of a hexagonal MCM-41mesostrucutre grafted with

ethylenediamine ligands to which copper was then adsorbed by the ethylenediamine

ligands to form octahedral complexes on the surface of the mesoporous support.M

Grafting is the process by which an organic moiety is anchored onto a silica surface

through condensation of surface silanols with alkoxy groups of an organosiloxane. The

copper, chelated by the amines, gave rise to positively charged hosts with 3-fold

symmetry that matched the geometry of tetrahedral arsenate, the “key”. The arsenate

binding initially involved electrostatic ion-pairing with the immobilized octahedral

copper(II) complexes in the mesostructure, followed by interactions which cause the

displacement of one diamine ligand and direct binding of the arsenate with the Cu(II)

center. The proposed mechanism is shown below. '4
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The second method used to trap arsenate is that of electrostatic interaction

between a protonated amine and the anionic arsenate.l The amine incorporation was

accomplished by the grafting method, and the amine-functionalized mesostructure was

stirred in hydrochloric acid to protonate the amine.”

The purpose of the present work to examine the arsenite, as well as the arsenate,

adsorption capacity of functionalized wormhole mesostructures which have been

synthesized under near neutral conditions with the organic group incorporated by direct-

assembly. In the direct-assembly of a functional mesostructure the organosilane is co-

condensed with the silica precursor in the initial reaction mixture to form a product with

the anhydrous composition (SiOz)|.x (LSiOI.5)x where L is the organic group and x is the

fraction of framework silicon centers that are functionalized. One aim of the research was

to devise a method of directly adsorbing arsenite; we did not want to have to either adjust

the pH of the solution or to oxidize the arsenite to arsenate in order to achieve removal of

arsenite. On the basis of the known ability of sulfhydryl groups in the body to bind

arsenite,15 adsorption of arsenite to the mercaptopropyl moieties in the mesostructure was

examined. The mesostructures investigated included a mercapt0propyl (MP)

functionalized wormhole framework HMS mesostructure, mesostructured cellular foam,

and dual functionalized mercaptopropyl and aminopropyl wormhole framework HMS

structure. Since earlier work successfully employed amines for arsenate trapping,ll

amines were used as the organic functionality in this work for the trapping of arsenate.

The mesostructures are aminopropyl (AP) functionalized HMS and dual functionalized

mercaptopropyl and aminopropyl HMS wormhole structures.
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5.2 Experimental

5.2.] Reagents

Aminopropyltrimethoxysilane, . mercaptopropyltrimethoxysilane,

tetraethylorthosilicate, 1,3,5-trimethylbenzene, and dodecylamine, were purchased from

Aldrich and used without further purification. P-123 surfactant was donated by BASF

and used without further purification. Absolute ethanol and hydrochloric acid were

purchased in-house. Water was double-exchanged to remove cations and anions via a

Millipore filter apparatus.

5.2.2 Material Synthesis

5.2.3 Materials for As(lII) (Arsenite) Adsorption

Three different mesostructures two with the compositions (SiOz)1.x (LSiO._5)x and

(SiOz)1-(x+y) (LSiOi_5)x(L'Si01.5)y were examined for viability in arsenite adsorption. In

these two compositions L equals mercaptopropyl (MP) and L' equals aminopropyl (AP).

Wormhole framework and mesocellular foam structures functionalized with MP groups

were denoted MP-HMS and MP-MCF, respectively. The dual fisnctionalized wormhole

structure is denoted MP+AP-HMS, and mercaptopropyl functionalized mesostructured

cellular foam is denoted, MP-MCF. The physical properties of the dual functionalized

MP+AP-HMS mesostructures were given in their entirety in Chapter 3. Only the MP-

MCF physical properties will be discussed in this chapter.
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5.2.4 Functionalized Wormhole Structures

MP-HMS. MP-HMS was synthesized using dodecylamine as the surfactant and (l-x)

molar mixture of tetraethylorthosilicate as the silicon source and x

mercaptopropyltrimethoxysilane as the organosilane. The synthesis was described in

Chapter 4. The overall molar stoichiometry employed was: l-x TEOS : x MPTMS : 0.22

DDA : 6.7 EtOH : 160 H20.

MP+AP-HMS. Dual functionalized MP+AP-HMS was synthesized using

dodecylamine as the surfactant and a l-(x+y) molar mixture of tetraethylorthosilicate as

the silicon source and x mercaptopropyltrimethoxysilane and y

aminopropyltrimethoxysilane as the organosilanes. The synthesis was described in

Method 11 in Chapter 3. The overall molar stoichiometry employed was l-(x+y) TEOS : x

MPTMS : y APTMS : 0.22mol DDA : 5 mol EtOH : 160 mol H20. The equivalent

values of x and y were employed for arsenite adsorption so that a theoretical loading of

x=y=0.05, 0.10, 0.15, and 0.25, were synthesized. The x and y values observed will be

given throughout the text.

5.2.5 Functionalized Mesocellular Foam Structures.

MP-MCF. In order to prepare MP-MCF, 2 g of P 123 (EOzoPO-mEOzo) surfactant 0.345

mmol was dissolved in 75 ml 1.6 M HCl at room temperature overnight. Next, 1.5 g of

1,3,5- trimethylbenzene was added to the surfactant solution and mixed at 40 °C for 1 h.

A (l-x) : x molar mixture of tetraethylorthosilicate (TEOS) and

mercaptopropyltrimethoxysilane (MPTMS) was then added dropwise, and the mixture

was aged for 20 h at 40 °C to provide a reaction mixture in which the overall Si:

surfactant millimolar ratio was 21.0: 0.345. To further promote framework cross-linking,
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the reaction mixture was allowed to age in an oven at 100 °C for 24 h. The precipitate

was filtered and let air-dry 24 h before Soxhlet extraction with ethanol. The x values

tested for arsenite adsorption were x=0.10, 0.20, and 0.30.

5.2.6 Materials for As(V) (Arsenate) Adsorption

Two different functionalized wormhole mesostructures were used for arsenate

trapping, one with the composition (SiOz)l.x (LSiOlg)X and one with the composition

(SiOg)1-(x+,-) (LSiO.,5)x(L'Si01.s)yr where L equals mercaptopropyltrimethoxysilane and L'

equals aminopropyltrimethoxysilane. The former mesostructure is aminopropyl

functionalized HMS is denoted AP-HMS and the latter is dual aminopropyl and

mercaptopropyl functionalized HMS, termed MP+AP-HMS. The physical properties of

the dual functionalized mesostructures were given in their entirety in Chapter 3 and only

will be summarized here.

AP-HMS with x=0.10, 0.20, and 0.40 compositions were synthesized using the

direct-assembly method for the organic group incorporation and an amine surfactant as

the porogen. The synthesis was as described below.

5.2.7 Functionalized Wormhole Structures

AP-HMS. A 5.10 g quantity of DDA (27.5 mmol) was dissolved in 25 g of ethanol to

which 75 g of water was added. A x : l-x mixture of aminopropyltrimethoxysilane and

tetraethylorthosilicate were then added dropwise to the surfactant solution, and the

mixture was allowed to stir at room temperature for 24 h. Finally the precipitate was

filtered and air-dried followed by Soxhlet extraction with ethanol to remove the

surfactant. The overall molar stoichiometry employed was l-x TEOS : x APTMS : 0.275

mol DDA : 6.94 mol EtOH : 41.67 mol H20.
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MP+AP-HMS. Dual functionalized MP+AP-HMS was synthesized using dodecylamine

as the surfactant and a 1-(x+y) molar mixture of tetraethylorthosilicate as the silicon

source with x mercaptopropyltrimethoxysilane and y aminopropyltrimethoxysilane as the

organosilanes. The synthesis was described in Method 11 in Chapter 3. The overall molar

stoichiometry employed was l-(x+y) TEOS : x MPTMS : y APTMS : 0.22mol DDA : 5

mol EtOH : 160 mol H20. The equivalent values of x and y were employed for arsenate

adsorption so that x=y =0.05, 0.10, 0.15, and 0.25, for all mesostructures. Hence x=y =

0.10 indicates a total of 20% of the silicon centers are fimctionalized, 10% with MP and

10% with AP moieties. The observed x and y values will be used throughout the text.

5.3 Physical Measurements

The physical properties of the functionalized mesostructures were determined by

nitrogen adsorption, 29Si Magic Angle Spinning Nuclear Magnetic Resonance (298i

MAS-NMR), and Transmission Electron Microscopy (TEM). The binding of the arsenite

and arsenate to the mesostructures was examined by Raman spectroscopy. Nitrogen

adsorption-desorption isotherms were measured at —196 °C on a Micrometrics ASAP

2010 sorptometer, the samples were outgassed at 80 °C and 10'6 Torr prior to

measurement. 29Si MAS-NMR spectra were collected on a Varian 400 solid state NMR

spectrometer with a field strength of 400 MHz under single-pulse mode with a zirconia

rotor at a spinning frequency of 4 kHz. A pulse delay of 400 s was employed so that

there was sufficient time for the nuclei to relax before application of another pulse. Talc

was used as a reference. TEM images were obtained on a JOEL 2200FS microscope with

an accelerating voltage of 200 KV. Sample grids were prepared by sonicating samples in

ethanol for 20 min, and evaporating one drop of the suspension onto a carbon coated,
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holey film supported on a 3 mm, 300 mesh copper grid. For Raman spectroscopy,

samples were packed into glass capillary tubes and analyzed with a Bio-Rad FT Raman

Spectrometer equipped with a germanium CCD camera detector and 633 nm radiation

from a HeNe laser for excitation and a resolution of 4 cm'l . Laser power at the sample

was estimated to be about 5mW, and the focused laser beam diameter was ~10 pm. A

total of 200 scans was accumulated for each spectrum.

5.3.1 As(lII) (Arsenite) Adsorption

In a typical arsenite adsorption experiment a 200-mg quantity of mesostructure

was added to 20 mL of water containing different initial concentrations of H3AsO3. The

mixture was allowed to equilibrate for a period of 20 h at room temperature. A

standardized H3AsO3 solution was adjusted to pH = 7.0 with 0.11 N sodium hydroxide

before mixing with the MP-HMS trapping agent. The equilibrated suspensions were

filtered using vacuum filtration with filter paper to remove the trapping agent. The

amount of arsenite in solution was determined by titration.16 In the titration reaction,

arsenite is oxidized to arsenate with 12 under basic conditions. Once all the arsenite is

oxidized to arsenate by 12, the starch will react with the 12 to form a blue solution. The

overall equation for the titration reaction is:

A5033" + 12 + H20 _. A5043' + 211* + 2r.

The amount of arsenite adsorbed by the trapping agent was determined by difference.

5.3.2 As(V) (Arsenate) Adsorption

Arsenate uptake by directly-assembled amine functionalized mesostructures was

examined. In a typical adsorption experiment, a 200-mg quantity of mesostructure was
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equilibrated in a 20 mL solution of a known concentration (ppm) arsenate, (AsO4)'3,

solution. The suspensions were then filtered using vacuum filtration with filter paper to

remove the trapping agent. The amount of arsenate was determined by difference

through titration to a clear endpoint.I6 The arsenate was reduced to arsenite by I' under

acidic conditions followed by titration of the yellow iodine solution with sodium

thiosulfate to a clear endpoint. The reactions are as follows:

Aso44' + 2 H+ + 2 1' —> AsO33' + 12 + H2O Equation 5.3

2 Na2S2O3 + 12 -—r Na28406 + 2 1' Equation 5.4

Arsenate is in the anionic form, [O2As(OH)2]', at the pH used for trapping (pH 7).

In order to trap the arsenate anion, AP-HMS was slurried in 0.1 M HCl for 4 h to

protonate the amine groups, which allowed for an electrostatic interaction between the

anionic arsenate in solution and cationic amine immobilized on the mesostructure.

5.4 Results and Discussion

5.4.1 As(lII) (Arsenite) Trapping

To date, no mesostructure has been used for arsenite remediation, and few

methods of remediation are able to directly remove arsenite from water. Upon thorough

review of the literature, the affinity of arsenite for thiols was revealed.”‘” Consequently,

three different mercaptopropyl functionalized mesostructures were prepared for use in

arsenite adsorption. Wormhole MP-HMS components were chosen because of the ultra

high thiol group loadings as well as the easy accessibility of the wormhole morphology as

compared to a hexagonal framework morphology.'8 The dual MP + AP-HMS was

selected to determine what consequence, if any, adding a hydrophilic second organic
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moiety had on the arsenite adsorption by a hydrophobic mesostructure. Adsorption by a

large pore foam mesostructure was also examined.

Until now, there has been no report of directly-assembled functionalized foam

mesostructure. Foams are very large pore mesostructures assembled using an “oil-in-

water” microemulsion templating technique. These materials were prepared under

strongly acidic hydrolysis conditions from tetraethylorthosilicate (TEOS) as the silica

precursor and an aqueous microemulsion of a triblock copolymer (Pluronic P123,

EO20PO70EO20) and 1,3,5-trimethylbenzene (TMB) as the porogen.l9

Functionalized mesoporous materials have been extensively used for heavy metal

remediation. However, most metals are not present as oxyanions. Therefore, cations are

much smaller and more able to easily fit into the pores of mesostructures. The organic

groups in functionalized mesostructures can be embedded in the framework walls.

Therefore, a larger pore might allow for greater accessibility. Accordingly, directly-

assembled mercaptopropyl functionalized mesoporous foam denoted MP-MCF, was

synthesized.

The 29Si MAS-NMR, nitrogen isotherms, and TEM images for MP-MCF

compositions are shown in Figures 5.1, 5.2-5.5, and 5.6, respectively. From the relative

intensities of the T3 resonance of RSi(OSi)3 units at -69 ppm and the Q3 and Q4

resonances in the region of -100 to -110 ppm, respectively (Figure 5.1). It can be seen

that functional group incorporation into the foam framework was quantative. For MP-

MCF compositions with x=0.20 and 0.30, the x-value observed was essentially equal to

the x-value expected indicating 95 to 100% incorporation of the organic moiety into the

framework. However, for the MP-MCF with x=0.10 the organic group incorporation is
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only 60% of the expected value. This is attributed to the larger systematic error with

determining the functional group concentration by NMR at low organic loadings.

The nitrogen isotherms for the MP—MCF with x=0.00, 0.10, and 0.20 (shown in

Figures 5.2-5.4) are typical for large pore foam structures. They have well-expressed

adsorption steps at partial pressures between 0.2 and 0.5, indicating the presence of

uniform mesopores for each mesostructure. In addition, these three mesostructures

exhibit H2 type hysteresis loops that occur above partial pressure of 0.5, which is typical

of large pore foam structures.20 Furthermore, the hysteresis loop systematically becomes

broader as the amount of added organosilane increases, indicating these compositions

have large cells that are connected by small windows. The above functionalized

mesocellular foams desorb much of their nitrogen at relative pressures of 0.40-0.45. The

desorption of nitrogen at this pressure at 77 K is not due to capillary evaporation but

rather to the instability of the meniscus of the condensed nitrogen in the pores.”22 Thus

the window size as calculated from the BJH model is not expected to be accurate. In

Figure 5.5, the nitrogen isotherm for MP-MCF with x=0.30, does not show the mesopore

filling step; rather it shows a linear uptake indicating the structure is non-porous.

The TEM images shown in Figure 5.6 illustrates the large pore foam structure for

MP-MCF with x=0.00, 0.10, and 0.20. However, the compositions were no longer

mesostructured, or even structured for that matter, beyond x=0.20. This loss of structure

is fiirther evident in the TEM images of Figure 5.3. The TEM images for x =0.0 and 0.10

are typical of foam structures, whereas the product with x = 0.30 is non-structured. An

attempt was made to synthesize MP-MCF with x=0.40 and 0.50. These structures had a

surface area less than 5 mz/g, and the nitrogen isotherms were typical of non-porous
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materials. Table 5.1 summarizes the physical properties of the mercaptopropyl

functionalized mesostructured cellular foam derived from the above characterization

techniques. The surface areas and pore volume of the organo-functional MCF derivatives

decrease as the amount of added organosilane increases. Additionally, a decrease in

window size and cell size with an increase in functionalization was observed. The

decrease in size suggests that the organosilane was incorporated into the pore walls of the

mesostructure. The amount of mercaptopropyl loading for mesostructured MP-MCF

compositions x=0.20 was not as large as has been achieved with MP-HMS

mesostructures x=0.50.
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Figure 5.1. 29Si MAS NMR spectra for functionalized (SiO2)1.x (LSiOI.5)x compositions

(L=mercaptopropyl) with intended mesocellular foam framework structures, denoted

MP-MCF. The Q3 and Q4 resonances of the $0.; centers appear in the chemical shift

region of -100 to -110 ppm, respectively. The T3 resonance of the LSiO3 centers appear

near -69 ppm.
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Figure 5.4. Nitrogen adsorption-desorption isotherm for functionalized (SiO2)1.x

(LSiOL5)x compositions (L=mercaptopropyl); x=0.20 with a mesocellular foam

framework structure, denoted MP-MCF. The insets provide the BJH distribution for the

cell size and the window size obtained from the adsorption and desorption isotherm,

respectively.
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x=0.00

 
Figure 5.6. TEM image for functionalized (SiO2)1.x (LSiOl_5)x compositions (L=

mercaptopropyl) with a mesocellular foam framework structure, denoted MP-MCF.
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Table 5.1. Textural properties of functionalized (SiO2)1.x (LSiOU)x compositions (L=

mercaptopropyl) with a mesocellular foam framework structure, denoted MP-MCF.

 

 

 

 

 

 

MP-MCF xthco xobs” mmol SAb Pore Widow Cell

SH/g mz/g volumec sized size°

cm3/g nm nm

x=0.0 0.00 0.00 0.0 791 1.7 4.5 21.5

x=0.1 0.10 0.06 0.84 537 0.5 4.0 11.0

x=0.2 0.20 0.19 2.5 364 0.25 4.0 11.0

x=0.3 0.30 0.30 3.6 13 0.01 - -        
 

ax-value determined by 29Si MAS NMR. bCalculated from nitrogen adsorption isotherms

by BET method °Total pore volume at P/Po=0.98 dBJH window size determined from

desorption branch of nitrogen isotherm. °BJH cell size determined from adsorption

branch of nitrogen isotherm.
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As previously stated, three different mesostructures were used of for arsenite

trapping, namely MP-HMS and MP-MCF derivatives with wormhole and mesocellular

foam framework structures, respectively, and the dual functionalized MP+AP-HMS with

a wormhole framework structure. MP-HMS with x=0.50 has the highest mercaptan

content of any of the aforementioned mesostructures. Therefore, it would be expected to

have the highest arsenite adsorption capacity. To examine the effect of increased organo-

functionality on arsenite adsorption, uptake curves were determined. Differing

concentrations of arsenite were equilibrated with MP-HMS derivatives with x=0.10—0.50

for 24 h at ambient temperature, and the arsenite uptake was determined by difference.

The uptake curves for MP-HMS with x=0.10-0.50 are shown in Figure 5.7. As expected,

the mesostructure with the highest organic loading does indeed adsorb the greatest

amount of arsenite. But each of the mercaptan functionalized compositions, regardless of

level of organic moiety incorporation, are capable of adsorbing arsenite. The MP-HMS

with x=0.10 and 0.20 quantatively adsorb arsenite essentially quantitatively only at

arsenite loadings, which correspond to the binding of arsenite up to 10% of the

mercaptans or to a SH/As ratio 2 10. For MP-HMS with x=0.30, quantative uptake of

arsenite is observed up to SH/As 2 6.7 or up to 15% of the mercaptans are bound by

arsenite. MP-HMS with x=0.40 and 0.50 quantative uptake is observed up to SH/As Z 5

or up to 20% of the mercaptans have been accessed. Therefore, the higher the ligand

loading, i.e. the larger the x value, the greater the uptake of arsenite. The maximum

arsenite binding capacity of 150 mg arsenite/g of trapping agent was obtained for MP-

HMS with x=0.50. Thus, arsenite adsorption by MP-HMS mesostructures of the type

(SiO2)l.,,(SiOl,5L)x is quantitative up to overall SH/As ratios 2 5 _>_ 10 depending on the
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level of MP functionality of the mesostructure. The above dependence of As(III)

binding on the level of MP functionalization suggests that only 10-20% of the SH sites

are accessible for reaction with arsenite. The remaining SH groups appear to be blocked

or buried in the walls of the mesostructure.

MP-HMS with x=0.30 and 0.50 compositions were also tested for arsenate

adsorption. The trapping of arsenate by MP-HMS was found to be negligible, less than

2%, illustrating the selectivity of the mercaptan functionality for arsenite adsorption.

The selectivity of arsenite binding in the presence of anions found in nature was also

examined. Arsenite trapping in the presence of nitrate, a common ion present in water,

was conducted. The uptake of a 161 ppm solution of arsenite by MP-HMS with x=0.50

in the presence 855 ppm nitrate was examined. The overall SH/As(III) molar ratio was

5:1 SHzAs. More than 96% of the As(lII) was removed from solution whether NO3' was

present or not.

Table 5.3 and Table 5.4 provide the results for arsenite adsorption by the MP-

MCF composition and dual functional MP+AP-HMS derivative, respectively. The

uptake of arsenite by these components parallel the behavior observed for MP-HMS

derivatives. An excess of thiol to total As(lII) was necessary for 95% uptake of arsenite.

Furthermore, the degree of functionalization of the mesostructures influenced the

efficiency of arsenite loading.
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Figure 5.7. Arsenite uptake curve for functionalized (SiO2)1.x (LSiOI.5)x compositions

(L=mercaptopropyl) with a wormhole framework structure, denoted MP-HMS. Total

volume of arsenite solution, with varying concentrations, was 20 mL; mass of MP-HMS

was 200 mg. The loading of SH/g for each mesostructureis given in Table 5.2.

194



195

T
a
b
l
e

5
.
2
.
A
r
s
e
n
i
t
e
a
d
s
o
r
p
t
i
o
n
b
y

f
u
n
c
t
i
o
n
a
l
i
z
e
d

(
S
i
O
2
)
.
.
x
(
L
S
i
O
l
_
5
)
X

c
o
m
p
o
s
i
t
i
o
n
s
(
L
=
m
e
r
c
a
p
t
o
p
r
o
p
y
l
)
w
i
t
h
a
w
o
r
m
h
o
l
e
f
r
a
m
e
w
o
r
k

s
t
r
u
c
t
u
r
e
,
d
e
n
o
t
e
d
M
P
—
H
M
S
.

 

M
P
-
H
M
S

I
n
i
t
i
a
l

F
i
n
a
l
p
p
m

m
m
o
l
S
H
/
g

m
m
o
l

m
m
o
l
S
H

/
m
m
o
l
H
3
A
s
O
3

m
m
o
l
S
H
/

%

p
p
m

(
H
3
A
s
O
3
)

t
h
e
o
r
e
t
i
c
a
l

H
3
A
s
O
3

m
m
o
l
H
3
A
5
0
3

a
d
s
o
r
b
e
d

/
g

m
o
l

H
3
A
s
O
3

R
e
m
o
v
a
l

(
H
3
A
s
O
3
)

a
d
d
e
d

/
g

a
d
d
e
d

a
d
s
o
r
b
e
d
 

x
=
0
.
0
0

3
2
3

3
1
7

0
0
.
5
2
5

t
o

4
.
8
8
*
1
0
4

0
0

1
.
8
3
 

x
=
0
.
1
0

6
4
5

2
5
8

1
.
5
0

0
.
5
2
5

2
.
8
6

0
.
3
1
5

4
.
7
6

6
0
.
0
 

x
=
0
.
1
0

3
2
3

2
2
.
3

1
.
5
0

0
.
2
6
3

5
.
7
0

0
.
2
4
4

6
.
1
5

9
3
.
1
 

x
=
0
.
1
0

1
6
1

3
.
3
2

1
.
5
0

0
.
1
3
1

1
1
.
5

0
.
1
2
9

1
1
.
6

9
7
.
9
 

x
=
0
.
2
0

6
4
5

8
5
.
7

2
.
7
2

0
.
5
2
5

2
0
.
8

0
.
4
5
5

5
.
9
7

8
6
.
7
 

x
=
0
.
2
0

3
2
3

4
.
6
9

2
.
7
2

0
.
2
6
3

1
0
.
3

0
.
2
5
9

1
0
.
5

9
8
.
6
 

x
=
0
.
2
0

1
6
1

9
.
4
7

2
.
7
2

0
.
1
3
1

2
0
.
8

0
.
1
2
4

2
1
.
9

9
4
.
1
 

x
=
0
.
3
0

6
4
5

3
.
2
9

3
.
7
5

0
.
5
2
5

7
.
1
4

0
.
5
2
2

7
.
1
8

9
9
.
4
 

x
=
0
.
3
0

3
2
3

6
.
3
0

3
.
7
5

0
.
2
6
3

1
4
.
3

0
.
2
5
7

1
4
.
6

9
8
.
1
 

x
=
0
.
3
0

1
6
1

4
.
7
8

3
.
7
5

0
.
1
3
1

2
8
.
6

0
.
1
2
7

2
9
.
5

9
7
.
0
 

x
=
0
.
4
0

1
2
9
1

3
2
.
2

4
.
6
1

1
.
0
5

4
.
3
9

1
.
0
2

4
.
5
0

9
7
.
5
 

x
=
0
.
4
0

5
6
2

6
.
3
0

4
.
6
1

0
.
4
5
7

1
0
.
1

0
.
4
5
2

1
0
.
2

9
8
.
9
 

x
=
0
.
4
0

3
2
3

8
.
0
3

4
.
6
1

0
.
2
6
3

1
7
.
5

0
.
2
5
2

1
8
.
3

9
7
.
5
 

x
=
0
.
4
0

1
6
1

9
.
3
9

4
.
6
1

.
0
.
1
3
1

3
5
.
2

0
.
1
2
1

3
8
.
1

9
4
.
2
 

x
=
0
.
5
0

1
2
9
1

6
.
6
3

5
.
3
5

1
.
0
5

5
.
1
0

1
.
0
4

5
.
1
0

9
9
.
5
 

x
=
0
.
5
0

6
4
5

4
.
7
9

5
.
3
5

0
.
5
2
5

1
0
.
2

0
.
5
2
1

1
0
.
3

9
9
.
3
 

x
=
0
.
5
0

1
6
1

6
.
2
1

5
.
3
5

0
.
1
3
1

4
0
.
8

0
.
1
2
6

4
2
.
5

9
6
.
2

 
 

 
 

 
 

 
 

 
 
 



196

T
a
b
l
e

5
.
3
.

A
r
s
e
n
i
t
e

a
d
s
o
r
p
t
i
o
n

b
y

f
t
m
c
t
i
o
n
a
l
i
z
e
d

(
S
i
O
2
)
1
.
x

(
L
S
i
O
]
_
5
)
x

f
r
a
m
e
w
o
r
k

s
t
r
u
c
t
u
r
e
,
d
e
n
o
t
e
d
M
P
-
M
C
F
.

c
o
m
p
o
s
i
t
i
o
n
s

(
L
=
m
e
r
c
a
p
t
o
p
r
o
p
y
l
)

w
i
t
h

a
m
e
s
o
c
e
l
l
u
l
a
r

 

P
-
M
C
F

I
n
i
t
i
a
l

P
P
m

(
H
3
A
S
O
3
)

F
i
n
a
l
p
p
m

(
H
3
A
8
0
3
)

m
m
o
l

S
H
/
g

m
m
o
l

H
3
A
S
O
3

a
d
d
e
d
l
g

m
m
o
l
S
H
/

m
m
o
l
H
3
A
s
O
3

a
d
d
e
d

m
m
o
l

H
3
A
S
O
3

a
d
s
o
r
b
e
d

/
g

m
o
l

S
H
/

m
m
o
l
H
3
A
3
0
3

a
d
s
o
r
b
e
d

%

R
e
m
o
v
a
l

 

X
=
0
.
1
0

3
2
3

2
2
8

0
.
8
4

0
.
2
6
3

3
.
1
9

0
.
0
7
7

1
0
.
9

2
9
.
2
 

X
=
0
.
2
0

2
5
8
0

2
0
1
4

2
.
4
8

2
.
1
0

1
.
1
8

0
.
4
6
0

5
.
3
9

2
1
.
9
 

X
=
0
.
2
0

3
2
3

1
0

2
.
4
8

0
.
2
6
3

9
.
4

0
.
2
5
5

9
.
7
3

9
7
.
0
 

X
=
0
.
3
0

2
5
8
0

1
9
3
6

3
.
6
0

2
.
1
0

1
.
7
1

0
.
5
2
4

6
.
8
7

2
5
.
0
  

X
 

=
0
.
3
0

3
2
3

 
1
6

 3
.
6
0

 
0
.
2
6
3

 
1
3
.
7

 
0
.
2
5
0

 
1
4
.
4

 
9
5
.
0
 

 



T
a
b
l
e

5
.
4
.

A
r
s
e
n
i
t
e

a
d
s
o
r
p
t
i
o
n

b
y

d
u
a
l
-
f
u
n
c
t
i
o
n
a
l
i
z
e
d

(
S
i
O
2
)
H
x
+
y
)

(
L
S
i
O
L
5
)
x

(
L
’
S
i
O
L
s
)
y

c
o
m
p
o
s
i
t
i
o
n
s

(
L
=
m
e
r
c
a
p
t
o
p
r
o
p
y
l
,

L
'
=
a
m
i
n
o
p
r
o
p
y
l
)
w
i
t
h
a
w
o
r
m
h
o
l
e
f
r
a
m
e
w
o
r
k

s
t
r
u
c
t
u
r
e
,
d
e
n
o
t
e
d
M
P
+
A
P
-
H
M
S
.

 

M
P
+
A
P
-
H
M
S

I
n
i
t
i
a
l
p
p
m

F
i
n
a
l
p
p
m

m
m
o
l
S
H
/
g

m
m
o
l
H
3
A
s
O
3

m
m
o
l
S
H
/

m
m
o
l

m
m
o
l
S
H
/

%

(
H
3
A
S
O
3
)

(
H
3
A
s
O
3
)

c
a
l
c
u
l
a
t
e
d

a
d
d
e
d
/
g

m
o
l

H
3
A
s
O
3

H
3
A
s
O
3

m
m
o
l
H
3
A
s
O
3

R
e
m
o
v
a
l

a
d
d
e
d

a
d
s
o
r
b
e
d
l
g

a
d
s
o
r
b
e
d
 

=
0
.
0
5
y
=
0
.
0
3

3
2
3

2
1
4

0
.
7
0

0
.
2
6
3

2
.
6
6

0
.
0
8
8

7
.
9
5

3
3
.
6
 

x
=
0
.
1
0
y
=
0
.
0
5

3
2
3

2
4
.
8

1
.
3
7

0
.
2
6
3

5
.
2
1

0
.
2
4
2

5
.
6
6

9
2
.
3
 

x
=
0
.
1
0
y
=
0
.
0
5

1
2
9

1
4
.
4

1
.
3
7

0
.
1
0
5

1
3
.
1

0
.
0
9
3

1
4
.
7

8
8
.
8
 

x
=
0
.
1
5
y
=
0
.
1
2

1
2
9
1

8
4
0

1
.
7
7

1
.
0
5

1
.
6
9

0
.
3
6
7

4
.
8
2

3
4
.
9
 

=
0
.
1
5
y
=
0
.
1
2

3
2
3

5
6
.
3

1
.
7
7

0
.
2
6
3

6
.
7
3

0
.
2
1
7

8
.
1
5

8
2
.
5
 

x
=
0
.
2
5
y
=
0
.
1
9

1
2
9
1

9
7
8

2
.
8
2

1
.
0
5

2
.
6
9

0
.
2
5
4

1
1
.
1

2
4
.
2
 

x
=
0
.
2
5
y
=
0
.
1
9

6
4
5

3
7
8

2
.
8
2

0
.
5
2
5

5
.
3
7

0
.
2
1
7

1
3
.
0

4
1
.
3
 

x
=
0
.
2
5
y
=
0
.
1
9

3
2
3

3
.
0
0

2
.
8
2

0
.
2
6
3

1
0
.
7

0
.
2
6
0

1
0
.
8

9
9
.
0
 

197

 
 

 
 

 
 

 
 

 
x
=
0
.
2
5
y
=
0
.
1
9

1
6
1

3
.
1
3

2
.
8
2

0
.
1
3
1

2
1
.
5

0
.
1
2
9

2
1
.
9

9
8
.
1
 

 



Irrespective of the level of thiol functionalization of the mesostructure and

synthesis method used to form the mesostructure, each composition was able to reduce

the arsenite concentration by 95% or more, provided that the overall SH/As(III) ratio was

2 5, or more preferably 2 10. For > 95% As(lII) removal by MP-HMS with x=0.10,

0.20, and 0.30, a thiol: As ratio of at least 10:1 is needed. For MP-HMS with x=0.40 and

0.50, quantative arsenite trapping is observed at a 5:1 mercaptan to arsenite ratio. The

MP-HMS silicas with x=0.10 and 0.20 were efficient at adsorbing arsenite at initial

concentrations of 322 ppm and below. MP-HMS with x=0.30 was able to reduce initial

concentrations of 645 ppm by 95%. MP-HMS with x=0.40 and 0.50 were efficient for

trapping arsenite at initial concentrations of 1290 ppm. Hypothetically, a 1:1 mercaptan

to arsenite adsorption should be possible. It would seem however that not all the thiol

groups are accessible or there is not a one-to-one binding of arsenic(III).

The larger pore foams did not outperform the smaller pore mesostructures as

might have been expected. The same 10:1 excess of thiol to arsenite ratio was needed for

efficient trapping of arsenite by MP-MCF as MP-HMS. Higher levels of arsenite uptake

might have been achieved if a higher degree of functionalization beyond x values of 0.30

could have been accomplished for the foam structures.

For arsenite uptake by dual functionalized MP+AP-HMS, the mercaptopropyl

ligands also need to be in excess of the arsenite. Specifically 10:1 excess of mercaptan to

As(lll) is needed to attain 99% removal. For MP + AP-HMS with x=0.10 or 0.15 the

uptake of As(lII) is comparable to MP-HMS derivatives with x=0.10 or 0.20 (98%

removal of arsenite at 161 ppm). The similarities between the mercaptopropyl

functionalized HMS silica and the dual functional HMS indicated that the
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mercaptopropyl organic content is the main factor determining arsenite uptake. The

amine moiety plays no role in facilitating arsenite uptake. However, the dual

functionalized silica does reduce the arsenite levels to the lowest final concentration

observed, namely 3 ppm.

Increases in framework thiol functionalization result in comparatively small

increases in arsenite binding. This suggests that only a fraction of the framework sites

are active for arsenite binding. Special mercaptan sites are involved in trapping the

arsenite or the arsenic(III) binding mechanism involves multiple thiol-arsenite

interactions. Raman spectroscopy was utilized in an attempt to elucidate the mechanism

for binding arsenite to mercaptan. The spectra are shown in Figure 5.8. The mercaptan

S-H stretch appears as a strong band at 2560 cm".23‘24 A weak band at 510 cm'I

assigned to a S-S stretch indicated the presence of a small amount of disulfide due to the

air oxidation of adjacent thiol groups on the surface of the mesostructure.24 The C-H

stretch appears as a strong band 2900 cm".24 The S-H stretch at 2560 cm'l decreased as

the arsenite loading increased, indicating that the trapping of arsenite is due to the

formation of an As-S bond. No change in the intensity of the S-S stretch at 510 cm'1 was

observed with any arsenite binding, ruling out the interaction of the disulfide moiety with

arsenite. The disulfide is present in the initial mesostructure due to oxidation of

neighboring thiols during the synthesis of MP-HMS. The As-S stretch is present in the

range of 212-450 cm".25‘26 The As-O has a strong symmetric stretch around 850 cm’l

27

and a strong anti-symmetric stretch around 415 cm". A stretch at 375 cm'l is present

in the mesostructures with adsorbed arsenite; however, it is present in the parent material
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MP-HMS with x=0.50 as well. Nonetheless, this stretch does grow significantly with

arsenite adsorption, indicating the presence of an As-S bond.

The possibility that arsenite was oxidized to arsenate by exposure to the air was

investigated. The MP-HMS mesostructure was loaded with 322 ppm As(III) and a

titration for determination of As(V) was done by adding I' to the filtrate and titrating the

'6 The titration results showed theremixture to a clear end point with sodium thiosulfate.

was no As(V) present. By ruling out reaction of arsenite with disulfide and oxidation of

arsenite to arsenate, it is possible to propose a binding mechanism involving an arsenite-

mercaptan reaction. The proposed binding mechanism involving the formation of

thioarsenite is shown in Scheme 5.1.

 
 

HO OH

—O

O 781 S—As OH '1' H20

_0 ('31... Scheme 5.1.
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At least one As-S bond is proposed, but two or even three bonds are more likely

based on the excess of mercaptan needed for quantative arsenic adsorption. The MP-

HMS with x=0.40 and 0.50 are able to quantatively adsorb arsenite at an overall SH: AS

(111) ratio of 5: 1, half that of the other mesostructures. MP-HMS derivatives with x=0.40

and 0.50 have high loadings of mercaptans (twice that of x=0.20), and thus, there is a

greater chance for binding of arsenite to two or three adjacent SH centers.

The nucleophilic displacement of the As-OH bonds by mercaptan groups results

in thioarsenite formation and the release of water in the process. The displacement of As-

OH bonds by thiol is a known mechanism for arsenate reductase, which catalyzes the

reduction of arsenate to arsenite in order to detoxify prokaryotes and eukaryotes

systems.28

In addition to the possible coordination of arsenite by multiple mercaptan ligands,

another possible explanation for the inability of all the mercaptan ligands to bind in a

one-to-one manner with the arsenite is related to the accessibility of the thiol groups. The

Raman spectra do not rule out the possibility that arsenite might be coordinating to

special thiol sites. Limited presence of these “special” sites might be a reason that

binding of one ligand to one arsenite is not observed. Most of the thiol moieties may be

pulled back onto the wall of the mesostructure by van der Waals interactions, and are not

dangling from the surface like pendent groups. But with increased functionalization,

steric effects might cause some of the mercaptan moieties to protrude out into the pore

and those protruding organic groups are more accessible for arsenite binding.
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Figure 5.8. Raman spectra of functionalized (SiO2)..x (LSiOts)x compositions

(L=mercaptopropyl) with a wormhole framework structure (denoted MP-HMS) afier

binding of arsenite at the SH/As levels shown. The spectra are offset on the y-axis for

clarity.
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5.4.2 Arsenate Trapping

As previously discussed in Chapter 1, the functionalization of silica

mesostructures with amines is quite difficult to achieve via the direct-assembly method.

One possible reason for this is mesostructure collapse due to the basic character of the

amine which can contribute to the local hydrolysis of the organosilane reagent in the

presence of water.29 An aminopropyl functionalized mesostructure was prepared by

direct assembly, under near neutral pH conditions using an alkylamine as the porogen.

This structure is denoted AP-HMS. The physical properties are given in Table 5.5. An

attempt was made to synthesized AP-HMS with x=0.10, 0.20, and 0.40. However, AP-

HMS compositions with x=0.40 formed no precipitate. The surface areas for AP-HMS

with x=0.10 and 0.20 are around 70% lower than MP-HMS mesostructures. Yet these

AP-HMS silicas have high pore volumes (1.00 and 1.22 cm3/g respectively) which is

advantageous for trapping materials. Not only was it not possible to prepare higher

functionalized structures, but only 60% of the added organosilane added was actually

incorporated into the framework as determined by 29Si MAS NMR and elemental

analysis. For AP-HMS with x=0.10 aminopropyl added, the actual aminopropyl

incorporation was x=0.05. For AP—HMS with x=0.20 aminopropyl added the actual x

value was x=0.10. The x value given throughout this work will refer to the actual amount

incorporated.

AP-HMS was characterized by nitrogen adsorption desorption. The isotherms are

shown in Figure 5.9. Both mesostructures have typical type IV isotherms with a well-

defined mesopore step at partial pressure between 0.4 and 0.6 signaling the presence of
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uniform mesopores. The products do show high textural porosity, which is taken to be

the void space between particles.

The TEM images of AP-HMS with x=0.05 and 0.10 are shown in Figure 5.10.

Both images illustrate a wormhole framework, which is the expected morphology for

mesostructures prepared via hydrogen bonding pathway, not an electrostatic assembly

pathway. The loading of the amine functional groups was not as high as that of the

mercaptan functionalized materials used for arsenite adsorption. In turn, with a lower

organic loading, lower arsenate adsorption is expected.

Table 5.5. Physical properties of functionalized (Si02)1.x(SiOl,5L)x compositions where

L=aminopropyl with a wormhole framework, denoted AP-HMS.

 

 

 

cho xobs“ NH; Pore volumeb Pore diameterc SA“

mmol/g cm3/g nm mz/g

x=0.10 0.05 0.75 1.00 ' 2.4 707

x=0.20 0.10 1.43 1.22 3.1 426        
 

ax-value determined by 9Si MAS NMR. l’Total pore volume at P/PO=O.98 cBJH pore

diameter size determined from adsorption branch of nitrogen isotherm. dSurface area

determined by BET model.
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Figure 5.9. Nitrogen adsorption-desorption isotherm for functionalized (Si02)1.x

(LSiOI.5)x compositions (L=aminopropyl) with a wormhole framework structure, denoted

AP-HMS.

205



 
Figure 5.10. TEM images for functionalized (Si02)l.x (LSiOI.5)x compositions

(L=aminopropyl) with wormhole framework structure, denoted AP-HMS.

206



Table 5.6 is a comparison of arsenate adsorption by AP-HMS with x=0. 10,

MP+AP-HMS with varying x and y loadings. Included for comparison are amine

functionalized hexagonal MCM-41 with x=0.10, 0.20, and 0.30 and cubic SBA-lwith

x=0.20, 0.30, and 0.40ll mesostructures that have been used for arsenate adsorption. The

functionalization of MCM-41 and SBA-1 was accomplished by grafiing. Grafting is the

process by which an organic moiety is anchored onto a silica surface through

condensation of surface silanols with alkoxy groups of an organosiloxane. MCM-41 and

SBA-1 were grafied with an aminopropyl, l-(2-aminoethyl)-3-aminopropyl, or

propyldiethylenetriamineH ligands denoted AP, NN, and NNN, respectively. All AP-

HMS, MCM-41, and SBA-1 mesostructures for arsenite adsorption were protonated

before adsorption by stirring in 0.1 M HCl for 4 h. An attempt was made to adsorb

arsenate on non-protonated AP-HMS, but the resulting arsenate uptake was less than 2%.

Protonation of the mesostructure is necessary because the binding mechanism of arsenate

involves electrostatic interaction between the anionic arsenate and the cationic amine.

For the amine to be cationic it must be protonated; in all cases protonation was

effectively accomplished by acidification of the mesostructure afier synthesis, but before

arsenate adsorption.

Protonated AP-HMS with x=0.10 adsorbs an amount of arsenate equivalent to the

hexagonal NN MCM-41 and the cubic AP-SBA-l, provided that the overall Nib/As(V)

ratio is 26. The small difference in uptake can be in part attributed to MCM-41 having

hexagonal pore morphology thus there is a greater chance for pore blockage when

grafting the functional group as well as possible pore blockage by the arsenate. SBA-1 is

a cubic structure with thick walls and a cage-type pores as opposed to the wormhole pore
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morphology of MP-HMS. The cage-type pores might allow for greater accessibility of

larger molecules such as arsenate. Furthermore, the reduction of concentration of

arsenate is comparable for all three materials. Protonated AP-HMS is able to trap 91% of

the arsenate present in a 321 ppm solution, provided that the overall NHz/As(V) ratio is

~6. An equivalent uptake was found for NNN MCM-41, indicating the wormhole

morphology of the HMS definitely improves accessibility to the functional sites. It takes

three times as many amines to reduce the arsenate concentration to the same value as

with a monoamine on HMS. Under the same conditions, NNN-SBA-l reduces the

arsenate concentration by 99%. This suggests that large pores and high amine loading

provide for an effective trapping agent. Arsenate uptake, like arsenite uptake requires a

large excess of amine groups in the mesostructure. At the pH used, arsenate should have

a -1 charge, and the protonated amine has a +1 charge. Thus, a 1:1 electrostatic binding

would be expected. However, the ratio of ligand to arsenate necessary for quantative

uptake of arsenate was around 10:1 for each mesostructure (MCM-41, SBA-1, and AP-

HMS) and was never 1:1 even when the trapping agent was exposed to a large excess of

arsenate.

A dual functionalized mesostructure was prepared and utilized with the idea that

mercaptopropyl moieties are selective for arsenite binding and aminopropyl moieties are

selective for arsenate trapping. This approach might provide an effective remediation

media that would adsorb both forms of arsenic. The protonated MP+AP-HMS is

effective for arsenate (and arsenite) trapping. The organic loadings of AP-HMS and

MP+AP-HMS are very similar with 1.43 and 1.7 mmol NHz/g, respectively. The

arsenate trapping is slightly better for the dual functional material than the aminopropyl
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alone, 98% versus 90%, respectively, under comparable conditions. For all

mesostructures there does need to be substantial excess of total amine ligand to total

As(V) in the reaction system. The ratio of aminopropy11arsenate 2 6.0 was needed for

quantative uptake of arsenate by MP+AP-HMS or AP-HMS. However, the dual

functional MP+AP—HMS is able to reduce the concentration of arsenate to one of the

lowest reported of any mesostructure namely, 5 ppm. One explanation for the improved

arsenate trapping by the dual functional mesostructure is the thiols might play a role in

arsenate reduction.

The occurrence of some very interesting chemistry for arsenate adsorption to

MP+AP-HMS was observed by Raman spectroscopy (Figure 5.11).
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Figure 5.11. a. Raman spectrum of functionalized (Si02)1.x (LSiOI.5)x with x=0.50

composition (L=mercaptopropy1), denoted MP-HMS after arsenate adsorption SH/As

(V)=5.0. b. Raman spectrum of functionalized (Si02)1.(x+y) (LSiOu)x (L'SiOLs)y

compositions (L=mercaptopropyl, L'=aminopropyl) with a wormhole framework

structure, denoted MP+AP-HMS. c. and d. Raman spectra of functionalized (Si02)|.(x+y)

(LSiOLs)x (L'Si01.5)y compositions (L=mercaptopropyl, L'=aminopropyl) with a

wormhole framework structure, denoted MP+AP-HMS for arsenate adsorption; afier

binding of arsenate at the NHz/As (V) levels shown. The spectra are offset on the y-axis

for clarity.
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The thiol Raman band is retained for the protonated mesostructure as evidenced

by the S-H stretch at 2560 cm'1 .23‘24 However, a decrease in the S-H stretch was observed

with arsenate trapping. No change in intensity of this stretch was expected upon

exposure to arsenate because the arsenate showed no affinity for MP-HMS. Furthermore,

a change in the intensity of the S-S stretch at 510 cm'1 was observed with arsenate

binding, signaling an increase in the amount of disulfide present with arsenate loading.

The disulfide is initially formed through the oxidation of neighboring thiols during the

synthesis of MP+AP-HMS. The increase in the intensity of the disulfide band with

exposure to arsenate loading indicates that arsenate is being reduced to arsenite by the

thiol, which is acting as a reducing agent. In turn, the thiol is being oxidized to disulfide.

Moreover, the As-S stretch,25 in the region of 375-450 cm'1 grows in intensity with

arsenate adsorption. This indicates the trapping of arsenite through reaction with the

remaining thiol. The reactions are shown below:

2 [HzAsO4l' + 6 RSH —> 2 [H3AsO3] + 3 RS-SR + 2 H20 Equation 5.5

RSH + [H3AsO3] -—> RS-As(OH)2 + H20 Equation 5.6

The Raman spectrum of MP-HMS with x=0.50 after trapping of arsenate is shown

in Figure 5.11. No arsenate adsorption occurred on the MP-HMS with x=0.50 and no

increase in Raman intensity was observed at the frequency expected for an As-S stretch.

There is no doubt that the change in the intensity of the As-S band for the MP+AP-HMS

samples is due to the adsorption of arsenite. To further determine if the arsenite was

indeed being trapped by the thiol, the arsenate filtrate after exposure to the MP+AP-HMS

trapping agent was examined for the presence of arsenite. The titration for arsenite was

done under basic conditions, so that any arsenite in solution was oxidized to arsenate by
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12. It was verified that no arsenite was in the MP+AP-HMS filtrate exposed to arsenate

and therefore must have been trapped by the remaining thiol. Although this reduction

reaction of arsenate by thiol was unexpected, it is not unprecedented.

In the biologically important arsenate reductase mechanism, the system by which

arsenate is reduced to arsenite in the body in order to rid itself of the pollutant, a

deprotonated thiol (from a cysteine) binds arsenate.28 Thiol is then oxidized to disulfide,

and the arsenate is reduced to arsenite with a concomitant release of water. The reaction

for the arsenate reductase mechanism is illustrated below:

2RS' + [Ast(OH)2]' —> [Ast(OH)]2' + RS-SR + OH'

This thiol-and amine-rich environment involved in the arsenate reductase

mechanism is mimicked in the dual functionalized HMS system. So although arsenate

has no affinity for the mercaptan functionalized HMS, in a system like a biological one,

which is rich in amines and thiols, a more suitable trapping environment is created. The

arsenate is trapped by the protonated amines and then is reduced by the thiol to arsenite.

The thiol is oxidized to disulfide, but the arsenite is then trapped by the remaining

unoxidized thiol.

It is prudent to examine the “lock-and-key” process proposed by Fryxell,30 where

the coordination of the arsenate is like the insertion of a key, while the displacement of

the ethylenediamine ligand corresponds to the opening for trapping arsenate. The

Cu(en)3 complex is approximately octahedral, the first two en ligands being strongly

bound and the third being still labile.l0 In the computer modeling, the cationic octahedral

complex contains an electrophilic basket with C3 symmetry that forms an ideal host for a

tetrahedral anion.l0 The coordination of arsenate (hypothesized to be through an
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oxygen) to immobilized Cu(II) is an effective method to trap arsenate; up to 99% removal

is possible.'4 Expanding upon this method, Yoshitake et a1. examined use of other

transition metals, Fe“, Co”, Ni”, and Cu2+ immobilized by ethylenediamine ligands

grafied on MCM-41 and MCM-48.l3 The iron and cobalt were the central cations that

were superior to the other metals in terms of arsenate adsorption capacities and

selectivity. As opposed to Fryxell’s work, Yoshitake protonated the ethylenediamine

functionalized material before adsorption of the metal centers. EXAFS was done on the

transition metal loaded mesostructure as well as the arsenate loaded mesostructure, and it

was determined that the coordination of the immobilized metal centers were M(en)2Cl'n

and M(en)Cl'.. , not M(en)3 as hypothesized by the other reported work.ll Based on the

EXAFS results, the model of adsorption proposed is two arsenate ions are directly

coordinated to Fe“ center, and the another is bound in the outer sphere to compensate the

positive charge of the ferric cation. No explanation was given by either work as to the

discrepancy between the coordination of the arsenic. One work reports the arsenate is

coordinated through an arsenic-transition metal bond.ll As opposed to the other work, in

which coordination of the arsenate is between the transition metal and an oxygen of the

arsenate.l4

Although a transition metal coordinated by ethylenediamine functional groups

does trap arsenate, the method is not one of choice. The metal center might possibly

leach out, and adding metals to an already polluted area is never the goal. Furthermore,

the method is complex and involves a many step—synthesis for the mesostructure, grafting

of the ligand, adsorption of the transition metal, and finally, adsorption of the arsenate.
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Efficient arsenate removal can be accomplished by electrostatic interaction of a

protonated amine and anionic arsenate.

5.5 Conclusion

5.5.1 Arsenite Adsorption

Three mesostructures have been demonstrated to be selective and proficient

adsorbents for toxic arsenite. This is the first time the remediation of arsenite by a

mesoporous material has been reported. It is also the first time a dual functionalized

mesostructure has been utilized in arsenic trapping. Arsenite concentration was reduced

by up to 99%. Moreover, this adsorption method of arsenite by mercaptopropyl

functionalized mesostructures requires no additional steps of oxidation of arsenite to

arsenate, protonation of the material, or immobilization of other metals before the

trapping of arsenite may be accomplished. In addition to the ease of trapping

demonstrated, the material itself is prepared in a simple one-pot synthesis with the

template being removed by Soxhlet extraction, which allows for recovery and ability to

recycle the surfactant.

Experimental evidence illustrates that the arsenite coordinates directly to the

mercaptan for formation of thioarsenite and release of water. Although the arsenite

adsorbed increases as the loading the functional group increases, as would be expected,

further information on the binding mechanism of the arsenite to mercaptan needs to be

examined further. At low loadings of mercaptans, x=0.10-0.30, arsenite uptake is

quantative up to a 10:1 mercaptanzarsenite ratio. For the higher functionalized MP-HMS

structures with x=0.40 and 0.50, quantative uptake of arsenite is observed until a ratio of

5:1 mercaptanzarsenite. The increased uptake of arsenite with increasing
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functionalization can be attributed to either a greater number of ligands present for

greater uptake of arsenite or that coordination of arsenite by mercaptans is not in a 1:1

ratio. In the higher functionalized mesostructures there is a greater probability of

mercaptans being adjacent to each other. As a result, they may be able to coordinate two

or three mercaptans to the arsenite, or both mechanisms could be correct. The MP-HMS

with x=0.40 and 0.50 are more likely to have a greater number of mercaptan moieties in

close proximity to each other. This closeness might allow for multiple As-S bonds to be

formed. The presence of disulfide, from the oxidation by air of two adjacent mercaptans,

is observed in all loadings of MP-HMS. This indicates that some of the ligands are in

very close proximity to each other regardless of organo loading. Investigation of

regeneration and the ability of MP-HMS to reduce arsenite levels to those accepted by the

EPA for drinking water are the next steps for this study.

5.5.2 Arsenate Adsorption

Aminopropyl functionalized mesostructures have been shown to be successful for

trapping arsenate, provided the amine is protonated to allow for an electrostatic

interaction between the cationic amine and anionic arsenate. The directly-assembled AP-

HMS was able to reduce arsenate concentration by 90% with a six-fold excess of amine

with respect to arsenate. Nonetheless, NN and NNN-SBA-l,ll which had a greater

amount of amines incorporated by the grafting method of functionalization (3.33 and 4.39

mmol NHz/g respectively), were able to reduce concentrations of arsenate by 98%, again

with an excess of amine ligand. An AP-HMS with comparable organic loadings was

not successfully prepared. All mesostructures quantatively adsorbed arsenate up to

around a 10:1 ligand to arsenate ratio, a 1:] binding was not observed for any
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mesostructure even with excess ligand. For comparable levels of aminofunctionalization,

the wormhole structure of HMS mesostructures or cubic pore structure of SBA-1

materials allow for greater accessibility to the active sites than the hexagonal morphology

of MCM-41 mesostructures.

Dual mercaptopropyl and aminopropyl functionalized HMS can be synthesized in

a simple one-step process with high levels of organic loadings possible. The MP+AP-

HMS mesostructure is very utilitarian. Not only is it effective for arsenate trapping, but it

is also successful for arsenite remediation. The AP moieties need to be protonated for

arsenate adsorption; yet, this acidification does not affect the effectiveness of arsenite

adsorption. Furthermore, the MP+AP-HMS appears to mimic the biologically important

arsenate reductase mechanism. The protonated amine moieties coordinate to the

arsenate which in turn acts as an oxidizing agent to oxidize neighboring thiols to

disulfide. The arsenite formed as part of the oxidation/reduction mechanism, is in turn

trapped by the remaining thiols. Organically functionalized mesostructures are

potentially valuable arsenic remediation materials.
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