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CHAPTER I

INTRODUCTION

The ability to create breathable air by removing impurities is an integral tech-

nology in modern society. Adsorbent materials are currently used to accomplish this

task; however, it is advantageous to develop next generation separations technologies

to target extreme air puri�cation.

Adsorbent materials design takes into account two distinct types of adsorp-

tion. Physical adsorption is a non-speci�c type of adsorption that occurs when the

attractive forces between gas molecules and the adsorbent surface dominates over

the repulsive forces. At ambient conditions, this occurs in pore sizes similar to the

adsorbate molecular diameter.1,2 Chemisorption results from active sites present on

the adsorbent that chemically bond the adsorbate to the surface.3

The intent of this project is to develop next generation adsorbent materials

for removing light gases from air. Applications of this project range from developing

adsorbent materials for use in military and �rst responder protective masks to devel-

oping adsorbents for use in industrial �lters. Both applications require materials that

are e�ective against a broad range of compounds, including toxic industrial chemicals

and chemical warfare agents. Light toxic gases at low concentrations are often the

most di�cult to target for removal because of their high volatility; thus, these types

of gases will be targeted during development.

In this research, adsorbent materials are synthesized and characterized based

on their ability to remove a representative basic gas, ammonia, and a representative

acidic gas, sulfur dioxide. This project focuses on producing biphasic adsorbents so

that each phase can be optimized for the removal of one type of light gas. In most

chapters, a hexagonal ordered mesoporous silica, MCM-41, is used as the sca�old
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phase for the composite materials. This ordered siliceous material has an inherent

capacity for ammonia due to hydrogen bonding of ammonia with the hydroxyl groups

on the silica material.4�7

In Chapter 2, various metal salts are impregnated into MCM-41. A statistical

analysis is performed to determine the metal salt which best enhances the ammonia

capacity of the siliceous support. A temperature study is also performed to determine

the conditioning temperature that results in the highest ammonia capacities.

Chapter 3 also focuses solely on ammonia adsorption. In this chapter, MCM-

41 is impregnated with copper nitrate and a metal organic phase is grown from the

parent material. This mesoporous silica-metal organic composite (MSMO) is found

to have a higher ammonia capacity than the parent MCM-41. The MSMO is also

more stable than the corresponding metal organic framework material.8

Chapter 4 focuses on impregnating MCM-41 with a carbonaceous phase to

enhance the sulfur dioxide capacity of the composite material. Two di�erent carbona-

ceous phases are investigated, a furfuryl alcohol-based carbon phase and a sucrose-

based phase. These carbon silica composite (CSC) materials are then impregnated

with metal salts and tested for their sulfur dioxide and ammonia capacities. Both

carbon phases are found to enhance the sulfur dioxide capacity of the parent silica

support. However, impregnating either phase with metal salts does not enhance ei-

ther the ammonia or sulfur dioxide capacities compared to the unimpregnated CSC

materials.

In Chapter 5, various organoalkoxysilane molecules are grafted onto the MCM-

41 siliceous support. These organoalkoxysilane molecules contain amine and carbonyl

functional groups that are found to enhance the sulfur dioxide and ammonia capaci-

ties, respectively, of the composites. Grafting two molecules, one containing an amine

and one containing a carbonyl group, onto the MCM-41 support produces a material

with high capacity for both sulfur dioxide and ammonia.
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A di�erent support phase is investigated in Chapter 6. An organoalkoxysilane

molecule containing a carbonyl group is grafted onto a zirconium hydroxide substrate.

The base zirconium hydroxide has a high sulfur dioxide capacity,9�12 and grafting

with the carbonyl group enhances the ammonia capacity of the composite. A new

method for analyzing these organoalkoxysilane grafted materials is also investigated;

speci�cally, di�use re�ectance infrared spectroscopy is used in conjunction with a

reaction chamber to analyze the changes in the composite after exposure to ammonia

and sulfur dioxide.

Finally, Chapter 7 summarizes the major conclusions determined as a result

of this research. It also makes recommendations for future work that have been

identi�ed as a result of this research.
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CHAPTER II

MCM-41 IMPREGNATED WITH ACTIVE METAL SITES: SYNTHESIS,

CHARACTERIZATION, AND AMMONIA ADSORPTION

2.1 Introduction

Mesoporous materials with ordered pore structures and large surface areas

have shown promise for use in industrial applications ranging from air to water pu-

ri�cation. MCM-41,1 which is a member of the M41S family of siliceous materials, is

one popular example of this type of structured mesoporous material. MCM-41 has a

hexagonal close-packed structure composed of unidirectional cylindrical channels ar-

ranged in a hexagonal manner.2 This ordered mesoporous material has a high surface

area and is an ideal backbone for a well characterized adsorbent.

Ammonia is widely used as an industrial chemical, yet at too high a concentra-

tion, it is also hazardous to human health.3 When ammonia must be removed from

waste streams in industrial settings, activated carbons are generally used.4 These have

a large pore size distribution that provides macropores and mesopores to enhance the

transport properties throughout the adsorbents and micropores that provide capacity

for physical adsorption due to their strong potential wells.5 Siliceous materials have

also been found to have an a�nity for ammonia adsorption due to hydrogen bonding

interactions between ammonia and hydroxyl groups on the silica surface.6�8 Ordered

mesoporous silicas such as MCM-41 are useful materials for ammonia adsorption due

to their high adsorptive potential for ammonia, which is higher than that of unim-

pregnated carbons.9 Ordered silicas have high adsorption potential for ammonia due

to their polarity; since carbon is a nonpolar substrate, its ability to interact with polar

molecules such as ammonia is limited. Similar to current activated carbon materials,

ordered mesoporous materials can also be impregnated with active sites to provide
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chemisorption potential within the adsorbent.10�17 This would provide both a base

structure and impregnants with a�nity for ammonia adsorption.

Historically, metal salts have been impregnated within activated carbons to

provide active sites for chemisorption.18,19 Metal salts that have been studied specif-

ically for ammonia removal include zinc chloride20 and basic copper carbonate.22

Sulfate containing compounds have also recently been studied for their e�ects on am-

monia removal.23 Transition metal ions such as copper and iron are reactive due to

their un�lled 3d molecular orbitals.24 Ammonia complexes with the reactive centers

of the transition metal complexes, thereby forming weakly chemisorptive coordina-

tion compounds.25 The incorporation of zinc reactive sites into MCM-41 for use as

a catalyst has been studied extensively.5,26 The literature in this area is unclear,

however, regarding whether the ammonia complexation a�nity stems from the metal

cation, the salt anion, or from interactions with the entire compound.

Due to the importance of ammonia removal via coordination with metals and

the relatively uncharted area of metal salt precursor optimization, the objective of

this study is to identify material compositions and preparation techniques that lead

to a high ammonia removal capability. To accomplish this, a designed experiment is

conducted to measure the e�ects of metal type, anion type, metal oxidation state,

sample pH, and drying temperature on the impregnated MCM-41 materials. The

results are analyzed statistically to determine the most important factors yielding

high ammonia capacities, and they are also related to the structural characteristics

of the metal impregnated samples. After analyzing the ammonia capacities of these

samples, the concentration of metal salt in the impregnated material with the highest

ammonia capacity is optimized. The most promising samples are characterized via

pH measurements, XRD, and N2 adsorption isotherms.
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2.2 Experimental Methods

Materials

Tetramethylammonium hydroxide pentahydrate, TMAOH,(97 %),tetramethy-

lammonium silicate solution, TMASi, (99.99 %, 15-20 wt % in water), and sulfuric

acid (95.0-98.0 %) were purchased from Sigma Aldrich. Hexadecyltrimethylammo-

nium chloride, CTAC, (25 %) in water was purchased from Pfaltz and Bauer. A

solution of ammonium hydroxide (29 wt %) in water, Cab-O-Sil M5, and anhydrous

zinc chloride were purchased from Fisher Scienti�c. All metal salts were purchased

from Fisher Scienti�c and were ACS grade chemicals.

MCM-41 synthesis

The base siliceous MCM-41 material with a 37 Å pore was synthesized based

on the procedure outlined by Glover et al.28 Brie�y, a solution of 2.4 g of 29 wt

% ammonium hydroxide and 21.2 g of 25 wt % CTAC was mixed with a solution

of 3.04 g of TMAOH and 20 g of 10 wt % solution of TMASi. 4.5 g of Cab-O-

Sil M5 fumed silica was added to the solution, forming a reaction gel with molar

ratios SiO2:0.2CTAC:0.4TMAOH:0.03NH4OH:0.13TMASi:26.1H2O. The reaction gel

was stirred for 30 minutes and placed in a Te�on-lined autoclave and held at 80 ◦C

in an oven for 24 hours. The autoclave was removed from the oven after 24 hours,

cooled to room temperature, and titrated to a pH of 10.0 using concentrated sulfuric

acid. It was then returned to the oven and this titration procedure was repeated

every 24 hours for a total of 3 titrations. After the third titration, the reactor was

returned to the oven and held at 80 ◦C for a �nal 24 hours. The product was �ltered

and washed with distilled water to remove the remaining surfactant and allowed to

dry at room temperature for 48 hours. The calcination procedure used to burn the

surfactant from the MCM-41 involved heating the as-synthesized MCM-41 in air from

room temperature to 540 ◦C at a rate of 1 ◦C/min and holding the sample at 540 ◦C

for 10 hours.
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Metal impregnation

To produce the initial metal salt-impregnated MCM-41 samples, a wet impreg-

nation27 was performed. A predetermined weight of metal salt and 0.6 g of MCM-41

were stirred in an aqueous solution for 18 hours. Unless otherwise speci�ed, the metal

salt impregnation amount corresponded to a Si/metal atomic ratio of 5. After stir-

ring, the aqueous solutions were evaporated in air at 120 ◦C for 2 hours and then

half of the resulting dry, impregnated, MCM-41 was heated in air in a tube furnace

from room temperature to 250 ◦C with a 5 ◦C/min increase and held at 250 ◦C for 2

additional hours. Thus, each metal salt impregnated material heated to two di�erent

temperatures was derived from the same batch of material. Previous work in our

research group has focused on carbon silica composite materials, consequently the

two conditioning temperatures were chosen to give some insight into the behavior of

the metal salt impregnants at low carbonization temperatures in case these samples

are used as the silica phase for future CSC materials.28

Three metals and four di�erent anions were chosen for investigation in this

work. The metals, which have the potential for interacting strongly with ammonia,

were zinc, copper (I and II), and iron (II and III).5,18�20,22,29�32 The anions include

the sulfates, carbonates, nitrates, and chlorides of the metals. These pairs resulted

in impregnating a total of 14 di�erent metal salts into the MCM-41. Table 2.1 sum-

marizes the samples investigated in this work, as well as the oxidation state of the

metal in each material. Two batches of MCM-41 were used to make a replicate of

each impregnated material at both conditioning temperatures.

Statistical analysis of data was performed using the software package JMP 8.0.

The models used to describe the data represent standard least squares linear regression

analyses. P < 0.05 was considered statistically signi�cant. In all models, ammonia

capacity was set as the dependent variable and the cations and anions were set as

individual independent variables. Based on experimental data, linear combinations of
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Table 2.1: Metal salts used for impregnation and oxidation state of the metals.

Metal Ion

Anion Zn+2 Cu+1 Cu+2 Fe+2 Fe+3

Cl−1
√ √ √ √ √

NO−13

√
-

√
-

√

SO−24

√
-

√ √ √

CO−23

√
-

√
- -

each cation and anion were used to calculate coe�cients for each independent variable

within the model. The result is a predictive model equation that can be used to de�ne

the importance of each anion and cation at enhancing ammonia capacity.

Drying procedure

An initial study was performed to determine how the conditioning temperature

of the metal salt impregnated materials a�ected the ammonia capacity. Five condi-

tioning methods were tested on ZnSO4-impregnated MCM-41 with a Si/Zn atomic

ratio of 5. The conditioning methods were (1) drying under vacuum at room temper-

ature, (2) heating in a convection oven at 60 ◦C until dry, (3) heating in a convection

oven at 120 ◦C for 2 hours, (4) initial heating at 120 ◦C for 2 hours and additional

heating using a tubular furnace at 250 ◦C for 2 hours, and (5) initial heating at

120 ◦C for 2 hours and additional heating using a tubular furnace at 540 ◦C for 10

hours. The latter conditioning method mirrors the calcination procedure of the par-

ent MCM-41 material. In this case, the impregnated ZnSO4 will experience thermal

conditions that are the same as during MCM-41 synthesis; consequently, this heating

step mimics the thermal decomposition of the metal salt that would occur if it were

impregnated into the MCM-41 reaction gel during synthesis.
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Materials characterization

Nitrogen isotherms

Adsorption isotherms were measured at -196 ◦C using a Micromeritics ASAP 2020

with UHP nitrogen as the analysis gas. Prior to measurement, approximately 0.1 g

of each sample was degassed for 8 hours, with heating to 120 ◦C and vacuuming to

10 µbar. Density functional theory (DFT) provided in the ASAP 2020 software was

used to calculate the pore size distribution.

X-ray di�raction

XRD was used to con�rm the long range structure of the MCM-41 and to con�rm

that the metal-impregnated samples also maintained the native MCM-41 structure.

The pro�les were measured using a Scintag X1h/h automated powder di�ractometer

with Cu target, a Peltier-cooled solid-state detector, a zero background Si(5 1 0)

support, and with a copper X-ray tube as the radiation source.

pH

The surface pH of the metal salt impregnated samples was measured using a Hanna

Instruments 8242 pH meter with a gel-�lled electrode. Determining the solution

pH is useful to indicate the overall acidity of the sample once dry; higher sample

acidity should correlate to higher ammonia capacity due to acid-base reactions during

adsorption.21 The pH was tested from a stirred solution of 0.1 g of the metal salt

impregnated sample and 10 mL of distilled water. The pH of four initial samples was

measured after 1, 2, 3, 4, 6, and 18 hours of stirring. As these exhibited minimal

di�erence after 4 hours, the pH of the remaining samples was measured after 4 and

18 hours of equilibration.

X-ray photoelectron spectroscopy

XPS was performed with a PHI Versaprobe XPS Microprobe analysis system manu-

factured by Physical Electronics, Inc. The apparatus was equipped with a monochro-

matic Al K(α) X-ray source (E=1486.6 eV). Survey spectra were collected over binding
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energies ranging from 1300 to 100 eV using a 1 eV energy step, 20 ms/step, with 10

cycles and 1 repeat/cycle. High resolution sulfur spectra collected over binding ener-

gies ranging from 175 to 160 eV using a 0.1 eV energy step, 50 ms/step, with 10 cycles

and 3 repeats/cycle. Surface neutralization was accomplished using 1.1 eV electron

neutralization and 10 eV argon ion neutralization. All spectra were analyzed using a

take-o� angle of 45◦. The pass energy was set to 58.7 eV for determination of atomic

ratios and binding energies were referenced to the silicon 2p peak. Deconvolution of

peaks was accomplished using 70 % Gaussian-30 % Lorenzian curves with a linear

background. All samples were analyzed twice; once with no additional treatment and

once after being crushed to a �ne powder using a mortar and pestle to expose the

inner surface of MCM-41. Since the XPS yields information on the top 30-50 Å of

the sample, the two analysis types allow for determination of the bulk amount of

metal salt throughout the sample, as well as determination of the amount of metal

salt clustered at the surface of the MCM-41 after impregnation.

Ammonia Adsorption

Equilibrium capacities for room temperature ammonia adsorption were measured

for all samples using a breakthrough apparatus, a schematic of which is shown in

Figure 2.1. The concentration of ammonia fed to the adsorbent bed was kept constant

at 1133 mg/m3 (1500 ppmv) in helium. The capacity of the adsorbent material, n

(mol ammonia/kg adsorbent), was calculated from

n =
F

m

∫ ∞
0

(C0 − C)dt (2.1)

where C0 is the feed concentration in units of mol/m3, and C is the e�uent concen-

tration at time t. F , the volumetric �ow rate of gas through the adsorbent bed, was

adjusted from 10 to 50 sccm to give a breakthrough time of approximately one hour.

The mass of the sample, m, was held constant at approximately 10 mg. The sample

was housed in a small cylindrical adsorbent bed. The ammonia capacity calculated
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using the breakthrough apparatus has a standard deviation on the order of 3%.

2.3 Results and Discussion

Materials characterization

Nitrogen isotherms

Two batches of parent MCM-41 used as the base material for impregnations were

characterized using nitrogen isotherms. Figure 2.2 depicts the nitrogen adsorption

isotherm at -196 ◦C for one batch. The isotherm is typical of a mesoporous MCM-41

material and is Type IV based on the IUPAC classi�cation scheme. The isotherms

exhibit an in�ection point at relative pressure, P/P0, of 0.3, which is characteristic

of capillary condensation in the mesopores. Hysteresis due to capillary condensation

is also evident in the desorption branch of the isotherm. Table 2.2 summarizes the

physical properties gleaned from the nitrogen adsorption isotherm for both batches.

The average pore size of the MCM-41 material was found to be similar for both

batches when analyzed using DFT.

Table 2.2: Physical properties of the parent MCM-41 as derived from nitrogen ad-
sorption isotherms.

Property MCM-41 batch 1 MCM-41 batch 2
SBET 930 m2/g 916 m2/g
Vpore 1.27 cm3/g 1.20 cm3/g
dDFT 34.0 Å 37.9 Å

The three impregnated materials with the highest average ammonia capacities,

MCM-41 impregnated with Cu(NO3)2 at 120 ◦C, ZnCl2 at 250 ◦C, and Zn(NO3)2 at

120 ◦C, were isolated and analyzed in more detail. Table 2.3 summarizes the ammonia

capacities and material characteristics derived from the nitrogen isotherms for these

samples.

The addition of metal salts within the MCM-41 resulted in approximately
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Figure 2.1 Schematic of breakthrough apparatus used to determine ammonia capaci-
ties.
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Figure 2.2 Nitrogen adsorption isotherm for the parent MCM-41 material
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a 40% decrease in the calculated BET surface area for the impregnated samples

compared to the parent material. According to the DFT analysis performed using

the software included with the Micromeritics ASAP 2020 porosimeter, the average

pore size of the samples decreased compared to the parent material. The decreases

in surface area and pore size result from the metal salts lining the interior walls of

the MCM-4113 due to metal salt uptake into the MCM-41 pores.

Four ZnSO4 impregnated MCM-41 samples were adjusted for pH using sulfuric

acid to monitor the e�ects of pH on ammonia capacity within a sample. Zinc sulfate

was chosen as the impregnant because it was previously studied in-depth at di�erent

conditioning temperatures. Nitrogen isotherms on these samples showed a decrease

in surface area and pore volume after modi�cation with sulfuric acid.

X-ray di�raction

In addition to the N2 adsorption isotherm, X-ray di�raction was also used to char-

acterize the parent MCM-41 material and is shown in Figure 2.3. A high degree

of structural ordering is indicated by the four discrete sharp peaks in the low angle

spectrum.33

As shown in Figure 2.4, X-ray di�raction analyses of the three metal-

impregnated samples with the highest ammonia capacities con�rmed that the zinc

and copper salt impregnated materials maintained the long range MCM-41 order.

This is indicated by the intense re�ection between the low angles of 2.0 and 2.8◦ 2θ,

which corresponds to the (1 0 0) basal plane. The materials also exhibit two peaks

between 4.0 and 5.0◦ 2θ, which correspond to the distance between planes (1 1 0) and

(2 0 0).

XRD was also used to characterize the structural change of four ZnSO4 im-

pregnated MCM-41 samples that were pH adjusted with sulfuric acid to monitor the

e�ects of pH on ammonia capacity within a sample. Figure 2.5 depicts the XRD

spectra for the four samples, and shows a decrease in the ordering of the MCM-41
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Figure 2.3 X-ray di�raction pattern for the parent MCM-41 material
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Figure 2.4 A representative small angle XRD scan for the Cu(NO3)2-MCM-41 sample
conditioned at 120◦C. When analyzed via XRD, all zinc and copper impregnated
materials are similar to this spectrum
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matrix with the addition of sulfuric acid. This is consistent with results from the

nitrogen isotherms, which depict a decrease in surface area and pore volume after

acid treatment.

XRD scans of the most e�ective metal salt-impregnated materials identi�ed

metal salt crystals in some samples. Speci�cally, the Cu(NO3)2-MCM-41 material

conditioned at 120 ◦C showed evidence of copper nitrate hydroxide peaks. As shown in

Figure 2.6, the spectrum acquired from this sample contains peaks at 12.7◦, 25.5◦, and

34◦ 2-theta, which correspond to the presence of copper nitrate hydroxide crystals.34

Similar scans of ZnCl2-MCM-41 conditioned at 250 ◦C and Zn(NO3)2-MCM-41 con-

ditioned at 120 ◦C did not exhibit the respective metal salt peaks. This is attributed

to the formation of small zinc salt crystals that are �nely dispersed throughout the

MCM-41 material.35

X-ray photoelectron spectroscopy

XPS was used to determine the quantity of zinc and sulfur in the ZnSO4 impregnated

samples that were used to determine the most e�ective conditioning method. These

are summarized in Table 2.4. It is evident that the ratio of zinc to sulfur in the 540 ◦C

sample is higher than that found in the other samples. The samples conditioned

at 120 ◦C and 250 ◦C have Zn/S ratios of approximately 1, whereas the sample

conditioned at 540 ◦C has a ratio of 1.9. This di�erence in Zn/S ratio between the high

and low temperature samples is consistent with sulfurous compounds being liberated

during the high temperature conditioning step and the zinc sulfate converting to

zinc oxide, with the zinc migrating within the walls of MCM-41.36,37 For additional

veri�cation of the rate process occuring at the high conditioning temperature, another

sample of MCM-41 impregnated with ZnSO4 was heated to 540 ◦C for three days. A

comparison of the XPS spectra for the two 540 ◦C samples and the control sample

conditioned at 120 ◦C is located in Figure 2.7. As shown in the �gure, there is no

sulfur peak present in the XPS scan after heating at 540 ◦C for three days. There
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Figure 2.5 XRD spectra for the pH-adjusted ZnSO4-MCM-41 impregnated samples.
The control sample maintains higher order than the acidic samples.

21



In
te

ns
ity

70605040302010

2Θ (°)

Figure 2.6 Large angle XRD scan of the Cu(NO3)2-MCM-41 sample conditioned at
120◦C. The sample exhibits peaks at 12.7◦, 25.5◦, and 34◦, which correspond to the
presence of copper nitrate hydroxide
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is a slight broad increase associated with this spectrum; however, this is not likely

a sulfur peak, but rather a Si 2s transition plasmon resonance peak. Consequently,

high temperature conditioning decomposes the ZnSO4 into Zn/ZnO and SO2/SO3,

and the sulfurous compounds are liberated from these samples while the Zn remains.

A similar analysis of the uncrushed samples resulted in Zn/Si and Zn/S ratios

similar to that of the ground samples. If the metal salt did not successfully migrate

within the MCM-41 pores and remained outside of the MCM-41 matrix during im-

pregnation, the Zn/Si ratio of the uncrushed sample would be larger than that of the

crushed sample. Consequently, it is evident from this analysis that the impregnated

ZnSO4 was uniformly distributed throughout the MCM-41 matrix via impregnation.

Ammonia adsorption

The standard deviation of the average ammonia capacities, listed in Table 2.5,

is higher than 3% because each average capacity was calculated from samples that

were impregnated using two synthesis batches of MCM-41. Consequently, the stan-

dard deviations re�ected in the table are representative of di�erences between samples

rather than deviation in ammonia capacity measurement.

After varying the conditioning temperature, the ZnSO4-MCM-41 samples were

tested for their ammonia capacity. This information is summarized in Figure 2.8.

It is evident from this �gure that the sample held at 540 ◦C resulted in the lowest

ammonia capacity of all ZnSO4 impregnated samples. From this information, coupled

with the XPS data for these samples, it is evident that more zinc and zinc oxide forms

in the higher temperature sample versus the sample conditioned at 120 ◦C because

the zinc sulfate decomposes during the high temperature heating. The depletion

of zinc sulfate in the sample decreases the e�ectiveness of ammonia chemisorption.

Because industrial applications of these materials often require high temperatures for

synthesis and regeneration, the conditioning steps at 120 ◦C and 250 ◦C were chosen

for investigation in the remaining samples.
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175 170 165 160

Binding Energy (eV)

 120 ºC
 540 ºC 10 hrs
 540 ºC 72 hrs

Figure 2.7 High resolution XPS spectra of sulfur peaks in the ZnSO4-MCM-41 im-
pregnated samples conditioned at 120 ◦C, 540 ◦C for 10 hours, and 540 ◦C for 72
hours.
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Figure 2.8 The e�ect of drying temperature on the ammonia capacity for the ZnSO4-
MCM-41 impregnated material.

27



Figure 2.9 depicts a lack of correlation between the ammonia capacity and the

metal oxidation state of the impregnated samples conditioned at 120 ◦C. A similar

trend is evident for the samples conditioned at 250 ◦C. For the metal salts tested, zinc

always remains in the +2 oxidation state, copper varies from +1 to +2, and iron varies

from +2 to +3. Based on this analysis, the metal type was determined to be more

important in determination of ammonia capacity than the cation oxidation state at

both conditioning temperatures. The lack of statistical signi�cance can be expected

because the chemisorption reactions occur based on the metal salt type rather than

just on the oxidation state of the cation or anion.3 As an example, the +2 oxidation

states of copper, iron, and zinc compounds di�er drastically in their reactivity towards

ammonia, with average ammonia capacities ranging from 2.47 to 6.38 mol/kg. These

can be compared to the ammonia capacity of the base, unimpregnated MCM-41,

which is 2.0 mol/kg. Consequently, analyzing the impregnated materials based on

their cationic oxidation states would combine the e�ects of the +2 oxidation states

of zinc, copper, and iron, and negate the important di�erences in ammonia capacity

that are inherent in the metal type used as the impregnant.

The pH was also expected to play an important role in ammonia capacity

because ammonia is a basic gas that can participate in acid-base reactions. The

intrinsic pH was measured during the aqueous impregnation step, when the same

amount of water and MCM-41 was present in all samples. The pH measurement

provides an indication of the acidity of the dry samples and may be used to predict

the sample's a�nity for participating in acid-base reactions.21 The only di�erence

a�ecting the pH of the samples is the presence of di�erent metal salt impregnants.

As shown in Figure 2.10, a lack of statistical correlation was found between the

ammonia capacity and the pH of the MCM-41 samples impregnated with di�erent

metals. This �gure compares the ammonia capacity of metal salt impregnated samples

with di�erent intrinsic pH values based on the acidic properties of the metal salt
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impregnants.

An additional study was performed to determine the e�ect of varying pH on

one of the metal salt impregnated samples. During synthesis of ZnSO4-MCM-41, the

pH of the mixture of water, ZnSO4, and MCM-41 was adjusted using H2SO4 so as

not to introduce new anions into the solution. The pH of these mixtures and the am-

monia capacity of the �nal samples were compared. Based on the standard deviation

associated with the ammonia capacity of the ZnSO4 impregnated samples, this study

showed no signi�cant di�erence among the ammonia capacities of the pH-adjusted

samples. As shown in Figure 2.11, the ammonia capacity was highest for the control

sample due to it remaining the most ordered material, which was shown via XRD

in Figure 2.5. However, taking into account the standard deviation associated with

each sample, a more acidic solution pH did not correspond to a statistically signi�-

cant increase in ammonia capacity. The next parameter investigated was the aqueous

solubility of the metal salt. Because the impregnation of MCM-41 was performed in

an aqueous solution, Figure 2.12 shows that the most insoluble metal salts, CuCl,

ZnCO3, and CuCO3, also correspond to the lowest ammonia capacities at the 120

◦C conditioning temperature. Figure 2.13 depicts a similar result for the samples

conditioned at 250 ◦C. The decrease in ammonia capacity with respect to solubility

is a result of low dispersion of the nearly insoluble metal salt within the MCM-41

matrix. Low solubility allows for aggregation of the metal salt and thereby decreases

the surface area available for chemisorption with ammonia.

Statistical analysis of all samples conditioned at 120 ◦C shows that the metal

type and anion type have the greatest e�ect on ammonia capacity. The analysis

shows that both of these variables have low enough p-values, a common probability

in statistical analysis, that they are statistically signi�cant predictors of ammonia

capacity.
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Ammonia Capacity = 4.43 +


-0.58 Cu+1

0.45 Cu+2

-0.55 Fe+2

-0.49 Fe+3

1.17 Zn+2

+


-2.43 CO−23

0.39 Cl−1

0.99 NO−13

1.04 SO−24



This model equation represents the statistics associated with the observed ammonia

capacities and the metals and anions impregnated within the samples. The more

positive or negative the coe�cient, the larger the signi�cance of that variable on the

ammonia capacity. Consequently, zinc is the most e�ective metal at enhancing the

ammonia capacity of the impregnated materials and Cu+1 is the least e�ective. At

this temperature, the sulfates and nitrates show the most e�ectiveness at enhancing

ammonia capacity, and carbonates are the least e�ective. From this analysis, it is

evident that ZnSO4 and Zn(NO3)2 impregnated into MCM-41 result in the highest

ammonia capacities at the 120 ◦C conditioning temperature.

A similar analysis was carried out using the samples conditioned at 250 ◦C.

As in the previous analysis, the metal and anion type were found to be the most sta-

tistically signi�cant predictors of ammonia capacity. Analysis of these data produced

the model equation

Ammonia Capacity = 3.83 +


-0.13 Cu+1

-0.02 Cu+2

-1.03 Fe+2

-0.23 Fe+3

0.95 Zn+2

+


-1.57 CO−23

0.62 Cl−1

-0.06 NO−13

1.02 SO−24



At 250 ◦C zinc is the most e�ective metal at enhancing ammonia capacity and iron

is the least e�ective. For the anions, the sulfates and chlorides provide the most

ammonia capacity enhancement and the carbonates provide the least. The sample in

this group with the highest ammonia capacity was the ZnCl2 impregnated MCM-41
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sample, with an average ammonia capacity of 6.70 mol/kg. Table 2.5 summarizes the

ammonia capacities for the metal impregnated samples at both conditioning temper-

atures, their average values, and the standard deviations associated with the averages

for the metal salt impregnated samples. Figure 2.14 summarizes the data in a parity

plot comparing the actual average ammonia capacities at both conditioning temper-

atures to the predicted capacities.

Analysis of variance using all data shows that the conditioning temperature

plays a signi�cant role in the ammonia capacity of the �nal samples. This is evident

in the models derived for both conditioning temperatures, where the intercept in each

equation represents the average ammonia capacity across all samples. The intercept

at the 120 ◦C conditioning temperature is larger than that of the model constructed

from the samples conditioned at 250 ◦C. Thus, the ammonia capacities tend to be

higher for the samples conditioned at the lower temperature.

At both conditioning temperatures, the metal carbonate impregnants resulted

in low ammonia capacities. One explanation for this is their minimal solubility in

water, which inhibits a �ne dispersion of these metal salts throughout the silica ma-

trix, and decreases the surface area available for chemisorption when compared to

more soluble metal salts. Another explanation can be gleaned from an analysis of

the melting points of these materials. Carbonates generally have low melting points;

ZnCO3 has a melting point of 140 ◦C and CuCO3 has a melting point of 200 ◦C,

after which the carbonates decompose to their corresponding metals and metal ox-

ides.39 As shown in the temperature study of the ZnSO4 impregnated samples, the

decomposition of the metal salt decreases the ammonia capacity of the impregnated

samples. Consequently, due to their low melting points and low solubilities, the metal

carbonate impregnated samples exhibit the lowest ammonia capacities compared to

all other materials.

The most e�ective impregnant at both conditioning temperatures was deter-
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Figure 2.14 Parity plot comparing the actual average and predicted values of the
ammonia capacities at both conditioning temperatures.
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mined to be ZnCl2. When conditioned at 120 ◦C, this sample exhibited an average

ammonia capacity of 6.2 mol/kg. After conditioning at 250 ◦C, the average capacity

rose to 6.7 mol/kg. ZnCl2 as an impregnant resulted in samples with high ammonia

capacities at both conditioning temperatures, compared to other metal salts that pro-

moted high ammonia capacities at 120 ◦C but resulted in lower ammonia capacities

after conditioning at the higher temperature. Consequently, ZnCl2 was identi�ed as

the most robust metal salt impregnant.

This research into di�erent metal salts has shown that both the cation and

anion play an important role in complexing with the adsorbate molecule. Two coordi-

nation compounds between ZnCl2 and NH3 are proposed in the literature. Fortier et

al.5 proposed the formation of ZnCl2(NH3)x after impregnating activated carbon with

varying concentrations of the metal salt and monitoring the reaction with ammonia.

They initially proposed two for the value of x, as seen in the reaction below.

2NH3(g) + ZnCl2(ads) → Zn(NH3)2Cl2(ads)

This reaction has been reported by other sources as the reaction occuring when

gaseous ammonia reacts with aqueous suspensions of ZnCl2.40,41 Fortier et al. con-

cluded that under adsorption conditions, the value of x depends on the partial pres-

sure of ammonia above the coordination compound. In the presence of water, Petit

et al.20 con�rmed the formation of ZnCl2(NH4)Cl using XRD, XRF, and FTIR ana-

lytical techniques. Because the equilibrium capacities in this study were determined

under dry conditions, it is evident that ZnCl2(NH3)x is formed during adsorption.

The ZnCl2-MCM-41 sample conditioned at the higher temperature was used

as the basis for optimizing the amount of zinc chloride loaded within the MCM-41

support. Figure 2.15 shows the dependence of the ammonia capacity on the weight

percent of zinc chloride impregnated into MCM-41. The 0 wt % sample consists only

of MCM-41 and the 100 wt % sample consists of only zinc chloride. Table 2.6 gives

the weight percentage of zinc chloride as the silicon to zinc atomic ratio. It is evident

38



A
m

m
on

ia
 C

ap
ac

ity
 (m

ol
/k

g)

Weight Percent ZnCl2
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Table 2.6: Ammonia capacities and Si/Zn molar ratios of the ZnCl2 impregnated
MCM-41 samples. Capacities measured using 1133 mg/m3 ammonia in helium.

wt % ZnCl2 Si/Zn molar ratio NH3 Capacity (mol/kg)
0 wt % 2.01
5 wt % 43.2 3.71
10 wt % 20.4 5.02
20 wt % 9.1 7.41
30 wt % 5.3 6.99
40 wt % 3.4 8.68
50 wt % 2.3 8.88
60 wt % 1.5 4.65
70 wt % 0.97 3.29
100 wt % 0.57

Table 2.7: BET surface areas and pore volumes for MCM-41 impregnated with in-
creasing amounts of ZnCl2.

wt % ZnCl2 SBET (m2/g) Vpore (cm3/g)
0 wt % 930 1.3
10 wt % 816 1.0
30 wt % 582 0.7
50 wt % 396 0.4
70 wt % 170 0.2

from Figure 2.15 that the ammonia capacity reaches a maximum at 50 wt % zinc,

corresponding to a Si/Zn atomic ratio of 2.3. After this maximum, the zinc chloride

can no longer e�ectively disperse throughout the silica matrix, which causes clumping

of the zinc chloride and a decreased zinc chloride surface area for chemisorption. This

corresponds to a decrease in ammonia capacity for the samples impregnated with

higher concentrations of ZnCl2. Nitrogen isotherms for select samples, summarized

in Table 2.7, con�rm a decrease in surface area and pore volume after impregnation

with ZnCl2. When considering industrial applications of these materials, impregnant

amounts ranging from 20 to 50 wt % ZnCl2 all yield high ammonia capacities.
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2.4 Conclusions

MCM-41 samples impregnated with metal salts have been prepared via an

aqueous impregnation method and conditioned at di�erent temperatures. These sam-

ples were tested for material characteristics and ammonia capacity.

The initial ZnSO4 impregnation study determined that the conditioning tem-

perature has an e�ect on the ammonia capacity of the impregnated samples. A high

temperature conditioning step resulted in the formation of Zn and ZnO from decom-

position of ZnSO4. A corresponding decrease in ammonia capacity was observed for

the high temperature sample compared to those conditioned at lower temperatures.

At both 120 ◦C and 250 ◦C conditioning temperatures, the intrinsic metal

salt pH and metal oxidation state were determined not to be statistically signi�cant

ammonia capacity predictors. Insoluble metal salts, speci�cally the metal carbonates,

were found to have lower ammonia capacities at both conditioning temperatures due

to the aqueous impregnation method used.

The metal type and anion type were found to be the most statistically signif-

icant predictors of ammonia capacity for the impregnated samples. For samples at

both conditioning temperatures, zinc was identi�ed as the metal yielding the highest

ammonia capacity. At 120 ◦C, the anions yielding the highest ammonia capacities

were the sulfates and nitrates, whereas at 250 ◦C, the sulfates and chlorides were the

most e�ective. At both conditioning temperatures, impregnating with the carbonates

resulted in the lowest ammonia capacities.

Across all samples and conditioning temperatures, the MCM-41 sample im-

pregnated with ZnCl2 and conditioned at 250 ◦C resulted in the highest average am-

monia capacity. Consequently, the concentration of ZnCl2 impregnated into MCM-41

was optimized for this condition. The ammonia capacity is the highest for MCM-41

impregnated with 50 wt % ZnCl2, which corresponds to a Si/Zn molar ratio of 2.27.

The ammonia capacity remains high between 20 wt % ZnCl2 and 50 wt % ZnCl2;
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there is less than a 25% change between the ammonia capacities in this range of

impregnated samples. After 50 wt % ZnCl2 loading, the ammonia capacity decreases

because the metal salt is present at too high a concentration to be well dispersed

throughout the MCM-41 matrix.
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CHAPTER III

MESOPOROUS SILICA-METAL ORGANIC COMPOSITE: SYNTHESIS,

CHARACTERIZATION, AND AMMONIA ADSORPTION

3.1 Introduction

Air puri�cation is an integral technology in today's society. With the advent

of air quality concerns ranging from pollution to terrorism, the ability to remove light

gases such as toxic industrial chemicals from air or other gases is a necessity. In

order to have high capacities for contaminant removal, adsorbent materials with high

surface areas and small pore sizes are preferred. The introduction of metal active

sites into adsorbent materials for chemisorption is also desired for air puri�cation

using single pass �lters.1�8

Research into next generation adsorbent materials is ongoing. Some of the top

candidates in this �eld among new materials are metal organic frameworks (MOFs),

which exhibit large surface areas and open structures and can have high capacities

for light gases.9 MOFs consist of metal ions coordinated with organic linkers to form

porous materials with extremely high surface areas and low densities.10 The surface

areas and pore sizes of these materials vary based on the size and type of the organic

linkers, which are coordinated to metal oxide clusters to provide inorganic reactive

sites that enhance the chemisorptive ability of the materials.11 Variation in the type

of metal oxide clusters allows these adsorbent materials to be designed for removal of

targeted gases.

One major hurdle to wide-spread utilization of MOFs is their poor hydrother-

mal stability. The structure and porosity of some MOFs collapse upon exposure to

water and high temperatures, thereby reducing their e�ectiveness for many air puri�-

cation applications.12,13 One such MOF, CuBTC, has unsaturated metal centers in
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its crystal structure, and water molecules have been found to bond quite strongly to

these.14 Kusgens et al.15 reported that CuBTC can adsorb 35 mol/kg water and not

all of the molecules can be desorbed because of the chemisorption of free water on

the unsaturated metal centers. According to the steam stability map generated by

Low et al.,12 CuBTC is a MOF that exhibits moderate hydrothermal stability. Liu

et al.13 reported that CuBTC is prone to lose carbon dioxide capacity after repeated

water/carbon dioxide mixture isotherm measurements. In order for adsorption pro-

cesses to be used with variable gas stream conditions in puri�cation applications,

adsorbents with better hydrothermal stabilities and high gas capacities are desirable.

Ordered mesoporous silicate (OMS) materials are a family of siliceous mate-

rials that are popular adsorbents due to their large surface areas and ordered porous

structures. OMSs are formed via a liquid crystal templating mechanism using ionic

surfactants as structure directing agents.16 The mesoporous materials can be synthe-

sized by condensing silica onto surfactant liquid crystals and then removing the sur-

factant from the �nal product.17 These silica materials tend to have high adsorption

capacities for some basic gases, such as ammonia,18�20 and extensive modi�cations of

OMS materials have been performed to enhance their adsorptive ability for other light

gases. OMS materials are often used as structure directing agents to form carbona-

ceous materials with smaller pore sizes. They also can be used as the base material

for composite materials.21 Some OMS materials, such as highly ordered MCM-41,

have been found to be stable at high temperature and relative humidities.22�24

Research on metal organic-containing composites has focused on incorporating

carbonaceous materials into the composites. Petit and Bandosz25�27 have reported a

composite material made of MOF-5 and graphite oxide. It showed improvement in

ammonia capacity in a dry environment when compared to a mixture of the two

solids. However, the material was found to be unstable when tested at higher relative

humidity. The group also reported a composite of CuBTC and graphite oxide which
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showed better hydrothermal stability.28 Yang et al.29 have reported the synthesis of a

MOF-carbon nanotube composite. It was found to have higher surface area, enhanced

thermal stability, and higher hydrogen storage capacity when compared to the base

MOF material. Liu et al.30 used MOF-5 as a template for a high surface area furfuryl

alcohol-based carbonaceous material. After synthesis of the composite, the MOF

was removed and the carbonaceous material was found to have an ultra-high surface

area, on the order of 3000 m2/g. Finally, Hundal et al.31 successfully incorporated

polyoxometalate anions into CuBTC and produced a thermally stable, microporous

adsorbent material. Based on N2 isotherm analysis, the composite material had a

lower surface area than the initial CuBTC.

Ammonia is a toxic industrial chemical that has been widely studied for air

�ltration applications. According to guidelines set by the U. S. Occupational Safety

and Health Administration,32 ammonia is unsafe for human exposure above 35 ppmv

for �fteen minutes or 25 ppmv for eight hours. Several studies have considered the

adsorption of pure ammonia at equilibrium conditions. Helminen et al.33 reported

ammonia adsorption in traditional adsorbents, including activated carbon, alumina,

polymer resin, silica gel, and several Type A and X zeolites. At room temperature

and with pure ammonia at 1 atmosphere pressure, alumina, silica gel, and activated

carbon have capacities ranging from 2.2 mol/kg to 5.3 mol/kg, while 13X zeolite and

polymer resin have values of 9.0 mol/kg and 11.3 mol/kg, respectively. In a more

recent study, Doonan et al.34 showed that a covalent organic framework, COF-10,

has a large equilibrium pure ammonia capacity at STP of approximately 15 mol/kg.

To gather information closer to adsorbent operating conditions, other studies have in-

vestigated ammonia capacities at lower ammonia concentrations and under dynamic

conditions. Britt et al.11 studied harmful gas adsorption in di�erent MOFs and ob-

tained a dynamic ammonia capacity of 5.1 mol/kg for CuBTC with 1% NH3 in a

mixed gas. Petit et al.28 reported a dynamic ammonia capacity of 8.8 mol/kg for
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a CuBTC/graphene composite using 1000 ppm NH3 in dry air. For air �ltration

applications, the concentration of ammonia in product air is generally in the parts

per million range and closer to the testing conditions by Britt et al. and Petit et

al. rather than those reported using pure ammonia. Because this research focuses on

air �ltration, the following study includes the measurement of ammonia equilibrium

capacities at a reduced ammonia concentration (1500 ppmv), which is orders of mag-

nitude more dilute than pure ammonia, and generally yields lower ammonia capacity

values for common adsorbents.

To date, there have been no published accounts of composite materials com-

posed of an ordered mesoporous silica phase modi�ed with a metal organic molecule.

This paper reports the synthesis and characterization of an ordered mesoporous silica-

metal organic (MSMO) composite material that has a high capacity for ammonia

adsorption and enhanced hydrothermal stability over the metal organic framework

alone. The silica phase of the composite material provides an engineered phase to

enhance the hydrothermal stability of the composite, and the metal organic phase

provides active sites for chemisorption. Characterization methods for the composite

include N2 adsorption isotherms, X-ray di�raction, X-ray photoelectron spectroscopy,

thermogravimetric analysis, and scanning electron microscopy.

3.2 Experimental Methods

Materials

Tetramethylammonium hydroxide pentahydrate, (TMAOH, 97 %),tetram-

ethylammonium silicate solution, (TMASi, 99.99 %, 15-20 wt % in water), sulfuric

acid (95.0-98.0 %), and toluene (99 %) were purchased from Sigma Aldrich. Hexade-

cyltrimethylammonium chloride (CTAC, 25 % in water) was purchased from Pfaltz

and Bauer. A solution of ammonium hydroxide (29 wt % in water), fumed silica

(Cab-O-Sil M5), and ACS grade copper nitrate were purchased from Fisher Scien-

ti�c. Benzene-1,3,5-tricarboxylic acid (BTC) and ACS grade ethanol were purchased
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from Acros Organics.

MCM-41 synthesis

MCM-41 with a 37 Å pore was synthesized based on the procedure outlined

by Glover et al.21 The reaction gel was formed by mixing a solution of 2.4 g of 29

wt % ammonium hydroxide and 21.2 g of 29 wt % CTAC with a solution of 3.04 g of

TMAOH and 20 g of 10 wt % solution of TMASi and then adding 4.5 g of Cab-O-Sil

M5 fumed silica to the solution. After stirring for 30 minutes, the reaction gel was

placed in a Te�on-lined autoclave and held at 80 ◦C in an oven for four days. Every

24 hours, the autoclave was removed from the oven and titrated to a pH of 10.0

using concentrated sulfuric acid, for a total of three titrations. At 24 hours after the

third titration, the product was �ltered and washed with distilled water to remove

the remaining surfactant and allowed to dry at room temperature for 48 hours. The

calcination procedure used to burn the surfactant from the MCM-41 involved heating

the as-synthesized MCM-41 in air from room temperature to 540 ◦C at a rate of 1

◦C/min and holding the sample at 540 ◦C for 10 hours.

Composite synthesis

To produce the copper nitrate-impregnated MCM-41 sample, 0.5 g MCM-41

and 0.16 g copper nitrate (corresponding to one Cu atom per 10 Si atoms) was stirred

in an aqueous solution for 3 hours. After stirring, the sample was dried at 80 ◦C until

dry. The sample was then heated in a tube furnace following the temperature schedule

of the MCM-41 calcination procedure.

To incorporate the MOF phase, 0.21 g (1.0 mmol) of benzene-1,3,5-

tricarboxylic acid was reacted with 0.1 g of copper-impregnated MCM-41 in a 60

ml mixed solution composed of equal parts by volume of water and ethanol. The

mixture was placed in a Te�on-lined autoclave, and the reaction was held at 120 ◦C

for 12 hours. Light green crystals were collected after decanting the mother liquid
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and �ltering the remaining mixture. The as-synthesized composite material was �rst

dried in air and then placed in an oven at 120 ◦C overnight to obtain the �nal purple

composite material. This same procedure was followed to synthesize a control sample,

in which BTC was impregnated on base MCM-41 without copper impregnation.

Materials characterization

Textural characterization

Adsorption isotherms were measured at -196.1 ◦C using a Micromeritics ASAP 2020

with UHP nitrogen as the analysis gas. Prior to measurement, approximately 0.1 g

of each sample was degassed for 8 hours with heating to 120 ◦C and vacuum to 10

µbar.

X-ray di�raction (XRD)

XRD spectra were used to con�rm the long range structure of the MCM-41 and

to con�rm that the metal-impregnated samples also maintained the native MCM-41

structure. In addition, XRD was used to study the change of crystal structure before

and after the samples were conditioned. The spectra were measured using a Scintag

X1h/h automated powder di�ractometer with Cu target, a Peltier-cooled solid-state

detector, a zero background Si(5 1 0) support, and with a copper X-ray tube as the

radiation source.

Thermogravimetric analysis (TGA)

TGA was used to determine the amount of organic phase impregnated within the

MCM-41 material. The material was heated in a stream of zero air �owing at 10

mL/min at a ramp rate of 5 ◦C per minute to 700 ◦C and held at 700 ◦C for 2.5

hours.

Scanning electron microscopy (SEM)

SEM was used to visualize the microscopic properties of the materials. The images

were collected using a Hitachi S4200 high resolution SEM equipped with a cold �eld
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emission electron gun, digital imaging, and a thin-window energy dispersive X-ray

spectrometer (EDS). Spectra were collected at 2 kV.

X-ray photoelectron spectroscopy

XPS was performed with a PHI Versaprobe XPS Microprobe analysis system manu-

factured by Physical Electronics, Inc. The apparatus was equipped with a monochro-

matic Al K(α) X-ray source (E=1486.6 eV). Survey spectra were collected over bind-

ing energies ranging from 1300 to 100 eV using a 1 eV energy step, 20 ms/step, with

10 cycles and 1 repeat/cycle. High resolution carbon spectra collected over binding

energies ranging from 298 to 280 eV, and high resolution copper spectra collected

between 957 and 927 eV. All high resolution spectra were analyzed using a 0.1 eV en-

ergy step, 50 ms/step, with 10 cycles and 3 repeats/cycle. Surface neutralization was

accomplished using 1.1 eV electron neutralization and 10 eV argon ion neutralization.

All spectra were analyzed using a take-o� angle of 45◦. The pass energy was set to

23.5 eV for determination of atomic ratios and binding energies were referenced to the

oxygen 1s peak.35 Deconvolution of peaks was accomplished using 70 % Gaussian-30

% Lorenzian curves with a linear background. All samples were analyzed after being

crushed to a �ne powder to expose the inner surface of MCM-41.

Hydrothermal conditioning

Hydrothermal stability for gas phase adsorbents is the simultaneous resistance to

degradation at high temperatures and humidities. Various methods have been re-

ported in the literature to study this property. The materials are often heated to a

speci�ed temperature while simultaneously passing steam over the sample.12,22 An-

other accepted procedure is to place the sample in boiling water for a speci�ed time

period.36,37 MOFs and other adsorbents are often tested for stability using the former

technique, which allows for analysis of the crystallinity and porosity of the sample

before its structure has fully degraded. In this way, it is possible to compare the

hydrothermal stabilities of di�erent materials under conditions that are just harsh
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enough to show di�erences in the samples without fully degrading the structure.

Samples were conditioned at high temperature and humidity using the �rst

conditioning method to test their hydrothermal stability. A hot plate was used to

heat an Erlenmeyer �ask �lled with 150 mL of water to boiling. The samples were

placed on �lter paper and suspended above the boiling water. The samples were held

at 85 ◦C in saturated water vapor for �ve hours to complete their conditioning. After

conditioning, they were allowed to dry in air.

Ammonia capacity measurement

Equilibrium capacities for room temperature ammonia adsorption were measured for

all samples using a breakthrough apparatus, a schematic of which is shown in Fig-

ure 3.1. The concentration of ammonia in dry helium fed to the adsorbent bed was

kept constant at 1133 mg/m3 (1500 ppmv). Prior to analysis, all samples were regen-

erated under 10 µbar vacuum at 120 ◦C for 8 hours. The capacity of the adsorbent

material, n (mol ammonia/kg adsorbent), was calculated from

n =
F

m

∫ ∞
0

(c0 − c) dt (3.1)

where c0 is the feed concentration in units of mol/m3, and c is the e�uent concen-

tration at time t. The volumetric �ow rate of gas through the adsorbent bed, F ,

was adjusted to yield a breakthrough time of approximately one hour. The mass of

the sample, m, was approximately 10 mg and was contained in a small cylindrical

adsorbent bed with an internal diameter of 4 mm.

Full breakthrough curves at low �ow rates were measured using this appa-

ratus, and the resulting capacities are equilibrium capacities. The accuracy of this

method has been veri�ed using a non-corrosive system. Capacities obtained by the

full breakthrough method agree well with results obtained by standard gravimetric

measurement using a Cahn balance.
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Figure 3.1 Schematic of breakthrough apparatus used to determine ammonia capaci-
ties.
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3.3 Results and Discussion

Composite material characterization

Scanning electron microscope images, shown in Figure 3.2, provide detailed

information about the morphology of the composite material. The composite contains

amorphous structures that are similar in appearance to the MCM-41 SEM images and

do not possess large amounts of the octahedral crystals commonly seen for CuBTC.

As discussed below for other analytical techniques, the SEM images are consistent

with the formation of a composite material that has copper sites dispersed throughout

the ordered MCM-41 phase with BTC molecules bound to these copper sites. BTC

is not largely associated with a crystalline CuBTC phase formed in bulk; rather, the

composite material consists of an ordered MCM-41 phase with BTC bound to copper

sites dispersed throughout the silica matrix. Figure 2(b) shows the presence of a

crystalline impurity in the sample. As discussed below, only a small amount of this

impurity is present, about 3 wt %, and it is CuBTC.

Figure 3.3 depicts the nitrogen adsorption isotherm at -196.1◦C for the impreg-

nated material. The isotherm is Type IV based on the IUPAC classi�cation scheme

and is typical of a mesoporous MCM-41 material. Hysteresis due to capillary conden-

sation in the mesopores is evident in the desorption branch of the isotherm. Based

on the isotherm, the addition of copper active sites and BTC linkages throughout the

MCM-41 does not decrease the mesoporosity of the material. A comparison of the

composite with the MCM-41 sample indicates that the composite material is similar

in mesoporosity to the base MCM-41. Table 3.1 summarizes the physical properties

of the composite, the base MCM-41, and CuBTC. The addition of the BTC bound

to the Cu active sites throughout the material yields a slight decrease in pore volume

and increase in surface area when compared to the base MCM-41. When compared

to CuBTC, the composite material is 16 % lower in surface area. The surface areas

of the MCM-41 and the composite material are more similar than that of CuBTC
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Figure 3.2 SEM images of (a) and (b) Cu-MCM-BTC, (c) CuBTC, and (d) MCM-41.
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and the composite, which is consistent with the BTC molecule attaching to the Cu

active sites on the MCM-41 with minimal formation of crystalline CuBTC.

Table 3.1: BET surface areas and pore volumes of MCM-41, CuBTC, and Cu-MCM-
BTC.

Sample BET Surface Area (m2/g) Total Pore Volume (cm3/g)
CuBTC 1004 0.49
MCM-41 809 1.09

Cu-MCM-BTC 836 0.94

Figure 3.4 plots the heating pro�le and the weight loss of the composite ma-

terial during heating using the TGA. The �rst step in the mass loss represents the

removal of adsorbed water from the sample, and the second step represents loss of

the organic BTC. Thermogravimetric analysis of the material shows a 12 % loading

of the organic BTC within the copper-impregnated matrix. No copper or silica is lost

during this heating step because the vapor pressures of these substances are low.38

The base MCM-41 was impregnated with copper nitrate at a ratio of 1 Cu atom to

10 Si atoms. With the MCM-41 considered to be SiO2, this translates to 7.6 wt %

copper being distributed throughout the silica matrix. This corresponds to a 2:1 Cu

to BTC ratio, which is di�erent from that of the CuBTC MOF, which has a 3:2 Cu to

BTC ratio. Thus BTC binds to copper sites distributed throughout the silica matrix

and does not form large quantities of crystalline CuBTC.

TGA was also performed on a control sample synthesized using BTC and

MCM-41 without impregnated copper sites. This material was synthesized to verify

that copper active sites are necessary to retain the BTC by bonding with the car-

boxylic acid groups on the organic molecule. TGA of this control sample showed only

water loss and no removal of BTC from the sample, indicating that no BTC remained

on the silica support after synthesis. Thus, it is evident that copper sites distributed

throughout the MCM-41 matrix are necessary to retain the BTC in the composite
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because the copper sites bond with oxygen atoms available on BTC. Because the

composite material has well dispersed copper sites and does not form large amounts

of crystalline CuBTC, not all carboxylic acid groups on each BTC are bound to cop-

per sites; consequently, in addition to having copper sites available for chemisorption,

the composite material contains free carboxylic acid groups that are available for

coordination.39

Powder X-ray di�raction was used to characterize the e�ect of the copper and

BTC impregnation on the structure of the MCM-41 matrix. Figure 3.5 compares the

XRD spectra of the base MCM-41 material, the copper impregnated MCM-41, and

the composite material. A high degree of MCM-41 structural ordering is indicated

by the four discrete sharp peaks in the low angle spectrum for all three samples.40

The decrease in intensity of peaks in the spectrum of the composite material can be

attributed to scattering by the BTC.41�43 The d100 peak is shifted to a lower angle and

broadened slightly in the spectrum of the composite material. This shift represents

an expansion of the MCM-41 lattice after incorporation of BTC into the pores of the

Cu-MCM-41, as has been shown previously.44

XRD scans in the higher 2θ range were also performed to characterize the

structure of the composite material. As shown in Figure 3.6, the XRD spectrum of

the composite exhibits peaks representing a crystalline material similar to that of

the CuBTC crystals. The peaks present in the composite scan have lower intensities

than those of CuBTC. Some of the peaks in the higher 2θ region are eclipsed by

background noise. The peaks of the composite scan that correspond to CuBTC

peaks are a result of the formation of CuBTC impurities formed during synthesis of

the composite material. Because there is a small concentration of CuBTC within the

amorphous BTC-impregnated composite, the CuBTC peaks are of lower intensity,

but still visible, on the long range XRD scan. The composite spectrum also shows a

broad MCM-41 peak located between 20 and 30◦. Coupled with the SEM information,
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which depicted the formation of CuBTC impurities within the composite, XRD shows

that there are some CuBTC crystals formed from only a small mass fraction of the

material. However, this CuBTC formation is not representative of the entire material

and is an impurity.

Mixtures of CuBTC and 10 mol % Cu-MCM-41 were analyzed via XRD to

estimate the amount of CuBTC impurity present in the composite material following

the procedure of Kontoyannis and Vagenas.45 For all standards, the ratio of the peak

intensities at 2.8 and 9.9◦ 2θ was examined, which correspond to the MCM-41 100

peak and a CuBTC peak. The ratio of three standards were plotted versus the weight

percentage of one compound in the mixture, as seen in Figure 3.7. In the resulting

equation of best �t,

y = 0.538x− 18.8 (3.2)

the parameter y represents the ratio of the peak intensities and x is the weight per-

centage of Cu-MCM-41 present in the mixture. From this calibration curve, the

composite material was determined to have 3.3 wt % CuBTC impurity.

XPS was used to investigate the bonding of the organic phase in the composite

material. Copper has been shown to fully disperse throughout the silica matrix using

an impregnation technique similar to the one used in this research.46 High resolution

XPS scans were used to investigate the bonds occurring between the well dispersed

copper sites and BTC. Figure 3.8 shows high resolution XPS scans in the carbon

region, which show that carbon exists in two forms in CuBTC. The peak at 284.7

eV could represent carbons in the benzene ring of BTC or interstitial carbon from

-CH2 groups. An interstitial carbon peak would be present in XPS analysis of other

samples analyzed via XPS, including MCM-41. Since this carbon peak is not present

in the base MCM-41 material, it is evident that the peak at 284.7 eV represents

carbons in the benzene ring of BTC. The separate 1s peak at 289.3 eV represents

carbons in the carboxylic acid groups of BTC.35 Analysis of the carbon region in the
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composite's spectrum shows a similar occurrence of the two peaks. Since all carbon

atoms in the composite material are derived from the BTC and the carbon peaks in

the spectra of both materials occur at the same binding energies, it is evident that

the BTC molecule remains intact after synthesis of the composite. High resolution

scans of the copper peaks in both samples also yield peaks that occur at the same

binding energies as shown in Figure 3.9. From this, we can conclude that copper

in the composite material is bound to oxygen atoms from BTC in a similar way to

the complexation of copper that occurs in CuBTC. However, according to the XRD

and TGA results, the Cu to BTC ratio in the composite is di�erent from that in the

CuBTC. Consequently, except for BTC in the 3 wt % CuBTC impurity, the BTC

molecules are bound to copper sites distributed throughout the ordered silica phase.

Hydrothermal conditioning

From the SEM images in Figure 3.10, it is clear that the Cu-MCM-BTC sam-

ple did not change its morphology after conditioning, whereas the CuBTC degraded

from octahedral crystals with sharp edges to irregularly-shaped masses. The change

in morphology of CuBTC indicates that the pore structure collapsed during con-

ditioning. There are no visible di�erences between SEM images for the composite

material and the MCM-41 base material before and after conditioning.

This explanation can be veri�ed using X-ray di�raction, pro�les of which are

shown in Figure 3.11. In the XRD patterns for CuBTC, the spectrum of the con-

ditioned material shows a decrease in peak intensity and a slight shift in the larger

peaks when compared to the spectrum of virgin CuBTC. Coupled with the SEM im-

ages, the shift in the spectrum and its degradation is indicative of decomposition of

the CuBTC structure. The conditioned Cu-MCM-BTC spectrum is similar to that

of the conditioned CuBTC, suggesting that the small amount of CuBTC impurity lo-

cated within the Cu-MCM-BTC composite material degraded during the conditioning

procedure.
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Figure 3.8 High resolution XPS spectra in the carbon region for CuBTC and the
composite.
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Figure 3.9 High resolution XPS spectra in the copper region for CuBTC and the
composite.
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Figure 3.10 SEM images of the samples before and after conditioning for 5 hours
(a) CuBTC, (b) conditioned CuBTC, (c) MCM-41, (d) conditioned MCM-41, (e)
Cu-MCM-BTC, (f) conditioned Cu-MCM-BTC.
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Figure 3.11 Comparison of XRD spectra before and after conditioning for CuBTC
and Cu-MCM-BTC.
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The small angle X-ray di�raction spectra of the conditioned Cu-MCM-BTC

composite and conditioned MCM-41 samples, shown in Figure 3.12, indicate that both

the composite and the base MCM-41 materials do not lose their hexagonal MCM-41

order during the conditioning process. Consequently, the powder XRD pro�les show

that the composite remains structurally ordered after conditioning, similar to the base

MCM-41 material.

High resolution XPS spectra of the carbon atoms in the conditioned sample

con�rm the presence of BTC after conditioning. The same carbon peaks are present

in the composite spectrum before and after conditioning. The peaks at 284 and 289

eV represent carbons in the benzene ring and the carboxylic acid groups of the organic

molecule. The presence of these peaks in the spectrum indicates that BTC remains

intact after conditioning.

Ammonia adsorption

The Cu-MCM-BTC composite is a novel adsorbent material with a high am-

monia capacity, as shown in Table 3.2. The ammonia capacities measured using the

breakthrough apparatus have standard deviations on the order of 3 %. The initial am-

monia capacity for the composite is 61 % higher than that of MCM-41 and 46 % lower

than that of CuBTC. The adsorbents show a step-wise increase in ammonia capacity

upon addition of the BTC impregnant within the MCM-41. Base MCM-41 begins

with an ammonia capacity of 2.0 mol/kg and increases to 5.2 mol/kg after function-

alization with copper and BTC. The ammonia capacity of the composite material is

approximately 30 times that of a common commercial carbon, BPL activated carbon

(0.16 mol/kg) and more than three times that of a common zeolite, 13X molecular

sieve (1.5 mol/kg), under comparable breakthrough test conditions.

As shown in the table, the ammonia capacity of the base MCM-41 increased

41 % after conditioning. As part of its synthesis procedure, MCM-41 is calcined

at a high temperature to remove excess surfactant from its pores. This calcination
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Figure 3.12 XRD spectra for conditioned MCM-41 and conditioned Cu-MCM-BTC.
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Table 3.2: Ammonia capacities before and after conditioning for MCM-41, CuBTC,
and Cu-MCM-BTC.

Ammonia Capacity (mol/kg)

Sample Initial Conditioned
CuBTC 9.6 1.5
MCM-41 2.0 3.4

Cu-MCM-BTC 5.2 4.3

process also strips the silica matrix of hydroxyl groups on the walls of the MCM-

41. The conditioning process allows hydroxyl groups to re-form at these sites and

remain after the sample is regenerated.24 These additional hydroxyl groups increase

the acidity of the MCM-41, which results in an increase in ammonia capacity for the

conditioned sample. Consequently, the base MCM-41 shows an increase in ammonia

capacity after conditioning, which is believed to be caused by the extra hydroxyl

groups formed on the silica matrix during the hydrothermal treatment.

Despite having a lower ammonia capacity than CuBTC, after conditioning in

saturated water vapor for 5 hours the composite material maintains its structural

stability and shows an ammonia capacity decrease of only 16 %. Comparatively, the

ammonia capacity of the CuBTC sample decreased 84 % upon conditioning. The

enhanced stability of the composite material, when compared to CuBTC, is due to

the presence of the silica matrix. The degradation of the crystalline CuBTC impurity

in the composite material upon conditioning is partially responsible for the observed

decrease in ammonia capacity. The composite did lose ammonia capacity after steam

conditioning. We can assume that the CuBTC impurity in the composite has the

same decrease in the ammonia capacity after conditioning as the pure CuBTC MOF.

If we treat the metal-organic phase and MCM-41 separately and assume that the

MCM-41 in our composite has the same ammonia capacity as the pure MCM-41 after

conditioning, a material balance calculation shows that the ammonia capacity for the
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metal-organic phase decreased about 50 % after conditioning. However, if we treat

the metal-organic phase and MCM-41 as an entity and presume that the MCM-41

may not behave in the composite exactly as it does by itself because of more limited

access to its surface, then the material balance indicates that the composite loses

only 13 % of its ammonia capacity after conditioning. This result, coupled with the

XRD results, indicates that the composite has a higher stability compared to CuBTC,

which lost about 84 % of its ammonia capacity after conditioning due to the loss of

its porosity13 and collapse of its structure.

The composite material has four types of active sites available for ammonia ad-

sorption. First, the base silica matrix provides ammonia capacity.18,19,46 Second, the

addition of hydroxyl groups to the silica surface from exposure to humid air, steam,

or liquid water enhances the ammonia capacity; the composite is synthesized using a

liquid solvent of water and ethanol, and all materials are steamed for hydrothermal

conditioning. Third, the copper sites distributed throughout the matrix provide addi-

tional sites for ammonia to form diammine-copper complexes.27,46 Finally, carboxylic

acid groups on the organic molecule provide coordination sites for the ammonia.25,47

The retention of the structure of the composite material and minimal decrease

in ammonia capacity after conditioning are indicative of hydrothermal stability. In

contrast, the degradation of the CuBTC structure and decrease in ammonia capacity

upon conditioning is indicative of low hydrothermal stability.

3.4 Conclusions

A new composite material has been synthesized and characterized by combin-

ing an ordered mesoporous silica phase, speci�cally MCM-41 impregnated with copper

and benzene-1,3,5-tricarboxylic acid, the organic BTC linker used in the synthesis of

a common MOF, to give an ordered mesoporous silica � metal organic (MSMO) com-

posite material. The nitrogen isotherm con�rms the formation of the mesoporous
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composite material. According to TGA results, approximately 12 % organic BTC is

loaded onto the MCM-41 and bound to the copper sites dispersed throughout MCM-

41. X-ray di�raction results con�rm that the composite does not lose its long range

MCM-41 order after impregnation with the BTC. It also con�rms that small amounts

of CuBTC crystals (about 3 wt %) are present in the �nal sample as an impurity.

SEM images con�rm this observation. XPS shows that copper sites that are dis-

tributed throughout the MCM-41 matrix are actively bound to BTC. The presence

of both copper sites and intact BTC result in an ammonia capacity that is higher

than the base ordered mesoporous silica (5.2 mol/kg compared to 2.0 mol/kg) due to

the functionality provided by the metal organic phase.

After hydrothermal conditioning, the novel composite material maintains its

high ammonia capacity, whereas the corresponding metal organic framework sample

degrades, resulting in a large decrease in ammonia capacity. XPS shows that the BTC

present in the composite material remains intact after conditioning. XRD shows that

the MCM-41 structure is also maintained. These results show that the new composite

material provides both the high ammonia capacity associated with MOF materials

and the hydrothermal stability associated with the silica phase, and is a promising

candidate for ammonia removal applications.
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CHAPTER IV

CARBON SILICA COMPOSITES FOR SULFUR DIOXIDE AND AMMONIA

ADSORPTION

4.1 Introduction

The carbon silica composite (CSC) introduced by Glover et al.1 in 2008 con-

sists of carbonized poly(furfuryl alcohol) within the pores of MCM-41. This was the

�rst in a series of articles by our group to produce biphasic composite materials tar-

geting light gas adsorption. The CSC provides a large surface area and two distinct

phases in which adsorption can occur: a nonpolar (carbonaceous) phase and a polar

(siliceous) phase. The CSC material is of interest since it is well documented that

interactions between the adsorbate and adsorbent are a�ected by the polarity of each;

nonpolar surfaces such as carbon show greater attraction for adsorbate molecules of

low polarity, whereas polar surfaces have higher a�nity for polar molecules.2 Mate-

rials that provide both polar and nonpolar surfaces for adsorption demonstrate an

advantage over single-phase adsorbents.

Composite materials incorporating active metal sites for chemisorption can

also provide an advantage over single-phase adsorbents when regeneration is not a

concern. Another manuscript published in this series considers the optimization of the

silica phase of this composite material with metal active sites to enhance the ammonia

capacity of one phase of the composite.3 Addition of a carbonaceous phase and metal

active sites in both phases would produce multifunctional adsorbent materials with

broad applications.

Mesoporous materials with an ordered pore structure and large surface areas

have shown great promise for use in industrial applications ranging from air to water

puri�cation. MCM-41, which is a member of the M41S family of siliceous materials,
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is one popular example of this type of structured mesoporous material. MCM-41

was invented by Mobil scientists in the early 1990's.4 This siliceous material forms

a hexagonal close-packed structure composed of unidirectional channels arranged in

a hexagonal manner.5 This ordered mesoporous material has a high surface area

and a repeating structure of cylindrical pores, which is an ideal backbone for a well

characterized adsorbent material.

Extensive work by Foley and others6�10 has provided the foundation for the

use of carbonized furfuryl alcohol as one carbon phase of the composite material.

Carbonized furfuryl alcohol has been extensively studied as a carbonaceous adsor-

bent material because it has a small pore size distribution centered at an average

pore size of 4-5 Å.6 Pore formation by furfuryl alcohol due to combustion depends

on the carbonization temperature. Bertarione et al.7 researched the carbonization

of polymerized furfuryl alcohol within the pores of a zeolite at di�erent tempera-

tures and proposed decomposition mechanisms for the polymer in con�ned spaces at

each temperature. They showed that furfuryl alcohol decomposes and amorphous

carbon forms when heated to 400 ◦C. Foley8 performed extensive work producing

and characterizing carbogenic molecular sieves (CMS) using furfuryl alcohol as the

carbon source. They determined that carbonization above 600 ◦C results in a fully

amorphous carbon material, and the highest micropore surface area was achieved at

carbonization temperatures in the 800-900 ◦C range.10 In another paper,6 it was de-

termined that both mesopores and micropores began to appear within the material

at carbonization temperatures as low as 300 ◦C. They speculate that mesopores are

formed from the incomplete carbonization of polymer remnants and aromatic cores.

As the carbonization temperature was increased from 300 ◦C to 600 ◦C, the initial

mesoporosity collapsed, leaving only micropores ranging from 4-5 Å after carboniza-

tion at 500-600 ◦C. With such a narrow and controlled pore size distribution, furfuryl

alcohol-based CMS materials are useful for separating two gaseous compounds of dif-
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ferent sizes.11 The small pore sizes and large surface area of this CSC material make

it a good candidate for the removal of light gases for air puri�cation.12

Carbonized sucrose is another carbon phase that could be of interest in a CSC

material. Sucrose has been shown to form a mesoporous carbon phase with high

surface areas (on the order of 1000 m2/g) and a pore size of approximately 20 Å.13,14

Extensive work on sucrose carbonization has been performed at di�erent tempera-

tures and using di�erent synthesis procedures. Ting et al.14 performed a one-pot

synthesis using sucrose catalyzed with sulfuric acid and carbonized at 900 ◦C. The

resulting mesoporous carbons had surface areas of 1200 m2/g and 44 Å pores. Peng

et al.15 synthesized mesoporous carbonaceous materials at carbonization tempera-

tures ranging from 400-600 ◦C. In 2009, Zhuang and Yang16 successfully produced

carbonaceous spheres from aqueous sucrose solutions carbonized under high pressure

at 175 ◦C. Zheng et al.17 took advantage of the low temperature carbonization of

sucrose to produce CMK-3 type materials by carbonizing sucrose in ethanol at 200

◦C in a high pressure reactor. Banham et al.13 templated sucrose into hexagonal

mesoporous silicas. After high temperature carbonization, the ordered mesoporous

carbon silica composites were evaluated as materials for electrochemical capacitors.

Sucrose has also been templated into silica gel and carbonized at 800 ◦C.18 Bimodal

porous carbons have been produced by impregnating silica spheres with sucrose and

carbonizing at high temperatures.19 After removal of the silica spheres, the carbon

phase was found to be connected by macropores and mesopores.

Sucrose as a carbon phase is di�erent from carbonaceous furfuryl alcohol since

the pores are larger and the temperature necessary for carbonization is much lower

than that of furfuryl alcohol. Consequently, impregnating MCM-41 with carbona-

ceous sucrose results in a di�erent composite material that could be useful for air

puri�cation.

The introduction of active metal sites for chemisorption has been widely used
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to enhance the e�ciency of adsorbent materials. Sheppard and Buckley20 studied Zn-

MCM-41 samples as materials for hydrogen adsorption. Savidha and Pandurangan21

used zinc sulfate to incorporate zinc into MCM-41 using a substitution method that

maintained the long range order of the MCM-41. In the carbon phase, there have been

reports of successful formation of a ZnO-carbon composite material by dispersing

zinc chloride into a furfuryl alcohol solution and heating at temperatures ranging

from 100-800 ◦C under nitrogen with small amounts of oxygen.22 Other groups have

used copper and zinc nitrate as active sites to enhance catalysis.23�25 In 2007, a

study was published investigating the e�ects of metal sites, speci�cally iron, copper,

and zinc, substituted into aluminated MCM-41.26 These studies demonstrate that

incorporating zinc, copper, and iron into the pores of adsorbent materials provides an

e�ective means of catalyzing reactions and providing active sites for chemisorption.

This research focuses on carbonaceous CSC materials as biphasic adsorbents

for toxic light gas adsorption. It builds on previous research from our group also

published in this journal that introduced a CSC material based on MCM-41 and fur-

furyl alcohol,1 optimized its synthesis,27 characterized its light gas adsorption prop-

erties,1,27 and optimized the silica phase of the CSC for basic gas adsorption.3 In this

research, the carbonization method for CSC materials with di�erent carbon phases

is investigated. The pore sizes and structure are examined after carbonization at

di�erent temperatures to increase surface area in the CSCs. The materials are char-

acterized using nitrogen adsorption isotherms, X-ray di�raction, thermogravimetric

analysis, and tested for toxic light gas adsorption capacity. The most promising ma-

terials are then impregnated with active metal sites and tested for adsorption of toxic

light gases.
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4.2 Experimental Methods

Materials

MCM-41

Tetramethylammonium hydroxide pentahydrate, TMAOH,(97 %),tetramethylammo-

nium silicate solution, TMASi, (99.99 %, 15-20 wt % in water), sulfuric acid (95.0-

98.0 %), and furfuryl alcohol (99 %) were purchased from Sigma Aldrich. Hexade-

cyltrimethylammonium chloride, CTAC, (25 %) in water was purchased from Pfaltz

and Bauer. A solution of ammonium hydroxide (29 wt %) in water, Cab-O-Sil M5,

and anhydrous zinc chloride were purchased from Fisher Scienti�c. Copper nitrate,

zinc nitrate, and iron nitrate were purchased from Fisher Scienti�c and were ACS

grade chemicals.

CSC-furfuryl alcohol

Furfuryl alcohol (99 %) and toluene (99 %) were purchased from Sigma Aldrich.

CSC-sucrose

Sucrose was purchased from Fisher Scienti�c and dry ethanol (200 proof) was pur-

chased from Pharmco-aaper.

MCM-41 synthesis

All CSC materials include MCM-41 as the silica phase. Hexagonally-ordered

MCM-41 with a 37 Å pore was synthesized according to the procedure described in

a previous study.3

CSC-FA

CSC-FA synthesis

The furfuryl alcohol-impregnated carbon silica composite material was synthesized

using the procedure outlined by Glover et al.1 After impregnation with the furfuryl

alcohol phase, the samples were carbonized at the following temperatures: 300, 500,

and 600 ◦C, following the method previously described.1
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Metal impregnation in the silica phase

For the impregnation of metals into the silica phase, 5 wt % metal salt versus silica,

which corresponds to 0.23 g of metal salt (ZnCl2, Cu(NO3)2, or Fe(NO3)3), was added

to the MCM-41 reaction gel. To accomplish this impregnation, 2.4 g of 29 wt % am-

monium hydroxide was mixed with 21.2 g of 26 wt % hexadecyltrimethylammonium

chloride to create solution A. Solution B was formed by mixing 3.04 g tetramethylam-

monium hydroxide pentahydrate and 20 g of 10 wt % tetramethylammonium silicate.

Solutions A and B were then combined while stirring. Then, 5 wt % metal salt and

4.5 g Cab-O-Sil M5 were added to the reaction gel with stirring. The reaction was

stirred for 30 minutes, then placed in a Te�on-lined reaction vessel and heated to 80

◦C. The remainder of the procedure mirrors that of Glover et al.1

Metal impregnation in the carbon phase

Active metal sites were impregnated into the carbon phase of the CSC-FA samples by

introducing zinc chloride, copper nitrate, and iron nitrate into the synthesis procedure.

To impregnate metals in the carbon phase, aluminated-MCM-41 was mixed with 5

wt % metal salt on a per carbon basis (assuming a 37 % carbon impregnation yield

in the base CSC material; therefore 1.4 g of metal salt), 24 mL furfuryl alcohol, and 6

mL toluene. This solution was stirred in an ice bath for 18 hours. The liquid was then

separated from the impregnated MCM-41 using vacuum �ltration, and the recovered

sample was heated in a furnace according to the procedure developed by Glover et

al.1

CSC-sucrose

CSC-sucrose synthesis

The sucrose-impregnated CSC material was synthesized using a low temperature car-

bonization technique. Equal parts ethanol and water were mixed in a Te�on-lined

Parr reactor at room temperature. One gram of sucrose was then added to the mix-

ture, which was then covered and stirred vigorously for thirty minutes. Next, 0.2 g
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of calcined MCM-41 was added to the mixture and stirred an additional 1 hour. The

Parr reactor was then sealed and put into the oven at 200 ◦C for either 24 hours (to

produce CSC-1) or 48 hours (to produce CSC-2). After the reaction was complete,

the Parr reactor was removed from the oven and cooled to room temperature. The

CSC material was then separated from the brown solution via vacuum �ltration and

rinsed with distilled water. The CSC was air dried overnight.

Active metal site impregnation in the carbon phase

A series of metal salts were impregnated into the carbon phase of the CSC materials

to enhance the sulfur dioxide capacity. The nitrates of zinc, copper, and iron were

added to the CSC reaction mixture in a silicon : metal ratio of 5 : 1. Equal parts

ethanol and water were mixed in a te�on-lined Parr reactor at room temperature. The

appropriate amount of metal salt and 1 gram of sucrose was added to the mixture,

which was then covered and stirred for 30 minutes. The remainder of the procedure

mirrors that of the base CSC synthesis.

Materials characterization

Textural characterization

Adsorption isotherms were measured using a Micromeritics ASAP 2020 at -196 ◦C

with either UHP argon or UHP nitrogen as the analysis gas. Prior to measurement,

approximately 0.1 g of each sample was degassed with heating to 90 ◦C and vacuum

to 10 µbar. After reaching 10 µbar, the samples were heated to 100 ◦C under vacuum

for an additional 6 hours.

X-ray di�raction (XRD)

XRD spectra were used to con�rm the long range structure of the native and im-

pregnated MCM-41 samples. The spectra were measured using a Scintag X1h/h au-

tomated powder di�ractometer with Cu target, a Peltier-cooled solid-state detector,

a zero background Si(5 1 0) support, and with a copper X-ray tube as the radiation
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source. Spectra were collected from 1.2 to 7 degrees two θ using a step size of 0.02

degrees.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed on the CSC materials to determine the

amount of carbon impregnated into the MCM-41. A TA Instruments Q600 SDT

simultaneous DSC-TGA was used for the thermogravimetric analysis. Samples were

heated in zero air from room temperature to 600 ◦C using a ramp rate of 5 ◦C per

minute with an air �ow rate of 10 ml per min. To fully burn o� the carbonaceous

phase, the samples were maintained at 600 ◦C for 3 hours.

Light gas capacity

Equilibrium capacities for room temperature light gas adsorption of both ammonia

and sulfur dioxide were measured for all samples using a breakthrough apparatus, a

schematic of which is given in Chapter 1 and Furtado et al.3,28 Prior to analysis, all

samples were regenerated under vacuum at 120 ◦C for 2 hours.

The �ow rate of gas across the adsorbent bed was kept constant at 1133 mg/m3

for ammonia (1500 ppm in helium) and 1428 mg/m3 for sulfur dioxide (500 ppm in

helium). The capacity of the adsorbent material, n (mol ammonia/kg adsorbent),

was calculated via material balance using

n =
F

m

∫ ∞
0

(c0 − c) dt (4.1)

where c0 is the feed molar concentration, and c is the e�uent concentration at time t.

The volumetric �ow rate of gas through the adsorbent bed, F , was adjusted to yield

a breakthrough time of approximately one hour. The mass of the sample, m, was

approximately 10 mg and was contained in a small cylindrical adsorbent bed. The

capacities calculated using the breakthrough apparatus have a standard deviation on

the order of 3 %, and di�erent batches of CSC and metal impregnated CSCs are

repeatable to within 5 %.
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4.3 Results

CSC-Furfuryl Alcohol

Unimpregnated CSC-FA carbonized at di�erent temperatures

The CSC-FA materials were characterized by X-ray di�raction to verify that the im-

pregnation of the silica phase with carbon did not disrupt the MCM-41 structure.

Figure 4.1 shows the XRD spectra of the base CSC-FA materials carbonized at di�er-

ent temperatures and the MCM-41 base material. Despite the decrease in intensity

of the base CSC materials compared to MCM-41, which is due to interference from

the carbon phase, the MCM-41 peaks are identi�able in the CSC-FA spectra. Thus,

carbon impregnation does not alter the MCM-41 hexagonal order. Long range XRD

scans were also run to look for evidence of graphitization, which can be expected to

occur during carbonization at higher temperatures. No graphitic peaks were detected

from these scans.

Characterization of the CSC-FA materials was performed by measuring argon

isotherms at 77 K. It was previously reported that the carbon phase resulting from

furfuryl alcohol carbonization results in slow nitrogen di�usion.8 Consequently, argon

was used to perform the isotherm measurements. Using the IUPAC classi�cation

system, the isotherms in Figure 4.2 are representative of Type I isotherms. The base

CSC-FA materials are nanoporous, and exhibit Type I behavior due to the sharp

increase in the amount adsorbed at low relative pressures, which levels o� as the

relative pressure approaches unity. The hysteresis during desorption is characteristic

of a Type IV isotherm. This could mean either incomplete MCM-41 pore �lling during

impregnation with carbon, or the material could be classi�ed as Type H4, which is

characteristic of slit-shaped pores in the micropore size range.12

Surface area and pore information were calculated from the adsorption

isotherm for the unimpregnated CSC-FA materials. The Brunauer-Emmett-Teller

surface areas were calculated according to the procedure for microporous materials
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Figure 4.1 X-ray di�raction spectra for MCM-41 and CSC-FAs carbonized at di�erent
temperatures.
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Figure 4.2 Adsorption isotherms for CSC-FAs carbonized at di�erent temperatures.
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Table 4.1: BET surface areas, pore volumes, and amount of carbon in each CSC-FA
carbonized at di�erent temperatures and in MCM-41

Sample Carbonization Temp. (K) BET SA (m2/g) Vpore (cm3/g) wt % carbon
MCM-41 � 836 1.2 �
CSC300 300 73 0.2 51
CSC500 500 434 2.3 40
CSC600 600 490 0.5 44

outlined by Rouquerol et al.29 and are summarized in Table 4.1. When all samples

are compared, the samples carbonized at mid-range temperatures (500-600 ◦C) have

higher surface areas and larger pore volumes than the sample carbonized at 300 ◦C.

TGA analysis was performed on the CSC-FA samples produced at di�erent

carbonization temperatures. As summarized in Table 4.1, TGA data shows that the

CSC-FA carbonized at 300 ◦C sample has the highest mass loss, 51 wt %, due to

incomplete polyfurfuryl alcohol carbonization at the lower temperature. The average

carbon content for the remaining samples is approximately 40 %.

Metal impregnation of CSC-FA

Calculated BET surface areas from adsorption isotherms of the parent CSC600 and

metal-impregnated CSC600 materials are shown in Table 4.2. Similar to the base

CSC-FA material, the metal-impregnated CSC-FA isotherms exhibit Type I behavior.

Except for the CSC[Si(0),C(Fe)] sample, the metal impregnations result in decreases

in surface area compared to the unimpregnated CSC.

Select X-ray di�raction spectra are shown in Figure 4.3. All samples impreg-

nated with metals maintain the hexagonal order of the MCM-41 phase apparent in the

CSC-FA base material. According to Sheppard and Buckley,20 a slight shift toward a

lower 2θ value for an XRD peak results from an increase in wall thickness, provided

the pore size remains constant. Because the (1 0 0) peak in the CSC[Si(Fe),C(0)]

sample shows a slight shift toward a lower 2θ value, there is an increase in wall thick-
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Figure 4.3 Select XRD spectra for metal impregnated CSC-FAs.
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Table 4.2: BET surface areas, pore volumes, and amount of carbon in CSC-FA and
metal impregnated CSC-FAs

Sample BET SA (m2/g) Vpore (cm3/g)
CSC600 490 0.48

CSC[Si(0)C(Zn)] 320 0.23
CSC[Si(0)C(Cu)] 488 0.33
CSC[Si(0)C(Fe)] 556 0.28
CSC[Si(Zn)C(0)] 376 0.16
CSC[Si(Cu)C(0)] 400 0.26
CSC[Si(Fe)C(0)] 421 0.22

ness of the MCM-41 pore wall due to the incorporation of iron into the silica wall.

This is the case for all samples with metals impregnated in the silica phase.

Light gas adsorption for CSC-FA samples

Table 4.3 summarizes the light gas adsorption capacities for the unimpregnated CSC-

FA samples and for the parent MCM-41. The presence of the carbon phase enhances

the sulfur dioxide adsorption compared to the parent MCM-41, with CSC600 having

the highest SO2 capacity. When compared on a mol/kg silica basis, the carbon phase

produced at 300 ◦C carbonization temperature causes a decrease in the ammonia

capacity compared to MCM-41. However, the carbon phases in CSC500 and CSC600

result in an increase in the ammonia capacity compared to the base MCM-41. For

the CSC-FA samples, it is obvious that higher adsorption capacities correspond to

higher carbonization temperatures. This is consistent with the physical characteris-

tics of the samples, which show incomplete furfuryl alcohol carbonization at the low

carbonization temperature. The sample carbonized at 300 ◦C shows a decrease in

ammonia and sulfur dioxide capacity compared to the samples carbonized at 500 and

600 ◦C.

The porosity and hexagonal order of the CSC-FA samples carbonized at 500

and 600 ◦C should be most bene�cial for active site impregnation. The sample car-
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Table 4.3: Ammonia and sulfur dioxide equilibrium adsorption capacities for MCM-41
and CSC-FA samples

Sample SO2 Capacity NH3 Capacity
mol/kg sample mol/kg carbon mol/kg sample mol/kg SiO2

MCM-41 0.02 0.02 2.01 2.01
CSC300 0.20 0.55 0.76 1.19
CSC500 0.25 0.71 1.38 2.14
CSC600 0.34 0.95 1.48 2.30

bonized at 300 ◦C is not fully carbonized; the surface area is low since the furfuryl

alcohol polymer structure has not fully collapsed. The sample carbonized at 600 ◦C

has slightly higher surface area and higher light gas capacities than the 500 ◦C sam-

ple. Consequently, active metal site impregnations will focus on CSC-FA carbonized

at 600 ◦C.

Table 4.4 summarizes the ammonia and sulfur dioxide capacities for the unim-

pregnated and metal impregnated CSC-FA samples. The same weight percentage of

three di�erent metals were impregnated into each phase of the CSC-FA materials to

determine which metal enhances ammonia adsorption (by impregnating into the silica

phase) and to determine which enhances sulfur dioxide adsorption (via impregnation

into the carbon phase). Unfortunately, all metals impregnated into both phases either

maintain or reduce the ammonia and sulfur dioxide capacities compared to the parent

CSC-FA.

One possible reason for the lack of TIC capacity enhancement resulting from

the metal impregnations is that the high temperatures necessary for furfuryl alcohol

carbonization causes the metal salts to decompose to states of lower reactivity. Ac-

cording to Furtado et al.,3 the metal salts used to impregnate active sites into the

CSCs decompose to metal oxides at temperatures above 250 ◦C. Since the furfuryl

alcohol polymer must be carbonized between 500 and 600 ◦C for several hours, it is

possible that the active metal sites decompose during the carbonization process and
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Table 4.4: Ammonia and sulfur dioxide equilibrium adsorption capacities for CSC-
sucrose and metal impregnated CSC-sucrose samples

Sample SO2 Capacity NH3 Capacity
mol/kg sample mol/kg carbon mol/kg sample mol/kg SiO2

MCM-41 0.02 0.02 2.01 2.01
CSC600 0.34 0.95 1.48 2.30

CSC[Si(0)C(Zn)] 0.3 0.60 0.85 1.79
CSC[Si(0)C(Cu)] 0.2 0.42 0.61 1.19
CSC[Si(0)C(Fe)] 0.35 0.99 1.29 2.22
CSC[Si(Zn)C(0)] 0.23 0.57 1.11 2.02
CSC[Si(Cu)C(0)] 0.13 0.31 1.05 2.00
CSC[Si(Fe)C(0)] 0.24 0.55 0.81 1.59

are unavailable for chemisorption in the �nal product. Another possibility is that

impregnation with metal salts physically blocks the pores of the carbon phase and

thus reduces the ammonia and sulfur dioxide capacities. This is backed up by the

data in Table 4.2, which shows that all metal salt impregnated samples also result

in a decrease in surface area and pore volume compared to the parent CSC material.

The only sample that does not show a surface area decrease after metal impregnation

is the sample with iron impregnated in the silica phase, and the sulfur dioxide and

ammonia capacities of this sample are closest to that of the parent CSC.

CSC-Sucrose

CSC synthesis and characterization

Two CSC materials using sucrose as the carbon phase were successfully produced

by impregnating MCM-41 with carbonaceous sucrose using two di�erent reaction

times. As shown via the thermogravimetric analysis in Figure 4.4, the amount of

carbon loaded into the MCM-41 scales with the reaction time. The initial mass loss

corresponds to the liberation of adsorbed water and the second gradual mass loss

represents the loss of carbon from the samples. Table 4.5 summarizes the amount of
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Figure 4.4 Thermogravimetric analysis of CSC-sucrose samples.
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Table 4.5: Physical properties of the CSC-sucrose samples

Sample Reaction Time (hrs) wt % Carbon BET SA (m2/g) Vpore (cm3/g)
CSC-1 24 26 436 0.56
CSC-2 48 46 263 0.45

carbon loaded into each sample. Based on the TGA information, the longer reaction

time results in a larger weight percentage of carbon within the CSC material.

Nitrogen isotherms are summarized in Figure 4.5 for both CSC-sucrose mate-

rials and for the unimpregnated MCM-41. The parent MCM-41 exhibits a Type IV

behavior, and the CSC isotherms are hybrids between Type I and Type IV accord-

ing to the IUPAC classi�cation.30 The CSCs are microporous, and exhibit Type I

behavior due to the sharp increase in the amount adsorbed at low relative pressures,

which levels o� as the relative pressure increases. The hysteresis during desorption

is characteristic of a Type IV isotherm. This could mean either incomplete MCM-41

pore �lling during impregnation with carbon, or the material could be classi�ed as

Type H4, which is characteristic of slit-shaped pores in the micropore size range.12

BET surface areas and pore volumes calculated from the isotherms are summarized

in Table 4.5. Impregnating MCM-41 with the sucrose phase decreases the surface

area and pore volume of the materials compared to the parent MCM-41, which has

a surface area of 836 m2/g and a pore volume of 1.2 cm3/g. This is due to �lling the

mesopores with a carbon phase, which results in an increase in microporosity and a

decrease in mesoporosity. The initial MCM-41 has an average pore size of approxi-

mately 37 Å. After �lling the MCM-41 pores with di�erent amounts of sucrose carbon,

density functional theory predicts much lower pore sizes, which are a result of pores

formed by the carbon phase. Consequently, it is evident that sucrose carbon �lls the

MCM-41 mesopores and introduces micropores into the material after carbonization.
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Figure 4.5 Adsorption isotherms for CSC-sucrose samples.
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Table 4.6: Physical properties of the metal impregnated CSC-sucrose samples

Sample BET SA (m2/g) Vpore (cm3/g)
CSC 436 0.56

CSC[Zn(NO3)2] 347 0.62
CSC[Cu(NO3)2] 128 0.33
CSC[Fe(NO3)3] 116 0.45

Impregnation of active metal sites into CSC-sucrose

The nitrates of zinc, copper, and iron were impregnated into the carbon phase of

the CSC during synthesis. Nitrogen isotherms of these materials are compared in

Figure 4.6. The metal impregnated samples maintain the Type IV isotherm behavior

characteristic of the parent CSC-sucrose samples. Table 4.6 summarizes the BET

surface areas and pore volumes calculated from the isotherms. It is evident that

BET surface areas of the metal impregnated CSCs are much lower than the base

CSC-sucrose and the unimpregnated MCM-41.

CSC-sucrose light gas adsorption

As summarized in Table 4.7, the sucrose-based carbon silica composites were tested

for ammonia and sulfur dioxide capacity and compared to MCM-41. It is obvious

from the table that the presence of the sucrose carbon phase increases both the

ammonia and sulfur dioxide capacities compared to the parent MCM-41. When

the ammonia capacities are compared on a mol/kg SiO2 basis, the carbon phase

enhances the ammonia capacity over the base siliceous phase. For sulfur dioxide, the

carbon phase provides base capacity for the composite, whereas the silica phase does

not. Consequently, impregnating this CSC material with active metal sites has the

potential to enhance the sulfur dioxide capacity to a large degree.

Since there was minimal di�erence between the sulfur dioxide capacities of the

CSC samples carbonized for 24 and 48 hours, the 24 hour synthesis procedure was

followed when impregnating the metal salts into the carbon phase. The sulfur dioxide
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Figure 4.6 Nitrogen isotherms for CSC-sucrose and metal impregnated CSC samples.
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Table 4.7: Light gas adsorption of the CSC-sucrose samples

Sample SO2 Capacity NH3 Capacity
mol/kg sample mol/kg carbon mol/kg sample mol/kg SiO2

MCM-41 0.02 0.02 2.01 2.01
CSC-1 0.10 0.38 2.18 2.95
CSC-2 0.15 0.33 2.10 3.93

Table 4.8: Sulfur dioxide adsorption of the metal impregnated CSC-sucrose samples

Sample SO2 Capacity
mol/kg sample mol/kg carbon

CSC-1 0.10 0.38
CSC[Zn(NO3)2] 0.10 0.26
CSC[Cu(NO3)2] 0.06 0.07
CSC[Fe(NO3)3] 0.14 0.35

capacities for these metal impregnated materials are summarized in Table 4.8. It is

evident that the metal salt impregnations did not enhance the sulfur dioxide capacities

of these materials when compared to the unimpregnated CSC. It is possible that the

metal salts are degrading at the temperature necessary for sucrose carbonization. The

melting points for zinc nitrate, iron nitrate, and copper nitrate are 110 ◦C, 125 ◦C,

and 256 ◦C, respectively.31 With such low melting points, it is possible that the metal

salts are decomposing to their metal oxides, even at the low sucrose carbonization

temperature of 200 ◦C, and are unavailable in their reactive form to enhance the sulfur

dioxide capacities.3,32 Similar to the furfuryl alcohol CSCs, it is also possible that the

metal salt impregnates are blocking the pores of the sucrose phase and thus decreasing

the ammonia and sulfur dioxide capacities compared to the parent material.

4.4 Conclusions

A series of carbon silica composites with MCM-41 as the silica phase and

carbonized furfuryl alcohol or sucrose as the carbon phase have been synthesized
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using di�erent carbonization temperatures. These materials have been characterized

via adsorption isotherms, X-ray di�raction, and TGA. They were also tested for their

ammonia and sulfur dioxide capacities. MCM-41 has a large capacity for ammonia

and minimal a�nity for the acidic gas sulfur dioxide.

Impregnation of MCM-41 with furfuryl alcohol to form the CSC maintains the

ammonia capacity and enhances the sulfur dioxide capacity of the adsorbent. The

CSC-FA carbonized at 600 ◦C has the highest surface area, followed by the samples

carbonized at 500 and 300 ◦C. Carbonization of the furfuryl alcohol polymer is a rate

process, consequently the sample heated to 300 ◦C is not fully carbonized, and the

sample carbonized at 600 ◦C has the most well-developed pore structure.

Similar to furfuryl alcohol, impregnation of MCM-41 with carbonized sucrose

results in an increase in the sulfur dioxide and ammonia capacities compared to the

unimpregnated MCM-41. The carbonized sucrose phase of the composite enhances

the sulfur dioxide capacity of the adsorbent compared to the unimpregnated silica

phase. The sucrose phase also results in an increase in ammonia capacity. This

increase in ammonia and sulfur dioxide capacity is true for samples impregnated

using both 24 and 48 hour reaction time.

Metal sites have been successfully incorporated into the CSC adsorbents. The

presence of these active sites within CSC-FA composites does not disrupt the structure

of the base CSC, and all but one sample results in a surface area decrease compared

to the unimpregnated CSC-FA. The metal site impregnations in both phases do not

enhance the ammonia or sulfur dioxide capacities compared to the parent CSC-FA

material. Similarly, the metal sites impregnated into the carbon phase of the CSC-

sucrose do not enhance the sulfur dioxide capacities compared to the parent. It is

possible that the metal salt impregnates block the pores of the carbon phases, as

evidenced by the decrease in surface area for all metal impregnated samples. This

pore blocking could also explain the lack of capacity enhancement seen for the metal
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impregnated samples. Since both furfuryl alcohol and sucrose must be carbonized at

elevated temperatures, it is also possible that the active metal sites decompose during

the carbonization process and are unavailable for chemisorption in the �nal product.

Metal impregnation into CSC materials composed of a carbon phase developed with

a much lower temperature requirement could enhance the activity of the active metal

sites by minimizing decomposition during synthesis.

Despite the lack of capacity enhancement provided by the metal salt impregna-

tions, the presence of the carbon phases in the carbon silica composites successfully

enhances the toxic light gas capacity compared to the parent silica phase. Conse-

quently, these two novel carbon silica composites are promising candidates for air

puri�cation applications.
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CHAPTER V

BIFUNCTIONAL ORGANOALKOXYSILANE-GRAFTED SILICA

COMPOSITES FOR ACIDIC AND BASIC GAS ADSORPTION

5.1 Introduction

Nanoporous adsorbents have attracted attention due to their numerous po-

tential applications, which range from catalysts to energy storage and environmental

protection materials.1�4 The removal of light gases from air is of extreme interest

in the United States today, since adsorbents that accomplish this have applications

in a wide array of industries including building �ltration and protection of military

personnel and civilians. In particular, adsorbents for use in respirators and for pro-

tection against chemical threats should have high single-pass capacities for a broad

spectrum of trace impurities.

Structured mesoporous silica materials, such as members of the M41S family,

are prime candidates for use in new adsorbent applications. Members of the M41S

family are formed via a liquid crystal templating method with ionic surfactants as

structure directing agents.1,5 The mesoporous materials are formed by condensing

silica onto the surfactant liquid crystals and then removing the surfactant from the

�nal product.6 The high surface areas and regularly repeating structures allow for

post synthetic modi�cations to tailor the adsorption capacity to speci�c types of

molecules.7�9

There are two general routes available for surface modi�cation of structured

silicas with functional groups. First, in co-condensation, also known as one-pot syn-

thesis, silane molecules containing the functional group of interest are included in

the gel during synthesis. In this method, the surfactant must be removed from the

pores using solvent extraction rather than calcination, since high temperatures would
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result in destruction of the functional groups.10 The resulting siliceous materials have

di�erent pore structures and morphology than the corresponding mesoporous mate-

rial made without the organoalkoxysilane.11,12 Second, in the post-synthetic graft-

ing route, hydroxyl groups on the synthesized mesoporous silica are functionalized

with silane molecules containing the functional group of interest. The distribution of

grafted molecules is not as uniform as for the co-condensation route.13�15 However,

the grafted mesoporous silicas remain ordered when grafting at higher concentrations,

whereas attempting co-condensation at high alkoxysilane concentrations generally re-

sults in a breakdown in the mesoporous silica structure.12,14 One common method

of post-synthetic functionalization involves treating calcined mesoporous silicas with

functional organoalkoxysilanes.9,16�21 The silanol groups on the mesoporous silicas are

used to covalently bond the organosilane in the presence of solvent, thereby resulting

in a functionalized mesoporous silica that retains its native structure.22

Research into amine-modi�ed adsorbent materials has become popular since

the functional group provides e�cacy for carbon dioxide adsorption.19 Post synthetic

grafting of amine molecules on siliceous materials results in bifunctional materials23

that have chemisorption potential for a wide range of light gases.19,24�26 It has been

previously shown27�30 that due to the hydroxyl groups on MCM-41, the material

exhibits a high capacity for basic gases such as ammonia. The addition of amine and

carbonyl sites to the material should provide it with the potential to chemisorb both

acidic and basic gases.31�36

In this study, di�erent organoalkoxysilane molecules are grafted onto MCM-

41. These contribute carbonyl and amine functional groups to enhance the removal

of ammonia and sulfur dioxide from air. Ammonia is used as a representative basic

molecule and sulfur dioxide is used as an acidic molecule to optimize the interactions

between the bifunctional adsorbent and the light gases.

112



5.2 Experimental Methods

Materials

To make MCM-41, tetramethylammonium hydroxide pentahydrate (97 %),

tetramethylammonium silicate solution (99.99 %, 15�20 wt % in water), and sulfuric

acid (95.0�98.0 %) were purchased from Sigma-Aldrich. Hexadecyltrimethylammo-

nium chloride (25 %) in water was purchased from Pfaltz and Bauer. A solution of

ammonium hydroxide (29 wt %) in water and Cab-O-Sil M5 were purchased from

Fisher Scienti�c.

Four organoalkoxysilanes were used for grafting. Five mL of nitrogen

�ushed 3-(aminopropyl)triethoxysilane (APTES) was purchased from Fisher Scien-

ti�c. Methacryloxpropyl-trimethoxysilane (MAPS, 98 %), 3-(triethoxysilyl)propyl

isocyanate (isocyanate, 95 %), and 3-(trimethoxysilyl)propyl urea (urea, 97 %) were

purchased from Sigma-Aldrich.

For light gas analysis, cylinders of 1500 ppmv ammonia in helium, 500 ppmv

of sulfur dioxide in air, ultra high purity helium, and zero air were purchased from

A-L Compressed Gas.

MCM-41 synthesis

Hexagonally-ordered MCM-41 with a 37 Å pore was synthesized according to

a procedure described in a previous study.27 The as-synthesized material was calcined

by heating in air from room temperature to 540 ◦C at 1 ◦C/min and holding at 540

◦C for 10 hours.

Organoalkoxysilane Grafting

Organoalkoxysilanes were chosen for grafting based on their functional groups.

For ammonia and sulfur dioxide removal, molecules were chosen with carbonyl

and amine groups, respectively. Figure 5.1 shows the molecular structure of the

organoalkoxysilanes chosen. Table 5.1 summarizes the number of carbonyl and amine

113



groups present in each molecule. The reaction mechanism for grafting the alkoxysi-

lanes onto MCM-41 is given in Figure 5.2. The reaction involves hydroxyl groups on

the MCM-41 interacting with the organoalkoxysilane molecule. Cleavage of the C-O

bond results, which produces organoalkoxysilane-grafted MCM-41 and methanol or

ethanol, depending on the alkoxysilane present in the reaction.8 The silane chemistry

is the same for all molecules.
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Figure 5.1 Molecular structures for grafted organoalkoxysilanes.
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Figure 5.2 Silane grafting reaction.
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MCM-41 was grafted with the organoalkoxysilanes under an inert environment

in a 250 mL Schlenk �ask. Calcined MCM-41 and 125 mL of ethanol were added to

the �ask, which was then �ushed with dry nitrogen for 15 minutes while stirring.

An amount of organoalkoxysilane was added as given by the weight percentage in

Table 1. The sample was stirred at room temperature for 24 hours under an inert

environment and then was recovered via vacuum �ltration. The �ltered sample was

washed with deionized water to remove excess solvent and air-dried overnight.

All samples summarized in Table 1 have 2 moles of each functional groups

per kg MCM-41. This was obtained by adjusting the wt % of the organoalkoxysilane

grafted onto MCM-41. Two urea-MCM-41 samples were produced. Urea-MCM-41

has 2 mol amine groups/kg MCM-41 and 1 mol carbonyl groups/kg MCM-41, and

urea(2x)-MCM-41 has 2 mol carbonyl groups/kg MCM-41 and 4 mol amine groups/kg

MCM-41. An additional sample was synthesized using a double impregnation tech-

nique to graft 2 mol/kg APTES and 2 mol/kg isocyanate onto MCM-41. In this

instance, 2 mol/kg isocyanate was �rst grafted onto MCM-41 following the previ-

ously described procedure. After this sample was recovered, it was then grafted with

2 mol/kg APTES to produce the APTES-isocyanate-MCM-41.

Materials characterization

Textural characterization

Adsorption isotherms were measured using a Micromeritics ASAP 2020 at -196 ◦C

with nitrogen as the analysis gas. Prior to measurement, approximately 0.1 g of each

sample was degassed with heating to 50 ◦C and vacuum to 10 µbar. After reaching

10 µbar, the samples were heated to 70 ◦C under vacuum for an additional 6 hours.

X-ray di�raction (XRD)

XRD spectra were used to con�rm the long range structure of the native and im-

pregnated MCM-41 samples. The spectra were measured using a Scintag X1h/h au-

tomated powder di�ractometer with Cu target, a Peltier-cooled solid-state detector,

117



T
ab
le

5.
1:

M
ol
ec
ul
es

gr
af
te
d
on
to

M
C
M
-4
1
an
d
ex
pe
ri
m
en
ta
l
co
nd
it
io
ns

fo
r
gr
af
ti
ng
.
A
ll
m
ol
ec
ul
e
am

ou
nt
s
co
rr
es
po
nd

to
1
g
M
C
M
-4
1

G
ra
ft
ed

M
ol
ec
ul
e

M
ol
ec
.
A
m
t.
(m

L
)

w
t
%

in
sa
m
pl
e

(A
bb
re
vi
at
io
n)

C
ar
bo
ny
l
gr
ou
ps

A
m
in
e
gr
ou
ps

3-
am

in
op
ro
py
lt
ri
et
ho
xy

si
la
ne

(A
P
T
E
S)

0
1

0.
48

31
3-
tr
im
et
ho
xy
si
ly
lp
ro
py
l
ur
ea

(u
re
a)

1
2

0.
19

18
3-
tr
im
et
ho
xy
si
ly
lp
ro
py
l
ur
ea

(u
re
a(
2x
))

1
2

0.
39

31
3-
tr
ie
th
ox
ys
ily
lp
ro
py
l
is
oc
ya
na
te

(i
so
cy
an
at
e)

1
1

0.
50

33
m
et
ha
cr
yl
ox
yp
ro
py
l-
tr
im
et
ho
xy
si
la
ne

(M
A
P
S)

1
0

0.
24

20

118



a zero background Si(5 1 0) support, and with a copper X-ray tube as the radiation

source. Spectra were collected from 1.2 to 7 degrees two θ using a step size of 0.02

degrees.

X-ray photoelectron spectroscopy (XPS)

XPS was performed using a PHI Versaprobe XPS Microprobe analysis system manu-

factured by Physical Electronics, Inc. The apparatus was equipped with a monochro-

matic Al K(α) X-ray source (E = 1486.6 eV). Spectra were collected over binding

energies ranging from 1300 to 100 eV, with high resolution spectra taken of carbon,

silicon, oxygen, and nitrogen. The pass energy was set to 23.5 eV for determination

of atomic ratios and binding energies were referenced to the oxygen 1s peak.37

Light gas capacity

Equilibrium capacities for room temperature light gas adsorption of both ammonia

and sulfur dioxide were measured for all samples using a breakthrough apparatus, a

schematic of which is given in Chapter 1 and Furtado et al.27,36 Prior to analysis, all

samples were regenerated under vacuum using a vacuum oven at 60 ◦C for 2 hours.

To eliminate the possibility of side reactions with the carrier gas, ammonia

breakthrough tests were conducted using 1500 ppmv ammonia pre-mixed with dry

helium. The concentration of ammonia fed to the adsorbent bed was kept constant

at 1133 mg/m3. Before analysis, regenerated samples were equilibrated for 1 hour in

10 sccm helium.

Pre-mixed sulfur dioxide in air was used for SO2 breakthrough testing to de-

termine whether oxygen or humidity a�ects the samples. The concentration of sulfur

dioxide in dry air was kept constant at 1428 mg/m3 (500 ppmv). Samples tested

under dry conditions were equilibrated in 10 sccm dry helium for 1 hour prior to

analysis. The samples tested under humid conditions were equilibrated in 10 sccm air

at 70 %RH for 1 hour before testing. After equilibration under either dry or humid

conditions, the samples were analyzed using the pre-mixed sulfur dioxide in dry air.
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The capacity of the adsorbent material, n (mol ammonia/kg adsorbent), was

calculated via material balance using

n =
F

m

∫ ∞
0

(c0 − c) dt (5.1)

where c0 is the feed molar concentration, and c is the e�uent concentration at time t.

The volumetric �ow rate of gas through the adsorbent bed, F , was adjusted to yield

a breakthrough time of approximately one hour. The mass of the sample, m, was

approximately 10 mg and was contained in a small cylindrical adsorbent bed with an

internal diameter of 4 mm. The capacities calculated using the breakthrough appara-

tus have a standard deviation on the order of 3 %. The capacities of di�erent batches

of the grafted samples have larger standard deviations, on the order of 20 %, due to

variations in the distribution of grafted molecules throughout the silica substrate.

To test for reaction between adsorbate and adsorbent, select samples were

�rst analyzed for ammonia or sulfur dioxide capacity, purged with helium or air for

10 minutes using a 10 sccm �ow rate, vacuumed for 30 minutes, and then re-tested for

ammonia or sulfur dioxide capacity. The vacuum pump used after the desorption step

was an Edwards vacuum pump model RV5 that is capable of producing a vacuum of

1.5x10−3 torr.

5.3 Results

Material characterization

Nitrogen isotherms for the parent and grafted MCM-41 materials are shown

in Figure 5.3. Similar to the parent isotherm, all grafted samples exhibit type IV

isotherms indicative of mesoporous materials. The hysteresis loops represent capillary

condensation in the mesopores.

Surface areas and pore volumes are compared in Table 5.2. Organoalkoxysilane

grafting results in a decrease in surface area compared to the parent material. The

decrease in surface area corresponds to a decrease in pore volume when compared to
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121



the parent material. This is consistent with grafting a large molecule within the pores

of an ordered MCM-41 material. The APTES-isocyanate-MCM-41 has undergone two

grafting steps, and the surface area and pore volume of this material is less than the

other materials, which is consistent with a reduction in surface area with each grafting

step.

Table 5.2: BET surface areas and pore volumes of grafted samples.

Sample BET SA (m2/g) Vpore (cm3/g)
MCM-41 952 1.03

APTES-MCM-41 711 0.62
urea-MCM-41 856 0.88

urea(2x)-MCM-41 805 0.76
isocyanate-MCM-41 681 0.50
MAPS-MCM-41 925 0.96

APTES-isocy-MCM-41 603 0.44

The X-ray di�raction patterns for the parent and grafted materials are com-

pared in Figure 5.4. According to the XRD spectrum, parent MCM-41 is highly or-

dered as indicated by the �ve peaks characteristic of the hexagonally ordered MCM-41

structure.27 XRD spectra of the grafted samples show that the corresponding MCM-

41 peaks are intact, but shifted to smaller angles. This is due to an expansion in the

unit cell after grafting the organoalkoxysilanes onto the hexagonally ordered MCM-

41.31

Ammonia adsorption

The ammonia capacities of the parent MCM-41 and the organoalkoxysilane

grafted samples are compared in Table 5.3. The samples are listed in order of in-

creasing carbonyl content, since the purpose of including the carbonyl functional

group is to enhance ammonia capacity.

As mentioned previously,27 the parent MCM-41 exhibits an ammonia capacity

of 2 moles ammonia/kg sample. In grafted samples without carbonyl groups (i.e., the
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material with grafted APTES), the presence of amine groups decreases the ammonia

capacity over that of parent MCM-41, viz., 1.34 mol/kg compared to 2 mol/kg. This

decrease in capacity is a result of calculating capacity per kg sample rather than

per kg MCM-41. The last column in Table 3 shows the ammonia capacity for the

samples with units of mol NH3/kg MCM-41. A comparison of the ammonia capacities

of APTES-MCM-41 and parent MCM-41 are within experimental error (1.95 mol/kg

compared to 2.00 mol/kg). Consequently, grafting amine groups onto the siliceous

support does not measurably decrease the ammonia capacity compared to that of the

parent.

In general, the presence of carbonyl groups in a grafted molecule enhances

the ammonia capacity. Two urea-MCM-41 samples were prepared, corresponding to

1 and 2 mol carbonyl groups/kg MCM-41. The urea-MCM-41 sample with twice

the amount of urea molecules grafted onto MCM-41 has a larger ammonia capacity.

The isocyanate-MCM-41 and MAPS-MCM-41 samples have larger capacities (9.75

mol/kg and 6.41 mol/kg) compared to the urea grafted materials. The shapes of the

breakthrough curves for these samples with carbonyl groups indicate that reactions

are occurring between ammonia and the carbonyl functional groups; the ammonia

breaks through quickly, but it takes a long time for the ammonia to fully saturate the

sample, which results in a long tail. This is true for all samples containing carbonyl

functional groups.

To better understand the reactions taking place, additional analyses were per-

formed on the two samples with the highest ammonia capacities, MAPS-MCM-41

and isocyanate-MCM-41. XPS, which involves a high vacuum, was used to analyze

these samples before and after exposure to ammonia. There was no visible shifting

of high resolution carbon or nitrogen peaks when comparing the exposed and unex-

posed samples, which would indicate the formation of bonds between ammonia and

the functional carbonyl groups on the grafted molecule. Interestingly, as summa-
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Table 5.4: XPS atomic ratios for parent and ammonia-exposed isocyanate-MCM-41
and MAPS-MCM-41 samples.

Atomic Ratio Isocyanate-MCM-41 MAPS-MCM-41

parent NH3 exposed parent NH3 exposed
Si/O 0.37 0.40 0.39 0.41
Si/C 4.90 3.10 8.80 10.4
Si/N 18.0 52.4 � �

rized in Table 5.4, the concentration of nitrogen in the isocyanate-MCM-41 decreases

after exposure to ammonia. Also, there is no measurable nitrogen present in the

MAPS-MCM-41 either before or after ammonia exposure.

For additional analysis, the mass spectrometer used in the breakthrough ex-

periments was used to perform a scan across mass-to-charge ratios from 10 to 500 at

intervals of 0.006 seconds. This technique generates peaks that correspond to com-

pounds being removed from the system at di�erent time points during the reaction.

As a control, the parent MCM-41 was also analyzed using this method. All peaks

identi�ed during the analysis remain at or below an m/z of 40, which is indicative

of only small molecules being present in the e�uent. The majority of these peaks

correspond to residual gases in the vacuum system of the mass spectrometer, as was

found via the control MCM-41 analysis. Based on the peak positions shared by all

three samples, oxygen, nitrogen, and ammonia were present in the e�uent. No other

distinct peaks were found for both the isocyanate and MAPS samples. Interestingly,

MAPS-MCM-41 gave a small peak at an m/z of 40 that was not present in the MCM-

41 or isocyanate-MCM-41 samples. However, purging a fresh, regenerated sample of

MAPS-MCM-41 with helium under vacuum also gave this same small peak, which

likely indicates some instability in the grafted MAPS molecule, perhaps it breaking

apart at the carbonyl carbon to liberate a small amount of hydrocarbon from the

solid.
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The doubly-grafted APTES-isocyanate-MCM-41 has a lower ammonia capac-

ity than isocyanate-MCM-41 but a higher ammonia capacity than APTES-MCM-41.

Because the APTES molecule is grafted after the isocyanate molecules, the amine

groups in the grafted APTES molecules could shield the carbonyl groups on the iso-

cyanate from reacting as e�ciently with ammonia. They could also be reacting with

carbonyl groups in the grafted isocyanate molecules and thus reduce the ammonia

capacity. Based on the analysis of the sulfur dioxide capacity of this sample in the

following section, the shielding e�ect is most likely the reason for the decrease in

ammonia capacity compared to isocyanate-MCM-41. However, some of the carbonyl

groups are exposed enough to react with ammonia since the ammonia capacity is

much higher than those of the parent or APTES-grafted MCM-41. Consequently,

by grafting di�erent molecules onto the siliceous support, it is possible to tailor the

ammonia capacity of the samples.

Sulfur dioxide adsorption

The sulfur dioxide capacities of all grafted samples are compared in Table 5.5.

The samples are listed in order of increasing amine content. In this system, SO2 is

much more di�cult to remove from carrier gas than NH3 since the parent MCM-41

has minimal sulfur dioxide capacity. Consequently, the capacities in this table are

lower than the corresponding ammonia capacities. Under dry conditions, the grafted

APTES-MCM-41 has the highest sulfur dioxide capacity of 0.85 mol/kg sample or

1.24 mol/kg MCM-41. When compared on a per silica basis, the APTES-MCM-41

material shows about a 40 times increase in capacity compared to the parent MCM-41.

Prehumidi�cation at 70 %RH in air does not in�uence the sulfur dioxide capacities

compared to testing under dry conditions. The APTES-isocyanate-MCM-41 has a

capacity of 1.23 mol/kg MCM-41, which is comparable to that of APTES-MCM-

41. Thus, the amines on the APTES-isocyanate-MCM-41 sample are available for

reaction with SO2 and are not bound to the carbonyl active sites on the isocyanate
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molecules that are also present in this sample.

It is evident from the table that the carbonyl groups do not enhance SO2

capacity and actually hinder this capacity in samples with both carbonyl and amine

functional groups. In general, all grafted molecules that have a carbonyl group mask

the e�ectiveness of the amine groups. This includes both urea-grafted and isocyanate-

grafted samples. The sulfur dioxide capacities for these materials are statistically

similar to that of the parent MCM-41. As expected, grafting only carbonyl groups

onto the siliceous support using MAPS does not increase the sulfur dioxide capacity

above that of the parent.

The presence of carbonyl groups on the same grafted molecule with the

amine groups reduces the e�ciency of sulfur dioxide chemisorption by shielding the

amines from interaction with SO2. However, additional grafting of APTES onto

the isocyanate-MCM-41 sample improves the sulfur dioxide capacity. Consequently,

grafting di�erent functional groups onto MCM-41 by using di�erent molecules, rather

than grafting one molecule with multiple functional groups, provides the ability to

tailor adsorbent materials for better removal of both acidic and basic gases.

Testing for reaction

The reactions presented for ammonia and sulfur dioxide involve the interaction

of these molecules with functional groups on the organoalkoxysilanes. The capacities

presented in the previous sections were single pass capacities; they were calculated

by exposing regenerated, fresh adsorbent containing functional groups available for

reaction to the gas. To help verify the types of adsorption promoted by the grafted

functional groups, samples containing a single functional group (APTES and MAPS)

were �rst analyzed for ammonia or sulfur dioxide capacity, purged with helium or air

for 10 minutes while monitoring the amount of ammonia or sulfur dioxide desorbed,

vacuumed for 30 minutes, and then re-tested for ammonia or sulfur dioxide capacity.

In this way, it is possible to determine whether the adsorbed ammonia or sulfur

128



T
ab
le
5.
5:

Su
lfu
r
di
ox
id
e
ca
pa
ci
ti
es

fo
r
al
l
sa
m
pl
es

in
or
de
r
of
in
cr
ea
si
ng

am
in
e
gr
ou
ps

Sa
m
pl
e

m
ol
am

in
es

m
ol
ca
rb
on
yl
s

SO
2
ca
pa
ci
ty

dr
y

SO
2
ca
pa
ci
ty

70
%
R
H

/k
g
M
C
M
-4
1

/k
g
M
C
M
-4
1

m
ol
/k
g
sa
m
pl
e

m
ol
/k
g
M
C
M
-4
1

m
ol
/k
g
sa
m
pl
e

m
ol
/k
g
M
C
M
-4
1

M
C
M
-4
1

0
0

0.
03

0.
03

0.
03

0.
03

M
A
P
S-
M
C
M
-4
1

0
2

0.
14

0.
18

0.
09

0.
11

ur
ea
-M

C
M
-4
1

2
1

0.
05

0.
06

0.
09

0.
11

is
oc
ya
na
te
-M

C
M
-4
1

2
2

0.
06

0.
09

0.
11

0.
16

A
P
T
E
S-
M
C
M
-4
1

2
0

0.
85

1.
24

0.
88

1.
28

ur
ea
(2
x)
-M

C
M
-4
1

4
2

0.
08

0.
12

0.
17

0.
24

A
P
T
E
S-
is
oc
y-
M
C
M
-4
1

4
2

0.
63

1.
23

0.
60

1.
16

129



dioxide is able to be easily removed from the system during the purging step. If the

capacities of the purge step and the second breakthrough are low, then minimal light

gas can be removed from the system, and a reaction is indicated to have occurred

between the functional groups and the light gas of interest. However, if large amounts

of gas are removed during the purging step and the second breakthrough capacity is

high, then the light gas is physically adsorbed onto the adsorbent.

Figure 5.5 summarizes the ammonia capacities for the MAPS-MCM-41 sample.

The �rst pass capacity is high: 6.4 mol/kg sample. The 10 minute desorption step

using the helium purge shows that approximately 0.45 mol/kg ammonia is desorbed

from the sample. This is consistent with desorption of physically adsorbed ammonia

throughout the MCM-41 support, since the parent MCM-41 has an ammonia capacity

of 2 mol/kg and most of that can be desorbed during the desorption step. After pulling

a high vacuum for 30 minutes, the second breakthrough capacity, at 11.20 mol/kg

sample, is even higher than the �rst capacity. As shown in Figure 5.5, successive

adsorption and desorption cycles generally increase the ammonia capacity. The fourth

adsorption was performed after vacuuming overnight for 16 hours. To double check

the validity of these results, a second batch of sample was synthesized according to

the same synthesis procedure. A breakthrough test was performed on the new sample

after pulling a vacuum overnight before the �rst run. The calculated capacities for

this sample were 31.3 mol/kg and 30.4 mol/kg for the �rst and second adsorption

steps.

The sulfur dioxide capacities for APTES-MCM-41 are shown in Figure 5.6.

Based on the desorption capacity of 0.09 mol/kg, most of the adsorbed sulfur dioxide

is complexed on amine sites on the adsorbent and is therefore not removed during

the desorption step. The capacity calculated from the second breakthrough test is

also small, 0.12 mol/kg, which is consistent with active amine sites being consumed

during reaction in the �rst breakthrough test.
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Figure 5.5 Ammonia chemisorption on MAPS-MCM-41.
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Figure 5.6 Sulfur dioxide chemisorption on APTES-MCM-41.
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5.4 Discussion

In this section, we consider the possible mechanisms for the retention of the

sulfur dioxide and ammonia molecules by the samples based on experimental evidence

and reports in the literature. Our experiments involved gas breakthrough analysis,

mass spectrometry of e�uents during the gas capacity studies, and XPS of samples.

There are three possible mechanisms for the retention and fate of the ammonia and

sulfur dioxide molecules on the organoalkoxysilane-silica composite samples that we

wish to distinguish: (1) physically adsorbed molecules associating with the polar,

hydroxylated silica surface and grafted molecules, (2) intact chemisorbed molecules

or chemisorbed molecules that react with all reaction products retained by a sample,

and (3) chemisorbed molecules that react with some or all of the products eluted as

the result of reactions consuming the grafted molecules or catalytic reactions.

For sulfur dioxide, the data and literature provide a straightforward interpre-

tation of retention by the sample. For the amine-grafted APTES sample, the �rst

breakthrough capacity is modest, with very little sulfur dioxide removed during the

subsequent purge, and very little additional retained on the second breakthrough. In

this case, the sulfur dioxide molecules have associated strongly with the amine groups.

In the presence of amines, sulfur dioxide can form 1:1 charge-transfer complexes with

electrons from nitrogen transferring to antibonding orbitals on the sulfur.32 This

complexation reaction provides the basis for chemisorption of sulfur dioxide onto the

amine-grafted MCM-41 samples. The sulfur dioxide molecule is retained intact by

the sample with no elution of reaction products. For samples with a grafted carboxy-

late group, sulfur dioxide retention is still enhanced over the parent silica support,

although the extent of this retention is low; what is retained is likely held by physical

adsorption.

The cause of ammonia retention on the grafted samples is not as straightfor-

ward as that of sulfur dioxide. For ammonia, grafted amine functional groups do
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not improve, nor should they be expected to improve, the retention of ammonia by

the silica support. Chemisorption of ammonia on silica is not promoted by amines.

Retention of ammonia by the carbonyl-impregnated samples is more complex. The

gas capacity experiments show a high capacity for the �rst breakthrough, measur-

able desorption during the regenerative helium purge and vacuum, and additional

breakthrough capacities that exceed the �rst breakthrough capacity for the parent

silica support. The multiple high capacities are an indication of signi�cant physical

adsorption occurring in these samples. XPS provides the interesting result that some

nitrogen is lost from the isocyanate-grafted sample from exposure to ammonia. This

indicates that a chemical reaction has occurred with removal of some of the nitrogen

in the e�uent. However, no additional peaks above a threshold value were found in

mass spectrometry scans, suggesting either that the reaction product was present at

too low a concentration to be detected or that the reaction product was N2, which

was obscured by the large residual nitrogen peak.

Physical adsorption of ammonia can be expected to involve its hydrogen bond-

ing, and this would be promoted by the presence of the carbonyl group. The last

column in Table 5.6 summarizes the number of ammonia molecules that must be

interacting with each carbonyl group to achieve the corresponding capacity for each

sample if physical adsorption alone were responsible for the large ammonia capacities.

It is obvious that each carbonyl group would need to promote the adsorption of a

large number of ammonia molecules. However, it should be pointed out that water

adsorption on many common adsorbents shows similar capacities (>20 mol/kg) and

involves extensive hydrogen bonding. The development of large clusters of hydrogen

bound water molecules during adsorption is understood for both activated carbons40

and zeolites.41�44 While ammonia does not hydrogen bond as perfectly as water, such

clusters should still be expected to form, especially when promoted by chemical func-

tionalities such as carbonyl groups. After ammonia adsorption, the samples used in
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XPS analysis were exposed to high vacuum prior to beginning that study, and it is

possible that the large clusters of ammonia molecules were removed from the grafted

samples before the actual analysis.

The cyclic adsorption seen from the �rst MAPS-MCM-41 samples also suggests

that the ammonia is participating in hydrogen bonding with the carbonyl groups,

rather than chemisorbing with them. If the carbonyl groups had been chemisorbing

with ammonia, then each successive ammonia capacity should be lower than that

calculated from the previous run. The fact that the �rst sample showed increasing

ammonia capacities is most likely due to hydrogen bonded water being present on

the material and taking up the carbonyl active sites that can also participate in

hydrogen bonding with ammonia. After pulling a vacuum for 30 minutes after the

desorption analysis, more of the water is removed, which results in an increase in

ammonia capacity as calculated by the second breakthrough. The second sample

that was found to have an ammonia capacity of 31 mol/kg was analyzed only after

fully removing the adsorbed water from the sample by exposing it to a high vacuum

overnight. In this case, the �rst and second breakthrough capacities are similar and

very high.

From the standpoint of chemisorption, the high ammonia capacities might be

thought to be indicative of the nucleophilic nitrogen in ammonia molecules react-

ing with the electrophilic carbon in the carbonyl group, as shown in the reaction in

Figure 5.7.45 The formation of the hemiaminal intermediate provides an additional

hydroxyl group that could interact with ammonia and boost the chemisorption poten-

tial of the material similar to the interactions of ammonia with the hydroxyl groups

on the silica substrate. Assuming that one ammonia molecule interacts with one

carbonyl group according to the reaction in Figure 5.7, and considering the resulting

theoretical capacities in Table 5.6, it is obvious that the actual capacities are much

higher than the theoretical capacities suggested by the proposed reaction. Also, if
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the ammonia molecules were participating in the reaction proposed in Figure 5.7,

in which reacted nitrogen remains bound to the solid phase, there should be an in-

crease in nitrogen present in the ammonia-exposed samples when compared to the

unexposed materials. XPS showed a decrease in nitrogen content.

Table 5.6: Comparison of theoretical and actual ammonia capacities in grafted sam-
ples.

Sample NH3 capacity (mol/kg sample) Number of NH3 molecs.

Theoretical Actual /carbonyl group
MCM-41 2.00 2.00 �

urea-MCM-41 2.82 5.55 7
urea(2X)-MCM-41 3.39 6.21 5
isocyanate-MCM-41 3.34 9.75 8
MAPS-MCM-41 3.61 22.9 15

5.5 Conclusions

A series of composite materials has been synthesized using silane chemistry

to graft organoalkoxysilanes with unique functional groups onto an ordered siliceous

substrate. By exploiting the chemistry of the functional groups, the biphasic ma-

terials exhibit high single pass capacities for sulfur dioxide, an acidic gas, and am-

monia, a basic gas. The siliceous parent material provides initial ammonia capacity.

Organoalkoxysilane molecules containing carbonyl groups provide additional ammo-

nia capacity, and molecules containing amine groups provide sulfur dioxide capacity.

The arrangement of functional groups on the organoalkoxysilanes result in

di�erent ammonia and sulfur dioxide capacities for the grafted samples. A shielding

e�ect is thought to occur when both carbonyl and amine functional groups are present

on the same grafted molecule. Urea-MCM-41 samples are dominated by the carbonyl

groups on the urea and thus exhibit high ammonia capacities but low sulfur dioxide

capacities, despite the fact that there are two amine groups per urea molecule. The
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APTES molecule imparts the highest sulfur dioxide capacity of all grafted molecules.

MAPS-MCM-41 has the highest ammonia capacity since it has only a single carbonyl

functionality to enhance hydrogen bonding. The amine functional group enhances the

sulfur dioxide capacity by forming charge-transfer complexes with SO2. The carbonyl

groups enhance the capacity for ammonia through hydrogen bonding.

Grafting two molecule types onto MCM-41 is one way to tailor the adsorbent

for the removal of both gases. APTES-isocyanate-MCM-41 has a high sulfur dioxide

capacity, which is comparable to that of APTES-MCM-41. Although not as high as

for MAPS-MCM-41, the ammonia capacity of this sample is still extremely high. Both

capacities are much higher than those of commercial adsorbents. Grafting di�erent

amounts of these molecules onto MCM-41 provides the ability to tailor the resulting

acidic and basic gas capacities for this bifunctional adsorbent material.
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CHAPTER VI

BIFUNCTIONAL ORGANOALKOXYSILANE-GRAFTED ZIRCONIUM

HYDROXIDE COMPOSITE FOR ACIDIC AND BASIC GAS ADSORPTION

6.1 Introduction

Adsorbent materials designed speci�cally for air puri�cation applications are

in high demand. These materials can be used for numerous applications including

building �ltration and chemical protective masks.1�4 Light gases can be retained

within the small pores of high surface area adsorbents via physical adsorption, but

they can be retained more strongly by using active basic and acidic sites to promote

chemical adsorption. In order for an adsorbent material to target extreme air pu-

ri�cation successfully, it should have the ability to remove a broad spectrum of light

gases, including both acidic and basic gases, such as sulfur dioxide and ammonia.

Metal oxides such as ordered siliceous materials,5�7 templated titanias,8 and

zirconium oxides4,9, 10 have been used extensively as the sca�old for composite materi-

als. These materials generally exhibit repeating structure with long range order, high

surface areas, and narrow pore size distributions that produce structured composite

materials. Furtado et al.6 took advantage of the hexagonally ordered mesoporous

silica MCM-41 to produce a composite material with a metal organic phase. This

material showed enhanced ammonia capacity compared to the unimpregnated silica.

Other research groups have used templated metal oxides as the sca�old to produce

ordered single phase materials after removal of the oxide phase. Zhang et al.7 impreg-

nated highly ordered and spherical silicas with carbonaceous sucrose. After removal

of the siliceous phase, the carbonaceous spheres were found to be highly ordered and

connected by macropores and mesopores. The base oxide material is often chosen for

use in a composite material based on its individual properties. Ordered mesoporous
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silicas such as MCM-41 have been found to have high capacities for basic gases.5 Con-

versely, zirconium hydroxide has been found to have a high capacity for acidic gases

such as sulfur dioxide.11�14 Consequently, composite materials can be tailored for the

removal of di�erent gases by using the sca�old material to enhance the capacity for

one type of gas and a grafted impregnate to enhance another.

Post synthetic grafting of amine molecules on templated metal oxide materi-

als results in bifunctional materials15 that have chemisorption potential for a wide

range of light gases.16�19 Post-synthetic functionalization uses silane chemistry to

create covalent bonds between silica or metal oxides and functional organoalkoxysi-

lanes.20�23 Organoalkoxysilanes such as methacryloxypropyl-trimethoxysilane add

functional groups to the sca�old that can interact with various toxic light gases to

enhance the capacity of the composite for light gases.

In this study, a methacryloxypropyl-trimethoxysilane molecule (MAPS) is

grafted onto a commercially available zirconium hydroxide sca�old to produce a com-

posite material with high capacities for basic and acidic gases. The material is tested

for capacity of ammonia, which is a basic gas, and sulfur dioxide, which is an acidic

gas. Di�use re�ectance infrared fourier transform spectroscopy (DRIFTS) and nitro-

gen adsorption isotherms are used to characterize the composite material and compare

it to the ungrafted zirconium hydroxide.

6.2 Experimental Methods

Materials

Zirconium hydroxide powder was purchased from Magnesium Electron, Inc.

Nitrogen �ushed methacryloxypropyl-trimethoxysilane (MAPS, 98 %) was purchased

from Sigma-Aldrich. Dry ethanol (200-proof) was purchased from Pharmco-aaper.

For light gas analysis, cylinders of 1500 ppmv ammonia in helium, 500 ppmv

of sulfur dioxide in air, ultra high purity helium, and zero air were purchased from

A-L Compressed Gas.
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Organoalkoxysilane grafting

The carbonyl functional group present in the methacryloxypropyl-

trimethoxysilane molecules should enhance the ammonia capacity, and the base zir-

conium hydroxide sca�old has an inherent sulfur dioxide capacity.11 The grafting was

performed at a concentration of 4 moles of methacryloxypropyl-trimethoxysilane/kg

zirconium hydroxide.

The grafting was performed under an inert environment in a 250 mL Schlenk

�ask. One half gram of Zr(OH)4 and 125 mL of ethanol were added to the �ask,

which was then �ushed with dry nitrogen for 15 minutes while stirring. A volume of

0.24 mL of methacryloxypropyl-trimethoxysilane was then added to the Schlenk �ask

to produce a material grafted with 4 moles organoalkoxysilane/kg adsorbent. The

sample was stirred at room temperature overnight under an inert environment and

then recovered via vacuum �ltration. The �ltered sample was washed with ethanol

and water and degassed at 60 ◦C for 2 hours under vacuum.

Materials characterization

Textural characterization

Adsorption isotherms were measured using a Micromeritics ASAP 2020 at -196 ◦C

with nitrogen as the analysis gas. Prior to measurement, approximately 0.1 g of each

sample was degassed with heating to 50 ◦C and vacuum to 10 µbar. After reaching

10 µbar, the samples were heated to 70 ◦C under vacuum for an additional 6 hours.

Di�use Re�ectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Reactions between the grafted Zr(OH)4 and the analysis gas were monitored in real

time using Fourier Transform Infrared Spectroscopy (FTIR) on a Nicolet 6700 FTIR

from Thermo Fisher Scienti�c. The FTIR was equipped with a liquid nitrogen cooled

mercury cadmium telluride detector that is available for scanning in the mid-IR range.

The FTIR was also equipped with a Praying Mantis di�use re�ectance infrared fourier

transform spectroscopy (DRIFTS) attachment and a Praying Mantis high tempera-
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ture reaction chamber that �ts inside the DRIFTS chamber. The powder sample is

loaded into the sample cup, which has an internal diameter of 3.1 mm, in the center

of the reaction chamber. The chamber is enclosed by two KBr windows to allow

infrared light to reach the sample and one glass window for observation. An image

of the reaction chamber inside the DRIFTS chamber on the Nicolet 6700 is shown in

Figure 6.1.

During the analysis, premixed sulfur dioxide in helium at 500 ppmv and 1500

ppmv ammonia in helium were passed over the sample in the reaction chamber at a

10 sccm �ow rate. The gas manifold is shown in Figure 6.2. A background scan was

initially taken using the sample while purging with helium. The samples were then

purged with helium and one baseline scan was taken. The scans were performed at

4 cm−1 resolution with 64 coadded scans. The helium �ow was then stopped, the

analysis gas started, and FTIR scans were taken of the sample every �ve minutes to

monitor how the substrate changes with reaction. After the reaction was complete,

the reaction chamber was purged with helium for one hour, with scans taken every 5

minutes to monitor the retention of ammonia or sulfur dioxide by the sample. FTIR

band information was obtained from two sources.24,25

Light gas capacity

Equilibrium capacities for room temperature light gas adsorption of both ammonia

and sulfur dioxide were measured for all samples using a breakthrough apparatus, a

schematic of which is given in Furtado et al.5,6 Prior to analysis, all samples were

regenerated under vacuum at 60 ◦C for 2 hours.

To eliminate the possibility of side reactions with the carrier gas, ammonia

breakthrough tests were conducted using 1500 ppmv ammonia pre-mixed with dry

helium, and pre-mixed sulfur dioxide in air was used for SO2 breakthrough testing.

The concentration of ammonia fed to the adsorbent bed was kept constant at 1133

mg/m3. The concentration of sulfur dioxide in dry air was kept constant at 1428
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Figure 6.1 Powder reaction chamber located inside the DRIFTS-FTIR apparatus.
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Figure 6.2 Gas manifold setup for the DRIFTS-FTIR apparatus.
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Table 6.1: BET surface areas and pore volumes of grafted samples.

Sample BET SA (m2/g) Vpore (cm3/g)
Zr(OH)4 395 0.38

MAPS-Zr(OH)4 243 0.24

mg/m3 (500 ppmv). Before analysis, regenerated samples were equilibrated for 30

minutes in 10 sccm helium.

The capacity of the adsorbent materials was calculated according to the proce-

dure described in previous publications.5,6 The mass of the sample was approximately

4 mg and was contained in a small cylindrical adsorbent bed with an internal diam-

eter of 4 mm. The capacities calculated using the breakthrough apparatus have a

standard deviation on the order of 3%. The capacities of di�erent batches of the

grafted samples are expected to have larger standard deviations, on the order of 20

%, due to variations in the distribution of grafted molecules throughout the inorganic

substrate.

6.3 Results

Material characterization

Nitrogen isotherms for the parent and grafted Zr(OH)4 materials are shown

in Figure 6.3. Surface areas and pore volumes for these materials are compared in

Table 6.1. Organoalkoxysilane grafting results in a decrease in surface area compared

to the parent material. The decrease in surface area corresponds to a decrease in

pore volume when compared to the parent. This is consistent with grafting a large

molecule within the pores of the zirconium hydroxide sca�old material.

Light gas adsorption

Ammonia and sulfur dioxide capacities for the Zr(OH)4 and MAPS-Zr(OH)4

materials are summarized in Table 6.2. The zirconium hydroxide substrate boasts a
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Table 6.2: Ammonia and sulfur dioxide capacities for the zirconium hydroxide sam-
ples.

Sample NH3 capacity (mol/kg sample) SO2 capacity (mol/kg sample)
Zr(OH)4 1.45 1.30

MAPS-Zr(OH)4 5.57 0.61

high initial sulfur dioxide capacity of 1.30 mol/kg. This is due to the basic terminal

hydroxyl groups on the zirconium hydroxide, which interact with the sulfur dioxide

and form sul�te species.11 The chemisorption of SO2 onto zirconium hydroxide allows

for strong retention of the light gas after adsorption. As shown in the table, the parent

material also has a high initial ammonia capacity; however, this is due to physical

adsorption rather than chemisorption. The zirconium hydroxide initially has a high

ammonia capacity, but since the ammonia molecules are not chemically bound to the

substrate, regenerating using a vacuum for 30 minutes removes most of the ammonia,

after which a similar high capacity can then be calculated from a second breakthrough

test on the vacuumed sample.

It is evident from this table that the grafted MAPS molecule enhances the

ammonia capacity by three-fold compared to the parent. This is most likely due to

the carbonyl group providing hydrogen bonding sites for the ammonia. Unfortunately,

the presence of the grafted molecule decreases the sulfur dioxide capacity compared

to the parent material. Peterson et al.11 postulate that the terminal hydroxyl groups

on the parent zirconium hydroxide provide chemisorption sites for sulfur dixode. It

is possible that grafting MAPS onto the parent material decreases the number of

terminal hydroxyl groups available for reaction with sulfur dioxide, thereby resulting

in a capacity decrease. Despite this decrease, this sulfur dioxide capacity is still very

high compared to many commercial adsorbents.
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DRIFTS

The parent zirconium hydroxide was exposed to sulfur dioxide to monitor the

reaction between SO2 and the substrate. The FTIR scans from this experiment are

shown in Figure 6.4. One prominent band is apparent at 1124 cm−1 that increases

over time during the sulfur dioxide purge. This band is representative of symmetric

SO2 stretching. Based on the position of this peak, it is evident that the sulfur diox-

ide remains intact when adsorbed on the zirconium hydroxide substrate. Peterson et

al.11,26 performed X-ray photoelectron spectroscopy on the parent and identi�ed the

presence of sul�te (SO3
−) species. A sul�te asymmetric stretching band would be seen

in the 1200-1195 cm−1 region. This band is not present in the FTIR data, possibly

due to the di�erence in experimental conditions between the two analyses. In their

analysis, XPS was used to analyze a sample after the chemisorption of sulfur diox-

ide had been completed, whereas the present case analyzes the zirconium hydroxide

substrate during the reaction. It is possible that it takes time for the sulfur dioxide

to react to form the sul�te, and this was not apparent from the FTIR results. It is

obvious that relatively strong bonds are being formed between the sulfur dioxide and

zirconium hydroxide, since the peak at 1124 cm−1 representing intact SO2 stretching

remains prominent during the 1 hour helium purge after the experiment.

There is also a decrease in O-H absorbance intensity compared to the base

material, as shown by the peaks at 3702 and 3612 cm−1. This decrease in absorbance

compared to the baseline is indicative of sulfur dioxide interacting with the hydroxyl

groups on the zirconium hydroxide substrate. This decrease in intensity remains

during the 1 hour helium purge; consequently, the sulfur dioxide forms chemical

bonds with the hydroxyl groups that are strong enough to remain during the helium

purge.

Figure 6.5 plots IR spectra of the parent material exposed to ammonia in

a DRIFTS experiment designed to monitor the reaction between ammonia and the
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substrate with respect to time. There are several prominent bands that change with

time during the course of the experiment, one at 3693 cm−1 and one at 1656 cm−1. The

band at 1656 cm−1 represents an adsorbed water peak. The decrease in absorbance at

this intensity shows that the adsorbed water is removed from the substrate during the

ammonia purge. The decreased absorbance at 1656 cm−1 remains after purging with

helium because the adsorbed water is �ushed from the system during the ammonia

and helium purges and is not available to readsorb on the substrate. The band at

3693 cm−1 corresponds to the O-H stretching of hydroxyl groups on the zirconium

hydroxide substrate. The absorbance decrease at 3693 cm−1 shows that the ammonia

molecules are associating with the hydroxyl groups on the zirconium hydroxide. After

stopping the �ow of ammonia and beginning the helium purge, the peak at 3693 cm−1

reverts closer to the baseline absorbance. Thus, the ammonia is not strongly bound

to the hydroxyl groups on the zirconium hydroxide.

Grafting MAPS onto the zirconium hydroxide substrate complicates the FTIR

analysis. Figure 6.6 compares the spectra of grafted and ungrafted zirconium hydrox-

ide. The bands between 3000 and 2800 cm−1 represent aliphatic C-H stretching due

to the grafted MAPS molecule. The MAPS molecule also results in an increase in

the number of bands between 1780 and 1200 cm−1, which are generally due to the

interactions between oxygen and carbon in the methacrylate portion of the MAPS

molecule.

Figure 6.7 shows results of the DRIFTS experiment using ammonia on MAPS-

Zr(OH)4. Similar to the ungrafted zirconium hydroxide, this experiment shows a

decrease in absorbance at 3693 cm−1 in the O-H stretching region. This absorbance

decrease reverts closer to the baseline during the helium purge; thus, the grafted

MAPS molecule assists with hydrogen bonding of ammonia on the sample in the

same way that the hydroxyl groups on the zirconium hydroxide substrate provide

ammonia capacity. Consequently, ammonia is able to hydrogen bond with both the
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hydroxyl groups and the carbonyls on the MAPS-Zr(OH)4 material. The additional

carbonyl groups added due to the grafting of MAPS results in the increase in ammonia

capacity associated with the MAPS-Zr(OH)4 compared to the parent. The band at

1656 cm−1 represents the adsorbed water peak. Similar to the ungrafted substrate,

the grafted sample shows a decrease in adsorbed water during the ammonia and

helium purges. Thus, water molecules are liberated from the MAPS-Zr(OH)4 sample

during the experiment.

Figure 6.8 shows MAPS-Zr(OH)4 exposed to sulfur dioxide. Similar to the

parent material, there is an absorbance decrease in the 3670 cm−1 region. This band

corresponds to a decrease in the hydroxyl group stretching during the sulfur dioxide

purge. Similar to the ungrafted zirconium hydroxide substrate, the sulfur dioxide

molecules are strongly bound to the composite since the absorbance decrease remains

prominent when purging with helium for one hour after exposure to sulfur dioxide.

6.4 Conclusions

A substrate with an established high chemisorption capacity for sulfur dioxide

was grafted with methacryloxypropyl-trimethoxysilane to enhance the ammonia ca-

pacity of the composite material. This composite was found to have a decreased sulfur

dioxide capacity compared to the ungrafted parent material. However, the grafting

does greatly boost the ammonia capacity. Grafting the molecule onto the zirconium

hydroxide resulted in a slight decrease in surface area and pore volume compared to

the parent material.

Di�use re�ectance infrared fourier transform spectroscopy was used in con-

junction with a gas reaction chamber to monitor changes in the composite with time

while the sample was exposed to ammonia and sulfur dioxide. This type of analysis

was found to be useful in identifying the compounds that are formed throughout the

course of a chemisorption reaction. Based on the FTIR analyses, ammonia was found
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to interact with the hydroxyl groups on the zirconium hydroxide and the carbonyl

groups on the grafted MAPS molecule through hydrogen bonding. In both sam-

ples, some ammonia molecules were removed during the helium purge. The sulfur

dioxide molecules remain intact during chemisorption with the material and do not

react quickly to form sul�te species. The bonds between the grafted and ungrafted

zirconium hydroxide materials and sulfur dioxide are strong enough to remain intact

during a helium purge. Consequently, the sulfur dioxide molecules are strongly bound

to the materials.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

The work presented in this dissertation focuses on engineering adsorbent mate-

rials to remove light gases from air. Various composite materials have been designed

and tested for their ammonia and sulfur dioxide removal capacities under dry and

humid conditions. Most composites include a hexagonal siliceous support that has

a high initial ammonia capacity. The second phase in the composite ranges from

carbonaceous sucrose to grafted organoalkoxysilane molecules that contain functional

groups for chemisorption with light gases.

The principal �ndings of this research are:

Metal salt impregnations into MCM-41

• Metal salts including the nitrates, sulfates, chlorides, and carbonates of iron,

copper, and zinc were impregnated into MCM-41 via aqueous impregnations.

These aqueous impregnations were found to enhance the ammonia capacity

compared to the siliceous material. Statistical analysis was used to produce

predictive equations relating the metal salt impregnations with corresponding

ammonia capacities. The metal type and anion type were found to be the

most statistically signi�cant predictors of ammonia capacity for the impregnated

samples. The intrinsic metal salt pH and metal oxidation state were determined

not to be statistically signi�cant ammonia capacity predictors.

• Impregnation with zinc chloride resulted in the highest ammonia capacity, and

amounts between 20 and 50 wt % ZnCl2 impregnation yield the highest ammonia

capacities, ranging from 7.0 - 8.9 mol/kg loading. After 50 wt % ZnCl2 loading,

the ammonia capacity decreases because the metal salt is present at too high a
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concentration to be well dispersed throughout the MCM-41 matrix.

• Insoluble metal salts, speci�cally the metal carbonates, were found to have

lower ammonia capacities at both conditioning temperatures due to the aqueous

impregnation method used.

• The conditioning temperature was found to play a large role in the metal salt

activity after impregnation. A high temperature conditioning step resulted in

the formation of Zn and ZnO from decomposition of ZnSO4. A corresponding

decrease in ammonia capacity was observed for the high temperature sample

compared to those conditioned at lower temperatures.

MSMO composite

• A composite material was synthesized by combining an ordered mesoporous

silica phase, speci�cally MCM-41 impregnated with copper and benzene-1,3,5-

tricarboxylic acid, the organic BTC linker used in the synthesis of a common

MOF, to give an ordered mesoporous silica - metal organic (MSMO) composite

material. The nitrogen isotherm con�rms the formation of the mesoporous com-

posite material. According to TGA results, approximately 12 % organic BTC

is loaded onto the MCM-41 and bound to the copper sites dispersed throughout

MCM-41. X-ray di�raction results con�rm that the composite does not lose its

long range MCM-41 order after impregnation with the BTC. It also con�rms

that small amounts of CuBTC crystals (about 3 wt %) are present in the �-

nal sample as an impurity. XPS shows that copper sites that are distributed

throughout the MCM-41 matrix are actively bound to BTC.

• The presence of both copper sites and intact BTC results in an ammonia capac-

ity that is higher than the base ordered mesoporous silica (5.2 mol/kg compared

to 2.0 mol/kg) due to the functionality provided by the metal organic phase.
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The composite has four types of active sites available for ammonia adsorption.

These are: (1) the base silica phase provides inherent ammonia capacity, (2) the

addition of hydroxyl groups to the MCM-41 during hydrothermal conditioning

enhance ammonia capacity, (3) the copper sites distributed throughout the sil-

ica matrix increase NH3 capacity, and (4) carboxylic acid groups from the BTC

linker provide coordination sites for ammonia.

• After hydrothermal conditioning, the novel composite material maintains its

high ammonia capacity, whereas the corresponding metal organic framework

sample degrades, resulting in a large decrease in ammonia capacity. XPS and

XRD show that the BTC present in the composite material remains intact and

that the MCM-41 structure is maintained after conditioning.

Carbon silica composites for SO2 and NH3 adsorption

• A series of carbon silica composites with MCM-41 as the silica phase and car-

bonized furfuryl alcohol or sucrose as the carbon phase have been synthesized

using di�erent carbonization temperatures. The parent silica phase has a large

capacity for ammonia and minimal a�nity for the acidic gas sulfur dioxide.

Impregnation of MCM-41 with furfuryl alcohol to form the CSC maintains the

ammonia capacity and enhances the sulfur dioxide capacity of the adsorbent.

MCM-41 impregnation with carbonized sucrose results in an increase in both the

sulfur dioxide and ammonia capacities compared to the unimpregnated MCM-

41.

• The CSC-FA carbonized at 600 ◦C has the highest surface area, followed by the

samples carbonized at 500 and 300 ◦C. Carbonization of the furfuryl alcohol

polymer is a rate process, consequently the sample heated to 300 ◦C is not fully

carbonized, and the sample carbonized at 600 ◦C has the most well-developed

pore structure.
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• A low temperature procedure has been developed to impregnate MCM-41 with

sucrose. The low temperature carbonization procedure uses equal parts ethanol

and water in a high pressure vessel to produce a carbonized CSC material at 200

◦C. The amount of carbon loaded into the MCM-41 was found to scale with the

reaction time. Nitrogen isotherms show that the carbon phase is microporous.

• Metal sites have been successfully incorporated into the CSC adsorbents. The

metal site impregnations in both phases of CSC-FA do not enhance the ammonia

or sulfur dioxide capacities compared to the parent CSC-FA material. Similarly,

the metal sites impregnated into the carbon phase of the CSC-sucrose do not

enhance the sulfur dioxide capacities compared to the parent. It is possible that

the metal salt impregnates block the pores of the carbon phases, as evidenced

by the decrease in surface area for all metal impregnated samples. Since both

furfuryl alcohol and sucrose must be carbonized at elevated temperatures, it is

also possible that the active metal sites decompose via oxide formation during

the carbonization process and are unavailable for chemisorption in the �nal

product.

• Despite the lack of capacity enhancement provided by the metal salt impregna-

tions, the presence of the carbon phases in the carbon silica composites success-

fully enhances the toxic light gas capacity compared to the parent silica phase.

Metal impregnation into CSC materials composed of a carbon phase developed

with a much lower temperature requirement could enhance the activity of the

active metal sites by minimizing decomposition during synthesis.

Bifunctional organoalkoxysilane-grafted silica composites for SO2 and NH3

adsorption

• Composite materials have been synthesized using silane chemistry to graft

organoalkoxysilanes with unique functional groups onto MCM-41. By exploit-
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ing the chemistry of the functional groups, the biphasic materials exhibit high

single pass capacities for sulfur dioxide, an acidic gas, and ammonia, a basic

gas. Organoalkoxysilane molecules containing carbonyl groups provide addi-

tional ammonia capacity, and molecules containing amine groups provide sulfur

dioxide capacity.

• The arrangement of functional groups on the organoalkoxysilanes result in di�er-

ent ammonia and sulfur dioxide capacities for the grafted samples. A shielding

e�ect appears to occur when both carbonyl and amine functional groups are

present on the same grafted molecule. The amine functional group enhances

the sulfur dioxide capacity by forming charge-transfer complexes with SO2. The

carbonyl groups enhance the capacity for ammonia by hydrogen bonding.

• Grafting two molecule types onto MCM-41 is one way to tailor the adsorbent

for the removal of both gases. APTES-isocyanate-MCM-41 has a high sulfur

dioxide capacity, which is comparable to that of APTES-MCM-41. Although

not as high as isocyanate-MCM-41, the ammonia capacity of this sample is still

very high. Grafting di�erent amounts of molecules containing single functional

groups onto MCM-41 provides the ability to tailor the resulting acidic and basic

gas capacity for this bifunctional adsorbent material.

Bifunctional organoalkoxysilane-grafted zirconium hydroxide composite for

SO2 and NH3 adsorption

• A Zr(OH)4 substrate with an established high chemisorption capacity for sulfur

dioxide was grafted with an organoalkoxysilane molecule containing a carbonyl

group (methacryloxypropyl-trimethoxysilane) to enhance the ammonia capacity

of the composite material. This composite was found to have a lower sulfur

dioxide capacity compared to the ungrafted parent material. However, the

grafting greatly boosts the ammonia capacity compared to the ungrafted parent.
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• A novel technique using di�use re�ectance infrared fourier transform spec-

troscopy in conjunction with a gas reaction chamber was used to monitor

changes in the composite with time while the sample was exposed to ammonia

and sulfur dioxide. This robust analytical technique was found to be useful

in identifying the chemical bonding throughout the course of a chemisorption

reaction.

• Based on the FTIR analyses, ammonia was found to interact via hydrogen

bonding with the hydroxyl groups on the zirconium hydroxide and the carbonyl

groups on the grafted organoalkoxysilane molecule. The sulfur dioxide molecules

remain intact during chemisorption with the material and do not react quickly

to form sul�te species.

• The bonds between the grafted and ungrafted zirconium hydroxide materials

and sulfur dioxide are strong enough to remain intact during a helium purge

through the FTIR reaction chamber. Consequently, sulfur dioxide is strongly

adsorbed to the materials.

There are opportunities for portions of this work to be extended. My recom-

mendations for future work include the following:

• Applications of the DRIFTS technique in conjunction with the powder reaction

chamber can be applied to the MSMO material. This technique could be used

to better monitor the changes in bonding while �owing humid air across the

MSMO material.

• Formation of carbon silica composites using a carbon phase developed with a

much lower reaction temperature could maintain the activity of the impreg-

nated metal salts for ammonia and sulfur dioxide. Consequently, other carbon

phases should be investigated to identify a phase that �ts the low carbonization

temperature requirements.
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• Amine functional groups on organoalkoxysilane molecules were found to

chemisorb sulfur dioxide. The carbonyl groups on the organoalkoxysilane

molecules have been found to promote hydrogen bonding of large amounts of

ammonia on the substrate. The strength of hydrogen bonding does not com-

pare to the chemisorption strength of sulfur dioxide on amines. Consequently,

organoalkoxysilane molecules containing other functional groups should be in-

vestigated to enhance the ammonia retention on Zr(OH)4 and MCM-41 grafted

composites.
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